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 Preface     

  With this volume, we have attempted to provide a guide for those interested in 
structural biology and biochemistry of membrane proteins. It is our hope that this 
text will be useful both to experts and to those new to the fi eld. The various chap-
ters illustrate the breadth and depth of approaches to, and the challenges associ-
ated with, membrane protein production and solubilization. Our goals were to 
compare and critically analyze methods that have been used successfully for the 
expression and isolation of membrane proteins, to identify and help disseminate 
emerging methods, and to provide a practical reference for those working with 
these proteins. 

 Interest in membrane proteins has grown substantially in the last 25 years, in 
part due to the recognition of their importance in major cellular functions, includ-
ing signaling, transport, and adhesion. As a result of their roles, membrane pro-
teins comprise 30 – 60% of all drug discovery efforts, but remain a challenge for 
structure - based discovery efforts because of the paucity of high - resolution 
structures. 

 As of the time of writing, about 260 unique high - resolution membrane protein 
structures have been solved, with an exponential growth of new structures (e.g., 
39 unique structures were determined in 2009). Several centers and focused 
funding efforts, such as the Protein Structure Initiative, are aimed at accelerating 
the membrane structure rate, although it is not yet clear whether these approaches 
will increase the pace to equal that of soluble proteins (see  http://
blanco.biomol.uci.edu/MP_Structure_Progress.html ). These initiatives by federal 
funding agencies and private organizations have yielded new technologies and 
creative approaches for the production and stabilization of membrane proteins, 
many of which are described in this volume. 

 In this collection, the Introduction gives an overview of the challenges and suc-
cesses of structural biology of membrane proteins. Chapters  1  –  6  outline best 
practices for expression in both prokaryotic and eukaryotic hosts. Chapters  7  –  9  
focus on aspects that are specifi c for individual protein classes and applications. 
Chapters  10  –  14  highlight new approaches to producing and working with mem-
brane proteins. 

 Of course, the credit for this book goes to the outstanding array of chapter 
authors. On their behalf, I thank Stefanie Volk, the Project Editor at Wiley - VCH, 

   XV



 XVI  Preface

for her support and encouragement, Frank Weinreich at Wiley - VCH for initiating 
this project, and Rechilda Alba at the University of Delaware for technical 
assistance. 

   Anne Skaja Robinson  December 2010       
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 Introduction  
  Anne Skaja     Robinson and Patrick J. Loll       

  Membrane proteins, acting as channels, receptors, and transporters, enable the 
cell to transport information and materials across the plasma membrane. As such, 
they are vital for cellular functioning and remain major drug discovery targets. 
Both to facilitate drug development and to understand the triggers of cellular 
action and reaction, structural information is required. However, although mem-
brane proteins represent 30% of all proteins in the genome, they represent only 
around 1% of all high - resolution structures. One reason for this disparity is that 
biophysical and biochemical studies of membrane proteins require large quanti-
ties of purifi ed protein    –    arguably even more than soluble proteins, because of the 
optimization of detergent conditions that is required. The fi rst membrane protein 
structure ever determined    –    that of the photosynthetic reaction center of  Rhodop-

seudomonas viridis , in 1985    –    used protein purifi ed from the native source  [1] . 
Additional new structures have continued to appear over the last 25 years, but for 
many years primarily relied on protein purifi ed from native sources. This is prob-
ably one reason why the rate of increase in membrane protein structures has been 
somewhat slower than the corresponding rate for soluble proteins  [2] . Ten years 
ago, the majority of membrane protein structures were still obtained from proteins 
available in high natural abundance. More recently, heterologous expression has 
shown success, but this approach is still challenging, particularly for multispan-
ning proteins (Figure  1 ) (reviewed by  [2 – 5] ).   

 The path to a high - resolution structure of a membrane protein involves many 
potential obstacles, including poor expression, limited extraction and purifi cation 
yields, and challenging structural approaches. Successfully navigating this path 
requires a combination of scientifi c insight, creativity, opportunism, and trial - and -
 error empiricism. In this book, we highlight the state - of - the - art approaches for 
membrane protein expression, solubilization, and high - resolution structural 
methods that should provide guidance for those new to the fi eld as well as 
established membrane protein scientists. 

   1
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  Expression 

 Results for many classes of membrane proteins suggest that in unmodifi ed hosts, 
only a small subset of the desired target proteins will be expressed effi ciently. For 
example, the MePNet consortium screened expression of 103  G - protein - coupled 
receptor s ( GPCR s) in Sf9,  Escherichia coli , or  Pichia  expression systems, and 
obtained only two that expressed at modest levels in Sf9 cells, eight in  Pichia , and 
none in  E.   coli   [8] . The Cross and Nakamoto groups found that expression of 
 Mycobacterium   tuberculosis  membrane protein targets in  E.   coli  similarly gave low 
yields of well - expressed, membrane - localized membrane proteins, with no pro-
teins larger than 15   kDa expressing well (Figure  2 )  [9] . In fact, the report of the 
Mid - Course Review Panel for the  National Institutes of Health  ( NIH ) Structural 
Biology Working Group states  “  . . .    membrane protein production is still very 
challenging and much more must be learned to signifi cantly advance the fi eld ”  

     Figure 1     Comparison of numbers of soluble 
and membrane protein structures deter-
mined  [6, 7] ; proteins from different 
organisms, as well as mutants of the same 
structure are included in total membrane 
structures. Unique membrane structures 
include membrane protein structures for 
proteins from different organisms, but 

exclude protein variants and substrate - bound 
forms. Data obtained from membrane 
proteins are further divided into those 
expressed in non - native hosts (heterolo-
gous), eucaryotic proteins, and GPCRs. Note: 
any errors are attributed to A.S.R. rather than 
the websites referenced herein.  
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 [10] . Successful approaches to expression of membrane proteins in  E.   coli  (Chapter 
 1 ),  Saccharomyces cerevisiae  (Chapter  2 ),  Pichia pastoris  (Chapter  3 ), insect cells 
(Chapter  4 ), mammalian cells (Chapter  5 ), and photosynthetic bacteria (Chapter 
 6 ) are described in Part One of the book. In addition, each chapter contains case 
studies that highlight successes, and suggested hosts and expression systems to 
yield the best outcomes for expression.   

 An interesting class of proteins is the peripheral membrane proteins, which 
can either exist in an aqueous environment or associated with the membrane. 
Nonspecifi c electrostatic interactions, hydrophobic association, covalent lipid 
anchors, or lipid - binding domains facilitate membrane association of these pro-
teins. Special aspects of expression and purifi cation of these molecules are dis-
cussed in Chapter  7 . 

 Perhaps one of the most challenging classes of membrane proteins for expres-
sion, solubilization, and crystallization are the multipass membrane proteins, with 
GPCRs representing the largest family of these. GPCRs are expressed in virtually 
all human tissues and transmit a wide variety of signals in response to diverse 
stimuli (including light, hormones, injury, and infl ammation). These signals regu-
late a diverse set of cellular responses via interaction with GTP - binding proteins 
 [11, 12] . 

     Figure 2     Production of  M.   tuberculosis  
membrane protein targets in  E.   coli  shows 
that protein production is a major bottleneck 
to biophysical and structural studies  [9] .  “ In 

Membrane ”  designates those proteins 
determined to inserted into the membrane 
via detergent solubilization studies.  
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 The structure of rhodopsin, purifi ed from native tissue, was the fi rst high -
 resolution GPCR structure determined by X - ray crystallography  [13, 14] . In 2007, 
the human   β  2  - adrenergic receptor  (  β  2 AR ) structure, with either lysozyme or a Fab 
fragment inserted in  cytoplasmic loop 3  ( CL3 ), was determined by Kobilka  et al. , 
after many years of tweaking expression and crystallization approaches  [15, 16] . A 
structure for an engineered version of turkey  β  1 AR, with a truncated C - terminus 
and a shortened CL3, soon followed  [17] . The publication of the high - resolution 
X - ray structure of the  adenosine A 2A  receptor  ( A 2A R ) in late 2008  [18]  has generated 
additional excitement in the GPCR fi eld. To reduce structural fl exibility and 
increase crystallizability of A 2A R the C - terminal tail was removed and the CL3 was 
also substituted with T4 lysozyme, as was done successfully for  β  2 AR. These struc-
tures have revealed that the GPCR family is  “ extremely adaptable ”  and can tolerate 
a wide range of helix distortions or reorientations that impact ligand binding  [19] . 

 The protein re - engineering required to facilitate crystallization can alter the 
native features and function of the receptors, however. The third intracellular loop 
 [20]  and the preceding transmembrane domain fi ve are involved in G - protein cou-
pling  [21] , and it is not surprising that the replacement of the third intracellular loop 
of A 2A  with T4 lysozyme inhibited receptor interactions with the G - protein and 
ligand  [18] . Indeed, as impressive as the recent GPCR structural efforts have been, 
 in silico  ligand design using these structures suggests limited utility due to the inac-
tive state nature of these structures  [22] . Continued effort is needed to study this 
important family and strategies to express GPCRs are described in Chapter  8 . 

 Directed evolution approaches to re - engineering a membrane protein of interest 
is an alternative to the specialized modifi cations described above. This method, as 
described in Chapter  9 , relies only on screening and selection for membrane 
protein function (e.g., through ligand binding activity). One alternative to focusing 
on re - engineering a particular membrane protein is to screen different membrane 
proteins in order to identify those that are readily expressed. Most recently, this 
has been addressed via high - throughput approaches. For example, the University 
of California at San Francisco Membrane Protein group supported under the NIH 
Roadmap cites a strategy for  “  . . .     ‘ discovery - oriented ’  selection of  tractable  
targets    . . .  ”  based on expression level, detergent solubilization, and chromato-
graphic behavior; notably, this approach yielded  only  fi ve tractable targets out of 
an initial 384 candidates drawn from the  S.   cerevisiae  membrane proteome  [23] . A 
similar approach using  Green Fluorescent Protein  ( GFP ) tagging to screen for 
 “ tractable ”  eukaryotic membrane proteins has yielded notable success (Chapter 
 10 )  [24, 25] . One caveat to these approaches is that the screens pick up  “ soluble ”  
proteins based on GFP fl uorescence, but do not test function    –    a key feature for 
drug design. For example, membrane insertion and proper localization do not 
effectively distinguish active GPCRs from inactive ones  [26, 27] ; similarly, the 
MePNet consortium found no correlation between expression level and activity in 
a test of around 50   GPCRs expressed in Sf9 cells and  Pichia   [8] . Further, such 
screening approaches can only identify those protein targets with the innate ability 
to be expressed at high levels (low - hanging fruit); they offer no hope for improving 
poorly expressed targets.  
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  Solubilization and Structural Methods 

 Once high - level expression is achieved, often the next step is to carry out biophysi-
cal characterization or high - resolution structural analysis. Unfortunately, purifi ca-
tion and solubilization methods are still primarily trial - and - error approaches, but 
information in Chapters  11  and  12  (Part Three) should provide a guide for com-
monly used methods and strategies for any protein of interest. 

 Structure determination of membrane proteins via  nuclear magnetic resonance  
( NMR ) has been ongoing for decades, but has been primarily focused on peptides 
and small proteins, since detergent micelles, bicelles, or lipids increase the size 
and heterogeneity of membrane protein mixtures. However, in recent years sig-
nifi cant progress has been made in both solution NMR methods for larger proteins 
and solid - state NMR, such that complete structures have been determined for 
several membrane proteins  [28 – 30] . In particular, for solution NMR the  TROSY  
( transverse relaxation optimized spectroscopy ) method developed by Kurt W ü thrich 
enabled structure determination of several larger integral membrane proteins 
(e.g., several  β  - barrel proteins from  E.   coli ). For  solid - state NMR  ( SSNMR ), the 
ability to align structures with bicelles and bilayers enables anisotropic interactions 
to be resolved  [31] . In addition, SSNMR measurements do not limit the sample to 
solution phase, which enables insoluble or aggregate structure determination. The 
use of magic angle spinning for SSNMR has also facilitated the resolution of larger 
structures. Dror Warschawski has developed a database of membrane protein 
structures determined by NMR ( http://www.drorlist.com/nmr/MPNMR.html ), 
which includes 39 unique structures as of 1 June 2010. Although  β  - barrels domi-
nate the larger structures, there are some larger  α  - helical structures as well, includ-
ing that of diacylglycerol kinase, a trimer of 43 kDa. In addition to providing 
high - resolution structural information, NMR can determine protein conforma-
tional changes and fl exibility under near - physiological conditions, which is a key 
feature to understanding function for many integral membrane proteins. This 
book provides information to assist in developing metabolically labeled proteins 
for NMR characterization (Chapter  13 ); readers interested in reviews of NMR 
methods applied to membrane proteins should examine several good references 
in the literature  [29 – 32] . 

 Protein structure determination by X - ray crystallography predates NMR methods 
by many years. However, just as obstacles are faced with NMR approaches, so too 
the production of suitable crystals has proven a signifi cant stumbling block for 
crystallography. In fact, not so long ago crystallization of membrane proteins was 
widely held to be impossible. Thankfully, during the past three decades membrane 
protein crystallization stopped being considered impossible, moved through a 
stage during which it was thought of as somewhat heroic, and has now entered a 
phase in which it is generally accepted to be a practical undertaking. 

 The fi rst crystals of OmpF porin, a bacterial outer membrane channel, were 
reported in 1980  [33] . Porin crystallization raised several interesting points, many 
of which remain relevant today. First, the protein was purifi ed from an overproduc-
ing strain of  E.   coli   [34]  and was not made by the recombinant methodologies that 
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now dominate the structural biology of soluble proteins. This refl ected the diffi cul-
ties associated with heterologous overexpression of membrane proteins; such 
diffi culties continue to dog membrane protein work today and are discussed at 
length in this book. Second, porin binds tightly to bacterial lipopolysaccharide, 
and the key to producing good crystals turned out to be the patient and careful 
removal of as much of this lipid as possible  [34] . While this precise formula has 
by no means proven universal    –    indeed, there are instances where overzealous 
removal of lipids compromises crystallization    –    it presaged the emergence of 
protein – lipid interactions as important contributors to both protein stability and 
crystallization behavior. Finally, workers studying the porin system were the fi rst 
to identify the detergent cloud point as a region of the phase diagram that is 
fraught with unusual interest for the crystallization of detergent - solubilized mem-
brane proteins  [35, 36] ; investigators probing the physical mechanisms underlying 
membrane protein crystallization have returned to this observation time and again 
in intervening years. 

 While porin is credited as the fi rst membrane protein to yield well - ordered 
crystals, the fi rst reported structure belongs to the photosynthetic reaction center 
from the bacterium  R. viridis   [1] . Crystals of this protein were obtained after devel-
opment of a rigorous screening procedure aimed at fostering the packing of 
protein – detergent complexes into a crystalline lattice (so - called  “ Type II ”  crystals 
 [37] ). One key concept to emerge from this work is the notion that small amphiphiles 
can help fi ne - tune the structures and/or interactions of protein – detergent com-
plexes. While such molecules have not proven to be magic bullets that facilitate 
crystallization for all membrane proteins, they have proven useful in many cases, 
and are extremely important insofar as they highlight the idea that micelle struc-
ture and phase behavior can be altered in rational ways. Approaches to obtaining 
protein for high - resolution crystallography are described in Chapter  14 . 

 A particularly interesting advance made during the last 15 years was the develop-
ment of lipidic mesophase crystallization methods  [38] . Lipidic mesophases such 
as the cubic phase form gel - like materials in which bilayers assemble into complex 
three - dimensional structures. Proteins embedded in these phases bilayers encoun-
ter a native - like environment (since they are in a bilayer), while the spatial ordering 
of the lipid enables them to diffuse through three dimensions; presumably this 
facilitates crystal contacts not only within the plane of the bilayer, but also orthogo-
nal to it  [39] . This methodology has produced some notable successes, most 
prominently the formation of well - ordered crystals of a variety of seven -
 transmembrane helical proteins, including both GPCRs and their prokaryotic 
homologs. While it seems unlikely that  “  in cubo  ”  or  “  in meso  ”  methods, as they 
are known, will entirely supplant the direct crystallization of protein - detergent 
complexes    –    the majority of structures currently being published still rely on the 
latter method    –    the stunning successes provided by mesophase approaches ensure 
them a lasting place in the crystallizer ’ s tool kit. 

 Membrane protein structural biology is now well established, and in recent years 
the number of new crystal and NMR structures has grown exponentially  [2, 6, 29] . 
Nonetheless, challenges remain. Efforts aimed at fi nding  “ low - hanging fruit ”  for 
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high - resolution studies have generated much new structural information, but have 
not provided the insights necessary to develop rational approaches for more chal-
lenging targets. Eukaryotic membrane proteins are still under - represented in the 
structural databases, which most likely refl ects diffi culties with protein production, 
low stability, and/or inherent fl exibility on the part of many of these molecules. 
Hence, in the coming decade proponents of membrane protein structural biology 
will not lack for suitable challenges.  

  Abbreviations 

   β  2 AR    β  2  - adrenergic receptor  
  A 2A R   adenosine A 2A  receptor  
  CL3   cytoplasmic loop 3  
  GFP   Green Fluorescent Protein  
  GPCR   G - protein - coupled receptor  
  NIH   National Institutes of Health  
  NMR   nuclear magnetic resonance  
  SSNMR   solid - state NMR  
  TROSY   transverse relaxation optimized spectroscopy   
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Bacterial Systems  
  James     Samuelson       

    1.1 
Introduction 

 The study of membrane protein structure and function is limited by various chal-
lenges. In native cells, membrane protein copy number is often very low, so the 
study of individual proteins is often not feasible. Alternatively, overexpression of 
these hydrophobic molecules in heterologous hosts is not a routine endeavor as 
it is for many water - soluble proteins. Most modern bacterial expression systems 
have been engineered for maximal output of recombinant protein. This character-
istic is ideal for well - behaved soluble proteins, but less desirable when the target 
protein normally resides within a lipid environment. A compounding problem in 
the study of membrane proteins is that the isolated target protein may exhibit 
polydispersity, meaning that diverse oligomeric complexes can spontaneously 
accumulate. This latter concern may be infl uenced by the expression method, but 
primarily depends on the detergent/lipid and buffer used for solubilization. This 
chapter highlights preferred strategies for membrane protein expression in bacte-
ria that will increase the likelihood of isolating adequate amounts of homogenous 
target protein. Many sections will also detail the features of expression strains that 
are relevant to the yield and quality of expressed protein. 

 In this chapter, the term membrane protein will generally be used to represent 
 α  - helical membrane proteins that reside within a phospholipid bilayer environ-
ment of either eukaryotic or prokaryotic cells. Such integral membrane proteins 
are the most diffi cult to manipulate since each contains hydrophobic  transmem-
brane  ( TM ) regions as well as hydrophilic extramembrane regions or domains. In 
the case of single - spanning membrane proteins, often the catalytic domain is a 
water - soluble entity that may be studied by expression of a  Δ TM variant. However, 
multispanning membrane proteins such as ion channels must be expressed 
without gross deletions of hydrophobic residues. 

 Membrane proteins with  β  - barrel structure such as those found in the Gram -
 negative bacterial outer membrane or the mitochondrial outer membrane are 
typically expressed at high levels as inclusion bodies within the  Escherichia coli  
cytoplasm. Isolation and washing of these inclusion bodies often leads to a 
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relatively pure sample of recombinant protein and the literature contains many 
examples of refolding of  β  - barrel proteins, such as Omp proteins from  E. coli   [1] . 
In contrast, refolding of  α  - helical integral membrane protein is quite a diffi cult 
challenge, although some successes have been reported  [2 – 4] . The default method 
of expressing  α  - helical membrane proteins should be to direct them to the mem-
brane fraction of the host cell and to perform purifi cation procedures beginning 
with isolation of the cellular membrane fraction.  

   1.2 
Understanding the Problem 

 Each recombinant membrane protein clone should be assumed to be  “ toxic ”  to 
the host cell. This is particularly true when bacterial hosts are employed. It is well 
established that uncontrolled expression of most membrane proteins in  E. coli  will 
lead to induction of cellular stress responses and occasionally cell death. In some 
cases, the plasmid transformation step may fail because the transformed cell 
cannot recover due to the uncontrolled expression of membrane protein. There-
fore, the fi rst bit of advice in designing expression clones is to use a vector that 
propagates at 40 copies or less per cell (pMB1 +  rop , oriV, p15A, pSC101 replication 
origins). Accordingly, a vector with a pUC - derived origin should be avoided. Sec-
ondly, the promoter driving protein expression should be controllable (inducible). 
Much of this chapter is allocated to describing appropriate host/vector/promoter 
combinations (see Table  1.1  for a summary).   

 In bacteria, passage through the inner membrane Sec translocase  [5]  is recog-
nized as the primary bottleneck during the overexpression of recombinant mem-
brane protein. Yet, many other factors may contribute to a limited expression yield. 
There are reports of Sec - independent membrane translocation, but true host 
protein - independent membrane assembly by a heterologous protein has not been 
clearly substantiated in the literature. For example, membrane assembly of Mistic 
fusion proteins  [6]  may be initiated by the affi nity of the Mistic protein for the 
cytoplasmic face of the  E. coli  inner membrane; however, proper membrane 
assembly of the fused protein of interest must still require assistance from the Sec 
translocase when large extracellular hydrophilic domains need to be translocated 
across the inner membrane. 

 Our lab has investigated several possible modes of Sec - independent membrane 
assembly without arriving at any evidence that a heterologous integral membrane 
protein can bypass the Sec translocase (unpublished data). Furthermore, we have 
attempted to increase the effi ciency of membrane integration by overexpressing 
the endogenous YidC protein that is thought to aid the Sec translocase or act 
independently as a membrane insertase  [7] . We specifi cally chose to study the 
effect of YidC on the membrane integration of phage M13 p8 fusion proteins, as 
p8 protein by itself requires YidC for inner membrane assembly  [8] . To our sur-
prise, a 10 - fold increased level of YidC had no effect on the membrane transloca-
tion of p8 - derived fusion proteins containing a C - terminal PhoA domain as a 
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reporter. One conclusion of this experiment is that the activity of SecA ATPase 
may be the limiting factor for the translocation of the large hydrophilic PhoA 
domain. Recently we determined that the p8 fusion partner (p8CBDek described 
in Luo  et al.  2009  [9] ) utilizes the cotranslational  signal recognition particle  ( SRP ) 
pathway  [10 – 12] , the route traveled by most endogenous membrane proteins. 
During cotranslational membrane protein assembly, there is less opportunity for 
hydrophobic amino acid segments to aggregate after emerging from the ribosome 
tunnel. Perhaps the limiting factor in p8 fusion protein expression and the over-
expression of most membrane proteins is simply the rate of protein translation 
(or effi ciency of translation initiation) at the ribosome. With this thought in mind, 
we tested various  ribosomal binding site s ( RBS s) and found a distinct difference 
in the effi ciency of p8CBDek - mediated polytopic membrane protein assembly. 
Strikingly, the clone containing the much weaker RBS (AGGACGGCCGGatg) 
produced a greater level of protein per cell after a 20 - h expression period at 20    ° C. 
In contrast, the stronger RBS provided more protein per cell in the fi rst stage of 
expression, but also resulted in jamming of the translocation pathway and cessa-
tion of culture growth. Thus, the take - home message from our recent work is to 
express recombinant membrane proteins  “ in moderation. ”  This advice may seem 
obvious, but many expression systems do not allow for careful control of expres-
sion. The solution of genetically engineering the appropriate RBS for the protein 
of interest may not be a preferred method of optimization. Instead, a much 
simpler solution for expression optimization is to employ a promoter that allows 
fi ne control of the level of mRNA encoding the membrane protein of interest.  

   1.3 
Vector/Promoter Types 

 The most - studied bacterial promoters are those controlling operons for sugar 
metabolism ( lacZYA ,  araBAD ,  rhaBAD ). Many variants of the  lac  promoter have 
been isolated but all suffer to some degree from the inability to completely shut 
off expression with the LacI repressor protein. The wild - type  lac  promoter is a good 
choice for membrane protein expression due to its moderate strength. However, 
very few expression vectors encode the unmodifi ed  lac  promoter. Vectors pUC18/
pUC19 carry a simple  lac  promoter, but again pUC derivatives are not good choices 
due to high copy number and overproduction of  β  - lactamase (AmpR) that enables 
the growth of cells lacking plasmid. Vectors utilizing modifi ed  lac  promoters are 
highlighted in Table  1.2 . The  lacUV5  promoter has two mutations within the  − 10 
region of the  lac  promoter. In addition, a mutation is present at  − 66 within the 
 catabolite gene activator protein  ( CAP ) binding site. These mutations increase the 
promoter strength relative to the wild - type  lac  promoter and expression from 
 lacUV5  is less subject to catabolite repression  [13] . The  tac  promoter was fi rst 
described by deBoer  et al.   [14 – 15] . This strong promoter is a hybrid of the  − 10 
region of the  lacUV5  promoter and the  − 35 region of the  trp  promoter. Amann 
 et al.  reported that the  tac  promoter is at least 5 times more effi cient than the 
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 lacUV5  promoter  [16] . The  trc  promoter is equivalent to the  tac  promoter since the 
1 - bp difference in spacing between the  − 35 and  − 10 consensus sequences does 
not affect promoter strength  [17] . Note that the  tac  and  trc  promoters are not 
subject to catabolite repression as the CAP binding site is missing.  Ptac  and  Ptrc  
systems are generally well controlled by LacI repression. When employing any 
type of modifi ed  lac  promoter, LacI should be overexpressed from a  lacI  or  lacI  q  
gene carried by the expression vector. Also,  isopropyl -  β  -  d  - thiogalactopyranoside  
( IPTG ) induction should be tested in the low range (e.g., 0, 10, 100 versus 400    μ M). 
The  lacI  q  mutant was reported by Calos in 1978 and this mutation is simply an 
 “ up ”  promoter mutation resulting in a 10 - fold enhancement of LacI repressor 
expression  [18] .   

 The pQE vectors from Qiagen utilize the phage T5 promoter that is controlled 
by two  lac  operator sequences. The T5 promoter is recognized by the  E. coli  RNA 
polymerase and induction is accomplished by IPTG addition to release the Lac 
repressor from the dual operator sequence. Since pQE vectors do not carry the  lacI  
gene, the host strain must supply an excess of Lac repressor. Two options exist 
for LacI supplementation: copropagation of multicopy pREP4 (QIAexpress 
manual) or use of a strain that carries the  lacI  q  gene. Many K - 12 strains (e.g., 
JM109) carry the  lacI  q  gene, but few B strains offer LacI overexpression. One rec-
ommendation is NEB Express I q , which is a BL21 derivative that carries a miniF -
  lacI  q  which does not require antibiotic selection (Table  1.1 ). 

 Guzman  et al.  characterized the  araBAD  promoter in exquisite detail in 1995 
 [19] , and the resulting the pBAD vector series offers many options for gene cloning 
and expression using  l  - arabinose induction. Note that some pBAD vectors do not 
encode RBS sites, so the gene insert must contain an appropriate translation initia-
tion sequence. When glucose is added to the outgrowth media, expression from 
 araBAD  is essentially shut off (Table 1 in Guzman  et al.   [19] ). For many years, the 
 araBAD  system was a fi rst choice for tightly regulated expression, as protein 
output appears to correlate very well with the amount of inducer (Figure 4 in 
Guzman  et al.   [19] ) However, careful studies of the  araBAD  promoter by Siegele 
 et al.   [20]  and Giacalone  et al.   [21]  both agreed that at subsaturating levels of  l  -
 arabinose, protein expression cultures contain a mixed population with only some 
of the cells expressing protein. In addition, the potential for protein overexpression 
is generally lower when a pBAD vector is compared to T7 - mediated expression 
from a pET construct. 

 A more recently characterized sugar promoter is derived from the rhamnose 
operon. The  rhaBAD  promoter is induced by  l  - rhamnose. When protein is 
expressed directly from  PrhaBAD , the expression level within each cell falls within 
a range that correlates very well with the amount of inducer added to the culture 
 [21] . In fact, Giacalone  et al.  presents convincing data that the pRHA - 67 vector is 
more tunable and is capable of higher output than a high - copy vector containing 
the  araBAD  promoter. The pRHA - 67 vector is commercially available from Xbrane 
Bioscience. Data presented by Haldimann  et al.   [22]  indicates that expression from 
the  rhaBAD  promoter is very tightly regulated, yet this system also offers the poten-
tial for 5800 - fold induction when glycerol is used as the primary carbon source. 
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 The tetracycline inducible system is also very tightly regulated. Although we do 
not have experience with this system, Skerra  et al.   [23]  reports that the pASK75 
vector utilizing the  tetA  promoter/operator and encoding the cognate repressor 
gene ( tetR ) displays tightly regulated and high - level expression of heterologous 
protein in several  E. coli  K - 12 and B strains. Induction is accomplished with low 
concentrations of  anhydrotetracycline  ( aTc ) and the induction potential is compa-
rable to that of the  lacUV5  promoter. Lutz and Bujard  [24]  described additional 
aTc - inducible vectors that make use of the engineered P LtetO - 1  promoter, which is 
also controlled by TetR repression. The pZ vectors offer low, medium or high level 
expression from P LtetO - 1  corresponding to the copy number dictated by the pSC101, 
p15A, or ColE1 origins of replication, respectively. The aTc - inducible pZ vectors 
require expression in strains overexpressing TetR (e.g., DH5 α Z1). The pSC101 
version offers the most strictly regulated expression with an induction/repression 
ratio of 5000.  

   1.4 
 T 7 Expression System 

 Over the last 20 years, the most common vector series for bacterial protein expres-
sion is the pET series ( p lasmid for  e xpression by  T 7 RNA polymerase). The T7 
expression system was developed primarily by F. William Studier and colleagues 
at Brookhaven National Laboratory  [25] . The T7 system is best recognized for the 
capacity to generate a high level of recombinant protein as the phage T7 RNA 
polymerase is very active and also very selective for phage T7 promoters (e.g., 
 ϕ 10). Therefore, T7 transcription within a bacterial cell can be specifi cally directed 
at a single promoter within the pET vector carrying the gene of interest. In most 
T7 expression strains, the chromosomal DE3 prophage carries the T7 RNA 
polymerase gene (T7 gene 1), which is expressed from the  lacUV5  promoter. 
Since this promoter is not completely shut off by LacI, some molecules of T7 
RNA polymerase are continuously expressed and are able to make considerable 
amounts of target mRNA in the absence of IPTG. With respect to membrane 
protein expression, this is an unacceptable situation. An early partial solution to 
this problem was to include the  lacI  repressor gene on the multicopy pET vector. 
Thus, LacI repressor protein is produced in large excess relative to its operator 
binding site present in the  lacUV5  promoter driving T7 gene 1. Another partial 
solution to leaky T7 expression was the introduction of the  T7 – lac  hybrid pro-
moter to the pET vector series. In vectors beginning with pET - 10, the  lac  operator 
sequence overlaps the T7 promoter so that excess LacI is able to inhibit T7 -
 mediated transcription of the target gene. However, even with this improvement 
uninduced expression is observed in many experiments employing BL21(DE3). 
Uninduced expression of even mildly toxic gene products may be lethal to 
BL21(DE3) at the transformation step. 

 A very effective means to control T7 expression is to coexpress T7 lysozyme, the 
natural inhibitor of T7 RNA polymerase. Until recently, three types of lysozyme 
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strains were available and all were designed to produce lysozyme at a relatively 
constant level: pLysS and pLysE express wild - type T7 lysozyme from a low - copy 
plasmid, and in NEB  lysY  strains, an amidase - negative variant of T7 lysozyme 
(K128Y) is expressed from a single - copy miniF plasmid. The K128Y variant does 
not degrade the peptidoglycan layer of the  E. coli  cell wall  [26]  and, accordingly, 
 lysY  results in greater overall culture stability when membrane proteins are tar-
geted to the cell envelope. In constitutive lysozyme systems, the level of lysozyme 
is suffi cient to sequester the basal level of T7 RNA polymerase by a 1   :   1 protein 
interaction. When IPTG is added, the level of T7 RNA polymerase is present in 
large excess and target protein expression proceeds. If a membrane protein expres-
sion plasmid does not yield transformants when using BL21(DE3) or other basic 
T7 expression strains, the fi rst response should be to test transformation into a 
lysozyme strain. LysY or pLysS strains may yield normal colonies and express the 
protein of interest at moderate to high levels. Finally, it should be noted that the 
choice of lysY or pLysS should take into account downstream processing of cells. 
Strains expressing active lysozyme often lyse spontaneously upon one freeze – thaw 
cycle and the resulting cell pellets may be diffi cult to process.  

   1.5 
Tunable  T 7 Expression Systems 

 A recent development in T7 expression is the ability to tune the level of expression. 
Tunable expression provides a means for optimizing the traffi c fl ow into the 
membrane translocation pathway. Four commercial strains promote this feature: 
Tuner ™  from Novagen, BL21 - AI from Invitrogen, the KRX strain from Promega, 
and the Lemo21(DE3) strain from New England Biolabs.

    •      The Tuner strain does not express lac permease ( lacY ) and this allows more 
uniform uptake of IPTG. However, T7 expression in Tuner strains may still 
be too robust for membrane protein expression unless the plasmid has a  T7 – lac  
promoter and lysozyme is coexpressed.  

   •      BL21 - AI offers greater potential for expressing toxic gene products as the 
 araBAD  promoter controls the expression of the T7 RNA polymerase. The 
associated pDEST expression vectors contain a plain T7 promoter (no  lac  opera-
tor site).  

   •      In the Single Step KRX strain, T7 gene 1 expression is controlled by the 
 rhaBAD  promoter, so greater potential for toxic protein expression is expected. 
This K - 12 strain has been designed for cloning and protein expression.  

   •      The Lemo21(DE3) strain  [27]  is a tunable T7 expression strain derived from 
BL21(DE3). Lemo means  “ less is more ”  as often less expression results in more 
protein produced in the desired form. The Lemo strain is distinct from other 
T7 host strains since the  fraction of functionally active  T7 RNA polymerase is 
regulated by varying the level of T7 lysozyme (lysY). Fine - tuning is possible 
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since the LysY inhibitor protein is expressed from the  l  - rhamnose inducible 
promoter. The wide - ranging expression potential of Lemo21(DE3) is sampled 
to fi nd the appropriate level for each target membrane protein. When using 
Lemo21(DE3), expression media should lack glucose since this carbon source 
affects lysozyme expression from  PrhaBAD .     

   1.6 
Other Useful Membrane Protein Expression Strains 

 C41(DE3) and C43(DE3) have been employed as membrane protein expression 
strains since their isolation from parent strain BL21(DE3) in 1996  [28] . Recently, 
Wagner  et al.   [26]  reported that these two strains carry mutations within the pro-
moter driving expression of the T7 RNA polymerase. Therefore, the characteristic 
robust T7 expression of DE3 strains is attenuated in C41(DE3) and C43(DE3), and 
this accounts for the advantage observed in the expression of some toxic proteins. 

 More recently, the TOP10 strain was subjected to a genetic selection procedure 
that produced several mutant strains exhibiting improved expression of heterolo-
gous membrane protein. This work was completed by Elizabeth Massey - Gendel 
 et al.  under the direction of James Bowie at the  University of California at Los 
Angeles  ( UCLA ). Target membrane proteins were expressed with a C - terminal 
cytoplasmic fusion to mouse  dihydrofolate reductase  ( DHFR ) (providing resist-
ance to trimethoprim) or to a kanamycin resistance protein. A positive hit in the 
selection was obtained when a mutant strain was capable of expressing both fusion 
proteins at a level suffi cient to provide resistance to both drugs. Five of the selected 
strains have been characterized in some detail  [29]  and the genomes of two such 
strains have been sequenced. At the January 2010 Peptalk meeting in San Diego, 
Professor Bowie reported that his lab is currently investigating the relevance of 
the mutations identifi ed in the TOP10 derivatives designated as EXP - Rv1337 - 1 and 
EXP - Rv1337 - 5. The results of this investigation are widely anticipated. The DE3 
prophage has been added to the EXP strains so that T7 expression is possible. 

 The Single Protein Production System (SPP System  ™  ) was developed by Masay-
ori Inouye  [30]  and is marketed by Takara Bio. This is a two - vector system suitable 
for use in most  E. coli  strains. The target protein is expressed from a vector with 
the cold - inducible  E. coli cspA  promoter, which is of course consistent with mem-
brane protein expression. The unique, enabling feature of the SPP System is the 
inducible expression of a site - specifi c mRNA interferase (MazF) from a second 
plasmid, which degrades endogenous mRNA by acting at ACA sites. Accordingly, 
the gene of interest must be synthesized to lack ACA sequences. The net result is 
that the target mRNA persists and becomes a preferential substrate for the transla-
tion machinery. The elimination of most host - derived mRNA is reported to create 
a quasidormant cell where expression of the target membrane protein is sustained. 
If Sec translocase function is also sustained, then this system may offer an advan-
tage, as the target protein should encounter less competition from endogenous 
proteins on the membrane translocation pathway.  
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   1.7 
Clone Stability 

 When expressing membrane proteins, clone stability should always be a concern. 
The fi rst indication of clone toxicity is often realized during the initial cloning/
transformation step. Poor transformation results may indicate that mutant genes 
are being selected during the cloning step, so sequence verifi cation is always 
advised and is absolutely critical if the gene has been amplifi ed by polymerase 
chain reaction. If a clone is suspected to be toxic, certain precautions should be 
followed. First, lower growth temperatures are often stabilizing. Also, it is benefi -
cial to include 0.1% glucose in selection plates in many situations. Glucose will 
repress basal expression from  Plac ,  PlacUV5 ,  ParaBAD , and  Prha . (Note:  Ptac  and 
 Ptrc  are not subject to glucose repression as the CAP binding site is absent from 
these promoters). Glucose containing plates are also advantageous when trans-
forming clones into T7 Express and DE3 expression strains, as the T7 RNA 
polymerase gene is controlled by  Plac  and  PlacUV5  in these strains, respectively. 
One exception is transformation into Lemo21(DE3) where glucose repression is 
not stabilizing. When transforming extremely toxic clones into Lemo21(DE3), 
500    μ M rhamnose addition to selection plates and starter cultures will reduce the 
basal expression to an undetectable level (Figure  1.1 ).   

 During the outgrowth stage for protein expression, plasmid maintenance should 
be examined. This is especially critical when propagating AmpR vectors, as the 
resistance protein ( β  - lactamase) is secreted and ampicillin may be completely 
degraded. Plasmid maintenance is easily checked by plating cells at the point of 
induction onto drug containing plates versus nondrug plates. If a signifi cantly 
lower number of colonies are counted on the drug plates (below 80% the number 
counted on nondrug plates), then modifi cations to the protocol or the clone may 
be necessary. If plasmid maintenance is an issue with AmpR constructs, increas-
ing the level of ampicillin to 200    μ g/ml is recommended. Alternatively, initiate 
growth with 100    μ g/ml ampicillin and then spike in another dose (100    μ g/ml) at 

     Figure 1.1     T7 expression is tightly regulated 
in Lemo21(DE3) cells. Whole - cell lysates 
were subjected to SDS – PAGE, and target 
protein was detected using anti - YidC serum 
that recognizes both endogenous wild - type 
YidC and recombinant 6His - YidC membrane 
protein expressed from pET28c. (1) No 

vector control indicating endogenous YidC 
level; (2) cells containing pET28 - 6hisyidC, no 
IPTG, no rhamnose; (3) cells containing 
pET28 - 6hisyidC, 500    μ M rhamnose, no IPTG; 
(4) cells containing pET28 - 6hisyidC, 500    μ M 
rhamnose, 400    μ M IPTG. Arrow indicates 
YidC target.  
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mid - log stage. Carbenicillin (at 50 – 200    μ g/ml) may be used in place of ampicillin. 
According to the Novagen pET system manual, pET (AmpR) clones may be stabi-
lized by using high concentrations of carbenicillin and by changing the medium 
twice prior to induction. Carbenicillin is more stable than ampicillin in low pH 
conditions, which may be encountered after extended fermentation periods. 

 Vectors expressing KanR or CamR are preferred for creating membrane protein 
clones. One versatile KanR vector is pET28, which allows for simple construction 
of genes tagged at either end with the polyhistidine coding sequence. pBAD33 
(CamR) is also a good choice as expression is tightly regulated. (Note: when 
cloning into the pBAD33 polylinker, a translation initiation signal (RBS site) must 
be included with the gene insert). In extreme cases plasmid maintenance systems 
can be incorporated. For example, the  hok/sok  system has been utilized by groups 
expressing  G - protein - coupled receptor s ( GPCR s) in  E. coli   [31 – 32] .  

   1.8 
Media Types 

 The type of media is also an important consideration. Although the use of LB is 
commonly cited, we generally observe a greater level of membrane protein expres-
sion in  Terrifi c Broth  ( TB ). This conclusion was made after multiple expression 
trials using a  tac  promoter, which is insensitive to glucose repression. TB is a rich 
broth buffered by potassium phosphate and containing glycerol as a carbon source 
 [33] . When the target protein is expressed from  Plac ,  PlacUV5 ,  ParaBAD , or  Prha , 
a rich media containing a low - level of glucose may be more appropriate. With 
respect to controlling expression in BL21(DE3), Pan and Malcolm  [34]  found that 
1% glucose addition to either TB or M9 starter cultures minimized basal expres-
sion to a level equal to pLysS - containing strains. These researchers further dem-
onstrated that glucose addition is less important in a strain expressing lysozyme 
to control basal T7 expression. When target protein expression is driven directly 
from a sugar promoter, then glucose repression is advised. For example, pBAD 
constructs may be stabilized by growth in media containing 0.1% glucose, which 
should be metabolized by the point of induction with arabinose. Such a protocol 
leads to a discussion of  “ autoinduction ”  media  [35]  marketed as the Overnight 
Express  ™   autoinduction system for simplifi ed T7 expression. The advantages of 
this system are: (i) manual IPTG induction is not required and (ii) expression trials 
are more reproducible as growth is carried out in a defi ned media containing a 
mix of carbon sources (generally glucose, lactose, and glycerol). When glucose is 
depleted, lactose serves to induce expression of the T7 RNA polymerase from the 
 lacUV5  promoter in DE3 strains. The actual inducer molecule is allolactose that 
is produced by  β  - galactosidase (the  lacZ  gene product). Thus, Studier points out 
that autoinduction should be performed in strains encoding an intact  lac  operon. 
Note: The T7 Express line of strains (NEB) are not suitable for autoinduction 
protocols as the T7 RNA polymerase gene disrupts the  lacZ   open reading frame  
( ORF ).  



 1.9 Fusion Partners/Membrane Targeting Peptides  25

   1.9 
Fusion Partners/Membrane Targeting Peptides 

 A fi rst step in cloning or characterizing heterologous membrane protein ORFs is 
the analysis of membrane topology using more than one algorithm. Four common 
predictors are: SPOCTOPUS  [36]  ( octopus.cbr.su.se ), TopPred ( http://
mobyle.pasteur.fr/cgi - bin/portal.py?form = toppred ), Phobius  [37]  ( phobius.sbc.
su.se ), and TargetP 1.1  [38]  ( http://www.cbs.dtu.dk/services/TargetP/ ). Nielsen 
 et al.   [39]  showed more than 10 years ago that eukaryotic secretory proteins (e.g., 
membrane receptors) are expressed with N - terminal signals that resemble cleav-
able signal peptides found in bacteria.  E. coli  proteins exported to the periplasm 
or outer membrane are expressed with a signal peptide that is cleaved by signal 
peptidase. In contrast, most endogenous  E. coli  membrane proteins are expressed 
with a more hydrophobic N - terminal signal that remains uncleaved (signal anchor). 
A more hydrophobic N - terminal signal increases the probability of  E. coli  SRP 
recognition and targeting of a protein to the cotranslational membrane insertion 
pathway  [40] . Thus, when designing constructs for  E. coli  expression, the hydro-
phobicity of the N - terminal residues should be evaluated. If necessary, the 
N - terminal signal of the protein of interest may be replaced by a relatively hydro-
phobic signal from a different protein. For example, Chang  et al.   [41]  tested eight 
different membrane - targeting peptides to maximize the  E. coli  expression of a 
plant derived P450 enzyme  8 - cadinene hydroxylase  ( CAH ). The results varied 
widely and surprisingly the signal from a bovine CAH performed the best. One 
note of caution regarding heterologous signal peptides is that rare codons may 
signifi cantly impact expression results. Although using strains that correct for rare 
codons is an option (Table  1.1 ) the selection of an appropriate signal sequence is 
an empirical process because fully optimized translation at the 5 ′  - end of the 
message is not necessarily advantageous. Other options are to replace the native 
signal sequence with an N - terminal fusion partner that travels the SRP pathway. 
For example, the  E. coli  GlpF protein has been used as a fusion partner  [42]  or the 
rationally designed P8CBDek fusion partner will also facilitate membrane 
targeting/expression of foreign membrane proteins in  E. coli   [9] . 

  Maltose binding protein  ( MBP ) from  E. coli  is a tried - and - true N - terminal fusion 
partner for enhancing the expression/solubility of heterologous protein. Native 
MBP is a periplasmic protein that is exported via the Sec pathway. Therefore, 
proteins fused to MBP (containing its native signal peptide) are targeted to the Sec 
translocase and, as such, have the opportunity to be integrated into the inner 
membrane upon completion of MBP export. This method has been applied to 
facilitate the expression of several eukaryotic membrane proteins. For example, 
the human cannabinoid receptor CB2  [32] , human serotonin 5 - HT 1A   [43] , rat neu-
rotensin receptor  [31] , and the prokaryotic Glvi proton - gated ion channel  [44]  have 
been expressed in  E. coli  in functional form as fusions to MBP. Several studies 
have established that a large fraction of MBP molecules are delivered to the mem-
brane and SecA in a post - translational manner after recognition by the cytoplasmic 
chaperone SecB. Accordingly, a reasonable assumption is that MBP – membrane 
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protein fusion expression might be improved by the overexpression of chaperones 
such as SecB, DnaK/DnaJ, and GroEL/GroES in order to protect hydrophobic 
segments from aggregation within the cytoplasm before they engage the Sec 
translocase.  

   1.10 
Chaperone Overexpression 

 Many studies have demonstrated that cytoplasmic chaperone overexpression 
improves the expression of heterologous soluble proteins in  E. coli . This approach 
has also been tested to aid the overexpression of CorA, an atypical membrane 
protein from  E. coli . CorA lacks an N - terminal hydrophobic signal and is believed 
to integrate into the inner membrane by a post - translational process. Chen  et al.  
 [45]  carried out a comprehensive study to determine the optimal conditions for 
CorA overexpression and to determine the effect of overexpressing several differ-
ent  E. coli  factors relevant to protein biogenesis. A conclusion of this study was 
that increasing DnaK 8 - fold resulted in a 4 - fold increase of membrane integrated 
CorA when expression was carried out at 37    ° C. However, the same net result 
(13 – 15   mg CorA) was obtained by simply lowering the expression temperature to 
the range of 15 – 30    ° C. Thus, the underlying conclusion of this work was that the 
yield of membrane protein per cell may be increased by reducing the synthesis 
rate of the target protein. In fact, most studies indicate that membrane protein 
expression is optimal at 20 – 30    ° C, with 20    ° C being more favorable for more dif-
fi cult polytopic membrane proteins. Chen  et al.  calculated the translation rate of 
CorA at the extremes: in wild - type  E. coli , the average rate of CorA synthesis was 
estimated to be 600   molecules/cell/min at 15    ° C and 5500   molecules/cell/min at 
37    ° C, whereas export of proOmpA through the Sec translocase was estimated to 
be 450 – 900 molecules/cell/min at 37    ° C  [46] . Since protein synthesis rate can easily 
exceed the Sec translocase capacity, this clearly points out the fact that the Sec 
translocase is a bottleneck for membrane protein expression in  E. coli.  Engineering 
a strain with greater translocase activity has not been achievable so far, so the most 
practical option is to express recombinant membrane proteins  “ in moderation. ”  
Moderate expression at lower temperatures helps to ensure that the chaperone 
pool is not exceeded and also that the translation rate does not far exceed the 
capacity of the Sec translocase. 

 Link  et al.   [47]  recently examined the overexpression of the type 1 cannabinoid 
receptor CB1 and found a positive effect from several different helper proteins. In 
this study, DnaK/DnaJ coexpression from a plasmid again showed promise in 
increasing membrane protein yield. Furthermore, overexpression of Ffh (SRP 
protein component) and Trigger Factor (cotranslational chaperone) provided some 
benefi t (2 -  to 3 - fold enhancement). Most remarkably, the overexpression of FtsH 
(an inner membrane protease) resulted in up to 8 - fold enhancement of GPCR 
expression and nearly a 2 - fold higher cell density after 36 h at 12    ° C. Link  et al.  
also state in their Discussion that  “ FtsH overexpression also increases the bacterial 
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production of native  E. coli  membrane proteins such as YidC. ”  The rationale 
behind the FtsH effect will be discussed in the next section.  

   1.11 
Cautionary Notes Related to Chaperone Overexpression 

 DnaK overexpression may result in a situation where a fraction of the target protein 
is isolated as a complex with DnaK. This is a common occurrence during overexpres-
sion and Ni - NTA isolation of soluble protein and this outcome was also reported in 
the CorA – DnaK study. DnaK contamination after one or more chromatography 
steps most certainly indicates that a fraction of the target protein is not folded prop-
erly. Furthermore, attempts to remove DnaK contamination may be futile (personal 
experience with overexpression of soluble protein). DnaJ chaperone expression in 
wild - type strains apparently acts to inhibit the expression some membrane proteins 
according to Skretas and Georgiou  [48] . This conclusion was made after a DnaJ null 
strain displayed a large increase in CB1 –  Green Fluorescent Protein  ( GFP ) fl uores-
cence and in the production of membrane - integrated CB1. When designing con-
structs for helper protein (e.g., DnaK) expression, do not employ high - copy vectors 
with inducible promoters. A simple and effective method is to clone the helper 
protein gene with its native promoter onto a low - copy vector such as pACYC184. 
Then the helper protein will be moderately overexpressed and its expression may be 
naturally regulated upon the induction of cellular stress responses.  

   1.12 
Emerging Role of Quality Control Proteases 

 Although bacterial cells are extremely effi cient factories for protein production, 
some recombinant proteins fall off or become stalled on the pathway to their fi nal 
folded destination. This is especially reasonable to imagine for heterologous, 
hydrophobic proteins. So what happens to such proteins? One outcome is that 
such proteins serve as aggregation targets and the continuous supply of induced 
recombinant protein accumulates as inclusion bodies within the cytoplasm. 
During this process, the cell responds by upregulating chaperones  and  proteases 
to take care of the state of disarray  [49] . Thus, if endogenous membrane protein 
assembly fails, protease degradation is a natural response. One bit of direct evi-
dence for this comes from the work of van Bloois  et al.   [50]  where FtsH protease 
was able to be crosslinked to the YidC, a protein with a loosely defi ned membrane 
protein chaperone activity  [51 – 52] . FtsH is capable of processive, ATP - dependent 
degradation of  E. coli  membrane substrates such as YccA and SecY  [53] . In cases 
of recombinant membrane protein overexpression, this activity apparently clears 
away those molecules that become stalled during the post -  or cotranslational inte-
gration process. Other proteases must certainly play a role in clearing the mem-
brane translocation pathway. In retrospect, at least two studies suggested that the 
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cytoplasmic Lon protease acts as a quality control factor during membrane protein 
biogenesis as well as soluble protein biogenesis. The fi rst clue came from work in 
Tom Silhavy ’ s lab published in 1992, where William Snyder was studying the  prlF1  
host mutation, which suppresses Sec pathway jamming by the LamB – LacZ fusion 
protein  [54] . Nearly 20 years ago, it was diffi cult to explain why the PrlF1 phenotype 
was only observed in  prlF1/lon  +    strains. However, now it is certain that Lon func-
tions to clear away fully translated proteins that are misfolded or partially trans-
lated proteins that are stalled at the ribosome  [55] . The relevance of the  prlF  gene 
product is still a bit ambiguous, but recently Schmidt  et al.   [56]  showed that PrlF 
is an antitoxin that counteracts the bacteriostatic effect of its toxin partner YhaV. 
The  prlF1  7 - bp insertion has two effects: (i) the downstream  yhaV  toxin gene is 
expressed to a much lesser extent and (ii) the PrlF1 antitoxin is stabilized by amino 
acids changes at its C - terminus. The overall net result appears to be that deactiva-
tion of the toxin system allows cells to better recover from jamming of the Sec 
pathway. We have tested the hypothesis that Lon is a key factor in rescuing ribos-
omes that stall during the cotranslational membrane insertion process. Our pre-
liminary data indicates that Lon complementation improves the growth of cells 
overexpressing a polytopic membrane protein. However, so far an improved yield 
of membrane protein per cell has not been demonstrated. A role for Lon in mem-
brane protein biogenesis is also suggested by Harris Bernstein ’ s characterization 
of the SRP pathway. In a study published in 2001, Bernstein and Hyndman  [57]  
reported that proteases Lon and ClpQ become essential when the SRP level is 
reduced, suggesting that SRP - defi cient cells require an increased capacity to 
degrade mislocalized inner membrane proteins. 

 Other cell envelope proteases may be essential for membrane protein biogen-
esis. For example, Wang  et al.   [58]  studied YidC - depleted cells and found that 
several cell envelope proteases were elevated. One such enzyme is HtpX, an inner 
membrane protease regulated by the Cpx envelope stress response  [59] . 

 Contrary to the immediate discussion, deletion of some host proteases may be 
benefi cial. For example, OmpT acts at dibasic sequences and it may be detrimental 
during the protein isolation stage. Thus, preferred protein expression strains (e.g., 
BL21 derivatives) are OmpT minus. Note that most K - 12 strains express OmpT. 
However, the K - 12 KRX strain has been engineered to lack OmpT protease. Also, 
uncharacterized differences in protease expression between B and K - 12 strains 
may affect the quality of expressed protein. One specifi c example is demonstrated 
by Luo  et al.   [9]  where the same protein was resistant to proteolysis when expressed 
in NEB Express (a BL21 derivative), but was less stable during expression in 
MC1061, a robust K - 12 strain.  

   1.13 
Tag Selection 

 The selection of affi nity tags/detection epitopes is an important consideration 
when constructing a recombinant membrane protein clone. As expression levels 
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are characteristically low, Western analysis is a routine procedure. However, 
extremely hydrophobic proteins may run anomalously on standard gel systems or 
may transfer poorly to Western detection membranes. Before performing sodium 
dodecyl sulfate – polyacrylamide gel electrophoresis (  SDS  –   PAGE ) analysis, it may 
be necessary to heat samples at 37    ° C rather than 95    ° C to avoid aggregation of 
expressed membrane protein. One alternative to Western analysis is to monitor 
the expression/purifi cation by expressing the protein of interest as a C - terminal 
fusion to GFP  [60] . 

 Metal - affi nity chromatography is undoubtedly the preferred method for isolat-
ing recombinant membrane proteins from  E. coli.  Many researchers make use of 
eight histidines to improve the yield from low expressing clones. This may also 
reduce the background of  E. coli  metal binding proteins, as the protein of interest 
should be eluted at a higher imidazole concentration. If the isolation procedure 
includes an ultracentrifugation step to pellet the membrane fraction, then soluble 
 E. coli  metal binding proteins are less of a concern. The position of a polyhistidine 
tag may affect expression levels, behavior in solution and the propensity for mem-
brane protein crystal formation  [61] . Furthermore, if the protein N - terminus may 
be subject to signal peptidase cleavage, then of course the affi nity tag needs to be 
located elsewhere. A polyhistidine tag may even be placed within a cytoplasmic 
loop of the target protein  [62] . Histidine - rich sequences may affect membrane 
translocation, so a cytoplasmic location is recommended. Other effective purifi ca-
tion tags include the Strep tag, the FLAG tag, or other immunoaffi nity sequences 
 [63] . For a more complete discussion of suitable fusion tags, consult the recent 
reviews by Xie  et al   [64] . The FLAG tag is rich with charged residues DYKDDDDK 
yet this tag is effi ciently translocated across the inner membrane in the context of 
the P8CBD fusion partner  [9] . The FLAG tag conveniently encodes the enteroki-
nase protease site DDDDK and this protease works well in detergent - containing 
buffer. Thrombin is also recommended for removal of tags from membrane pro-
teins as this protease shows reliable activity in many detergents. In contrast, 
 tobacco etch virus  ( TEV ) protease suffers from poor activity in several common 
detergents such as octyl - glucopyranoside  [65] .  

   1.14 
Potential Expression Yield 

 Most importantly, have modest expectations. Always remember that quality is 
more important than quantity when attempting to overexpress membrane pro-
teins in bacteria. Regarding prokaryotic proteins: any yield of membrane - integrated 
protein above 3   mg/l of culture is a good result. According to the NEB catalog 
2007 – 2008, this level corresponds to approximately 2% of total cellular protein. 
Levels in the 10 – 20   mg/l range might be obtained for native  E. coli  membrane 
proteins (e.g., CorA study). In contrast, proteins from higher organisms will be 
expressed at much lower levels in most cases. An expression yield (in the mem-
brane fraction) approaching 1   mg/l is an outstanding achievement for eukaryotic 
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polytopic membrane proteins. This discrepancy even after gene/codon optimiza-
tion is not completely understood, but the following factors may be responsible:

   i)     The eukaryotic protein translation rate is generally lower than the rate in 
bacteria even when grown at low temperatures. Thus, eukaryotic membrane 
proteins may have evolved to require different chaperone requirements or 
folding timescales.  

  ii)     The molecular composition of eukaryotic membranes varies considerably 
from the inner membrane composition of  E. coli . For example, the bacterial 
plasma (inner) membrane is less rigid than the plasma membrane of mam-
malian cells due to the lack of cholesterol. Accordingly, membrane protein 
stability may be infl uenced.  

  iii)     Wild - type  E. coli  cells do not offer the possibility of post - translational modi-
fi cations (e.g., glycosylation) that may be necessary to stabilize some eukaryo-
tic proteins.  

  iv)     Bacteria express a different repertoire of membrane proteases that may act 
on some sequences/structures presented in heterologous proteins.     

   1.15 
Strategies to Overcome Protein Instability 

 Protein instability may be the result of many factors: unproductive membrane 
insertion may lead to degradation by cellular proteases. In contrast, proteins failing 
to assemble properly in the membrane may aggregate  in vivo  or, postexpression, 
the protein of interest may aggregate as a result of nonoptimal buffer conditions 
during membrane solubilization or affi nity chromatography. Expression and isola-
tion of  “ stable ”  membrane protein is still a very empirical process. If a detergent/
buffer screen fails to give a protein sample amenable to characterization, then it 
may be wise to screen homologs, truncation mutants, or point mutants. Screening 
proteins from multiple organisms is a common practice in order to fi nd one 
member of a family that behaves well enough for characterization. Proteins from 
thermophilic organisms may be better behaved during expression and/or crystal-
lization but this is not a general rule. Screening truncation mutants is a common 
practice with soluble proteins, but this type of systematic approach is not well 
tested with membrane proteins. Finally, point mutations may provide stabilization 
but the study of a random variant protein is less desirable. The radical approach 
of engineering a stabilization domain (T4 lysozyme) into a cytoplasmic loop of the 
human  β  2  - adrenergic receptor aided in expression within Sf9 insect cells and 
infl uenced the formation of quality protein crystals  [66] . Another proven method 
for stabilizing the same GPCR is cocrystallization of a monoclonal antibody that 
binds to an inherently fl exible region of the receptor  [67] . Perhaps similar 
approaches will be fruitful for bacterial expression and/or crystallization of unsta-
ble polytopic membrane proteins.  
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Membrane Protein Expression in 
 Saccharomyces cerevisiae   
  Zachary     Britton  ,     Carissa     Young  ,       Ö zge     Can  ,     Patrick     McNeely  ,    
  Andrea     Naranjo  , and     Anne Skaja     Robinson       

    2.1 
Introduction 

  Saccharomyces cerevisiae  contains around 6000 genes compared to around 25   000 
human genes, yet  S. cerevisiae  possesses similar mechanisms for protein synthesis, 
maturation, and secretory pathway traffi cking. Due to this simplicity and the ability 
of  S. cerevisiae  to perform homologous recombination    –    a process of DNA repair 
by homologous end - joining    –    genetic manipulation of  S. cerevisiae  is straightfor-
ward  [1] . For example, several methods have been developed that permit the 
specifi c introduction or removal of DNA into the yeast chromosome  [2 – 4] , which 
enables the creation of unique protein expression strains and facilitates stable 
expression of foreign proteins. 

 Potential concerns with expressing heterologous membrane proteins in  S. cerevisiae  
may not be easily overcome, especially with regard to lipid and membrane differences. 
For example, ergosterol in  S. cerevisiae  plays an analogous role to cholesterol in higher 
eukaryotes. Cholesterol analogs, which are lacking in prokaryotic expression systems, 
have been shown in some cases to directly interact with membrane proteins (e.g., 
 G - protein - coupled receptor s ( GPCR s)). In addition to sterols, other membrane com-
ponents, including lipids and their derivatives, are also present in similar    –    although 
not identical    –    levels in  S. cerevisiae . Specifi c interactions with membrane compo-
nents, and more generally effects imparted by specifi c membrane properties, play an 
important role in the folding and traffi cking of membrane proteins. 

 Despite these differences, successful heterologous membrane protein expres-
sion in  S. cerevisiae  has resulted in high - resolution crystal structures. Of the over 
50   000 protein structures in the Protein Data Bank, only 39 are eukaryotic mem-
brane proteins and fi ve of these (two species of monoamine oxidase A, mitochon-
drial ATP synthase, H  +   - ATPase 2, and Ca 2 +   - ATPase SERCA1a) were expressed in 
 S. cerevisiae   [5, 6] . Jidenko  et al.  compared the purifi ed Ca 2 +   - ATPase SERCA1a 
protein with the native protein from rabbit, and showed that calcium - dependent 
ATPase activity and calcium transport are intact after purifi cation and reconstitu-
tion in proteoliposomes. Through crystal structure determination, they also 
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showed that ligands contact their previously identifi ed binding sites, which dem-
onstrates in this example that there are no structural differences between the 
protein expressed in yeast and the protein expressed in its native system  [7] . 

 Given the tools available and the number of successful membrane protein 
expression studies in the literature, there are a few considerations to take into 
account while designing experiments to explore the behavior of overexpressed 
endogenous and heterologous proteins in  S. cerevisiae . This chapter will highlight 
some of the fundamentals of protein expression in  S. cerevisiae  (e.g., promoter 
systems, host strains, plasmids, etc.) and will demonstrate the potential for mem-
brane protein expression. We emphasize aspects of cotranslational machinery, 
post - translational modifi cations, and the lipid environment to which nascent pro-
teins are exposed, as well as dynamic cellular responses to protein expression. 
Furthermore, case studies have been chosen which demonstrate useful  S. cerevisiae  -
 specifi c methods for structure – function studies and illuminate potential pitfalls 
in experimental designs.  

   2.2 
Getting Started 

   2.2.1 
Promoter Systems 

   2.2.1.1    Constitutive Promoters 
 Constitutive promoters for cytochrome  c  oxidase (P  CYC1  ), phosphatidyl glycerol 
kinase 1 (P  PGK  ), translational elongation factor 1 α  (P  TEF  ), alcohol dehydrogenase 1 
(P  ADH  ), and glyceraldehyde - 3 - phosphate dehydrogenase (P  GPD  ) have all been used 
extensively for protein expression in  S. cerevisiae  Table  2.1   [8] . However, constitu-
tive promoters may not be ideal for membrane protein expression due to the 
potential toxicity of expressed proteins. Therefore, inducible promoter systems 
have been exploited for this purpose.    

   2.2.1.2    Inducible Promoters 
 Inducible promoter systems permit the control of timing and gene expression 
levels. Examples of yeast inducible promoters include the  MET25  gene, negatively 
regulated by methionine  [9] ; the  PHO5  gene, negatively regulated by inorganic 
phosphate  [10] ; the metallothionein - encoding  CUP1  gene, activated by Cu(II); and 
the  GAL1 ,  GAL 4 ,  GAL7 , and  GAL10  genes, activated by galactose and repressed 
by glucose  [11] . For the purpose of this chapter, discussion of yeast inducible 
promoters will be limited to the most common promoters for applied gene expres-
sion, promoters of  GAL  and  CUP1  genes  [12] . For further insights into other 
inducible promoters and more in - depth rationale for regulation, see the review by 
Maya  et al.   [13] . 

 The  GAL  gene family is a set of structural and regulatory genes that encode for 
enzymes required for galactose utilization  [14] .  GAL  gene products are proteins 
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that transport galactose into cells, convert intracellular galactose to glucose - 1 -
 phosphate, and demonstrate galactosidase activity  [15] . Galactose - inducible pro-
moters (P  GAL1   and P  GAL1 - 10  ) have been used extensively for the production of proteins 
due to precise and effi cient regulatory mechanisms. For example,  GAL  genes can 
be found in three carbon source - dependent states: inactive, repressed (glucose); 
inactive, nonrepressed (glycerol); and active, induced to high - level expression 
(galactose)  [15] , where expression levels are typically tens to hundreds of milli-
grams per liter. This strict regulation of expression may be particularly useful for 
control of membrane proteins that may be toxic to  S. cerevisiae . 

 In  S. cerevisiae,  the  CUP1  promoter (P  CUP1  ) modulates expression levels of metal-
lothionein in response to potentially lethal levels of copper in the growth medium, 
where metallothionein is a cysteine - rich protein that binds and sequesters Cu(II) 
and provides the yeast with resistance to Cu(II)  [16] . P  CUP1   has been applied to both 
endogenous  [17, 18]  and heterologous  [19]  protein expression, where the strength 
of gene transcription increases monotonically with Cu(II) concentration to a 
maximum equal to transcription controlled by P  PGK    [20] .   

   2.2.2 
Host Strains, Selection Strategies, and Plasmids 

   2.2.2.1    Host Strains 
 Numerous  S. cerevisiae  strains have been developed for use with common auxo-
trophic and antibiotic selection strategies; however, each cell strain has been 
developed for a unique characteristic. For example, strains that are protease -
 defi cient may improve the observed expression levels of susceptible membrane 
proteins  [29] . Another potential factor in membrane protein expression is the lipid 

  Table 2.1     S. cerevisiae  promoters. 

   Promoter     Gene     Regulation     Reference  

  Constitutive  
  P  ADH      alcohol dehydrogenase    ethanol     [21]   
  P  CYC1      cytochrome  c  oxidase    glucose ( – )     [22]   
  P  PGK      phosphatidyl glycerol kinase - 1    glucose     [23]   
  P  TEF      translational elongation factor - 1 α     glucose     [24, 25]   
  P  GPD      glyceraldehyde - 3 - phosphate 

dehydrogenase  
  glucose     [26, 27]   

  Inducible  
  P  CUP1      metallothionein    Cu(II) ( + )     [18]   
  P  GAL1      galactokinase    glucose ( – )/galactose ( + )     [28]   
   P GAL1 - 10       –     glucose ( – )/galactose ( + )      
  P  MET25      methionine and cysteine synthase    methionine ( – )     [9]   
  P  PHO5      repressible acid phosphatase    inorganic phosphate ( – )     [10]   
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composition of membranes. For example, Duport  et al.  showed that the sterol 
content and capacity for glycosylation of the host strain impacted human  β  2  -  and 
 β  3  - adrenergic receptor expression levels in  S. cerevisiae   [30] .  

   2.2.2.2    Selection Strategies 

  Auxotrophic Selection Markers     The original and most commonly used strategies 
for transformation and selection have been auxotrophic markers:  TRP1   [31] ,  HIS3  
 [32] ,  LEU2 ,  URA3   [33] , and more recently  MET15  and  ADE2   [34] . Expression 
plasmids are paired with widely available  S. cerevisiae  strains that are auxotrophic 
for tryptophan, histidine, leucine, uracil, methionine, and adenosine, respectively, 
by carrying full or functional knock - outs of these auxotrophic genes (for a com-
prehensive list refer to  http://www.yeastgenome.org/alleltable.shtml ).  URA3  and 
 LYS2  are particularly useful because there are methods for counterselection, 
where  ura3   −   and  lys2   −   cells can be selected for resistance to 5 - fl uoro - orotic acid 
 [35]  and  α  - aminoadipic acid  [36 – 38] , respectively. Auxotrophic selection, however, 
requires continued selection by growth in minimal media lacking the relevant 
nutrient  [39] .  

  Antibiotic Selection Markers     Antibiotic selection offers an attractive alternative 
because antibiotics provide a selection strategy independent of auxotrophic strain 
limitations and can be used for selection in rich growth medium. Additionally, 
multiple antibiotic selections may be used within the same strain because these 
antibiotics differ in function and mechanism. Common antibiotic selection strate-
gies use aminoglycoside phosphotransferase ( APT ), hygromycin B phosphotrans-
ferase ( HPH ) and the zeocin ™  resistance ( Sh ble ) genes that supply resistances to 
G418  [40] , hygromycin B (hphB)  [41] , and zeocin  [42] , respectively. G418 interferes 
with 80S ribosome function, hygromycin B inhibits protein synthesis by disrupt-
ing translocation and promoting mistranslation at the 80S ribosome  [43, 44] , and 
zeocin binds to and cleaves DNA  [45] . It is important to note that because these 
antibiotics affect ribosome function, expression studies should be performed with 
rich liquid media lacking antibiotics.   

   2.2.2.3    Plasmids and Homologous Recombination 
 Yeast plasmids can be divided into three general categories: (i) low - copy, (ii) high -
 copy, and (iii) integrating plasmids  [8, 46, 47] . Low - copy plasmids contain yeast 
 centromere  ( CEN ) and  autonomous replicating sequence s ( ARS s) that make these 
plasmids mitotically stable in yeast.  S. cerevisiae  transformed with a CEN/ARS 
plasmid typically contain one or two copies per cell  [48] . High - copy plasmids 
contain the 2 μ  sequence  [46, 49, 50] , which is a 6.3 - kb plasmid naturally present in 
most  S. cerevisiae  strains at approximately 100 copies per haploid genome  [51 – 53] . 
 S. cerevisiae  transformed with 2 μ  plasmids typically contain 20 copies per cell  [42] . 
Despite their widespread application, both low - copy and high - copy plasmids are 
lost in 1.5 – 5% of progeny per doubling time during nonselective growth  [42] ; there-
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fore, plasmid - based expression may be unpredictable due to plasmid and copy 
number instability  [51, 54] . Overcoming these obstacles has been achieved through 
use of integrating plasmids: plasmids that contain a bacterial origin of replication, 
selection markers, and yeast chromosomal DNA for targeted integration by 
homologous recombination  [47, 55] . Following the initial transformation and selection 
of a genomic integration, cells are genetically stable and no longer require selection. 
See Table  2.2 .   

  Table 2.2     S. cerevisiae  plasmids. 

   Plasmid     Type     Selection     Reference  

  pRS401    yIP, integrating     MET15      [34]   
  pRS402    yIP, integrating     ADE2      [34]   
  pRS303    yIP, integrating     HIS3      [47]   
  pRS403    yIP, integrating     HIS3      [47]   
  pRS304    yIP, integrating     TRP1      [47]   
  pRS404    yIP, integrating     TRP1      [47]   
  pRS305    yIP, integrating     LEU2      [47]   
  pRS405    yIP, integrating     LEU2      [47]   
  pRS306    yIP, integrating     URA3      [47]   
  pRS406    yIP, integrating     URA3      [47]   
  pRS411    yCP, centromeric     MET15      [34]   
  pRS412    yCP, centromeric     ADE2      [34]   
  pRS313    yCP, centromeric     HIS3      [47]   
  pRS413    yCP, centromeric     HIS3      [47]   
  pRS314    yCP, centromeric     TRP1      [47]   
  pRS414    yCP, centromeric     TRP1      [47]   
  pRS315    yCP, centromeric     LEU2      [47]   
  pRS415    yCP, centromeric     LEU2      [47]   
  pRS316    yCP, centromeric     URA3      [47]   
  pRS416    yCP, centromeric     URA3      [47]   
  pRS317    yCP, centromeric     LYS2      [84]   
  pRS421    yEP, 2 μ  - based     MET15      [34]   
  pRS422    yEP, 2 μ  - based     ADE2      [34]   
  pRS423    yEP, 2 μ  - based     HIS3      [42]   
  pRS424    yEP, 2 μ  - based     TRP1      [42]   
  pRS425    yEP, 2 μ  - based     LEU2      [42]   
  pRS426    yEP, 2 μ  - based     URA3      [42]   
  pITy    yIP, integrating    G418     [58]   

    MET15 ,  S. cerevisiae  auxotrophy marker, 
encodes  O  - acetyl homoserine -  O  - acetyl serine 
sulfhydrylase.  
   ADE2 ,  S. cerevisiae  auxotrophy marker, encodes 
phosphoribosylaminoimidazole carboxylase.  
   HIS3 ,  S. cerevisiae  auxotrophy marker, encodes 
imidazoleglycerol - phosphate dehydratase.  
   TRP1 ,  S. cerevisiae  auxotrophy marker, encodes 

phosphoribosylanthranilate isomerase.  
   LEU2 ,  S. cerevisiae  auxotrophy marker, encodes 
 β  - isopropylmalate dehydrogenase.  
   URA3 ,  S. cerevisiae  auxotrophy marker, encodes 
orotidine - 5 ′  - phosphate decarboxylase.  
   LYS2 ,  S. cerevisiae  auxotrophy marker, encodes 
 α  - aminoadipate reductase.  
  G418,  S. cerevisiae  antibiotic marker.   
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  Polymerase chain reaction  ( PCR ) - mediated techniques have been used to 
amplify DNA for genomic integration  [56] . Both integrating plasmids and, in 
particular, PCR - based methods for generating and integrating expression cassettes 
are ideal because they can be used to target integration at a single site or multiple 
sites based on the promiscuity of the yeast chromosomal DNA target  [57, 58] . In 
addition to applications of homologous recombination to directed integration, the 
emergence of  in vivo  methods for homologous recombination has permitted liga-
tion of genes into expression plasmids  [59 – 61]  and construction of protein vari-
ants, as demonstrated for the mouse TRPM5  [62] .   

   2.2.3 
Expression Conditions 

 There are a number of experimental parameters that affect production and 
function of membrane proteins expressed in  S. cerevisiae , including pH, tempera-
ture, induction strategy, and expression duration. Although  S. cerevisiae  may 
respond differently to each membrane protein expressed, the purpose of this 
section is to outline common strategies used to optimize membrane protein 
production. 

 Bonander  et al.  have described a set of experiments to examine the reasons for 
successes and failures in membrane protein production by using the yeast glycerol 
facilitator, Fps1p, as a model membrane protein  [63] . Under the control of the 
constitutive triose phosphate isomerase promoter (P  TPI  ), the study systematically 
quantifi ed the effects of pH, temperature and expression duration on Fps1p -
 expressing cultures in high - performance bioreactors. Their results suggest that 
the optimal conditions for functional Fps1p production do not correlate with con-
ditions that promote rapid cell growth. For example, the highest Fsp1p expression 
levels were observed at 35    ° C and pH 5, but the most membrane - associated Fsp1p, 
which is a more suitable indicator for functional production of membrane pro-
teins, was observed at 20    ° C and pH 5. Lowering the growth temperature reduces 
the cellular growth rate, but may have other advantages, such as promoting protein 
folding and membrane insertion, reducing rates of proteolysis, and upregulating 
cold - shock chaperones that aid in protein folding. Bonander  et al.  also note the 
importance of expression duration on membrane protein yields, where they 
observe a distinct maximum in Fsp1p levels prior to glucose exhaustion despite 
constant transcript levels. Differences in Fsp1p expression levels correlate with 
changes in gene expression for genes involved in membrane protein secretion and 
yeast cellular physiology  [63] , but may also result from translational control or 
increased proteolysis. 

 Although examples in the literature may serve as a guide for successful mem-
brane protein expression, ultimately the conditions must be optimized for each 
target protein. For example, a thorough set of experiments to investigate the effects 
of temperature, pH, cell induction concentration, and galactose concentration has 
been described for the optimization of human adenosine A 2A  receptor expression 
in  S. cerevisiae   [64]  and may serve as a useful guide.   
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   2.3 
Special Considerations 

 This section describes protein - specifi c considerations that may be relevant for 
membrane protein expression in  S. cerevisiae , including post - translational modifi -
cations, lipid requirements, signal sequences, protein topology, and cellular 
responses to protein expression. 

   2.3.1 
Post - Translational Modifi cations 

   2.3.1.1    Glycosylation 
 Glycosylation is a highly specifi c and complex form of post - translational modifi ca-
tion  [65] . Structure – function studies have shown that the specifi c carbohydrate 
presented on a glycoprotein endows important biological character, including 
immunogenicity, solubility, protein and cellular recognition, resistance to prote-
olysis, protein folding, and biological function  [66, 67] . 

 In  S. cerevisiae , glycosylation may occur in either the  endoplasmic reticulum  
( ER ) or Golgi apparatus. Glycosylation of protein inner core residues occurs in the 
ER, whereas glycosylation of protein outer core residues may occur within either 
the ER or Golgi apparatus.  N  - linked glycosylation may occur at sites including 
asparagine – X – serine (N – X – S) or asparagine – X – threonine (N – X – T), where X is 
any amino acid except proline (P)  [68] . These sites are required for  N  - linked glyco-
sylation but do not ensure glycosylation will occur. Preliminary stages of  N  - linked 
glycosylation occur in the ER and include the attachment of two  N  - acetylglucosamine 
molecules, nine mannose sugars, and three glucose sugars to the asparagine 
residue of glycosylation sites. The initial complex carbohydrate is processed prior 
to ER exit, where three glucose and one mannose sugars are removed. This initial 
process in  S. cerevisiae  is similar to higher eukaryotes, whereas further glycosyla-
tion processes differ in later stages. 

 In higher eukaryotes, mannosidases within the Golgi apparatus remove mannose 
residues, and additional sugars may be added, ultimately resulting in carbohydrate 
chains terminated by sugars such as galactose and sialic acid  [11] .  S. cerevisiae  lack 
Golgi mannosidases, which limit carbohydrate chain length in higher eukaryotes. 
Furthermore, the absence of Golgi mannosidases permits hyperglycosylation or 
heterogeneous addition of 40 or more mannose residues  [67, 69] . Modifi cations 
to the carbohydrate chain made in the Golgi apparatus can be different for each 
glycoprotein and may affect protein homogeneity and function. 

 Strategies to control glycosylation state have been developed. For example, 
site - directed mutagenesis of glycosylation sites has been achieved but may result 
in altered glycoprotein function. Additionally,  S. cerevisiae  mutants have been 
identifi ed that exhibit decreased glycosylation processing; mutants in mannan 
biosynthesis ( mnn ) that reduce outer chain addition events have been isolated 
 [70] . However, advantages provided by limiting  N  - linked glycosylation are 
reduced by the effects that mannan mutations have on cell growth  [71] . If 



 44  2 Membrane Protein Expression in Saccharomyces cerevisiae

hyperglycosylation is a problem, switching yeast species may be worthwhile. 
Other yeast species like  Pichia pastoris  and  Hansenula polymorpha  are less prone 
to hyperglycosylation of heterologous proteins, where  P. pastoris -   and  H. 

polymorpha  - derived invertase had average mannose chain lengths of 8 – 14, whereas 
 S. cerevisiae  - derived invertase contained 50 – 100  [67, 69] . The extent of glycosyla-
tion may be protein - specifi c (e.g., many GPCRs expressed in  S. cerevisiae  appear 
nonglycosylated  [72] ).  

   2.3.1.2    Disulfi de Bond Formation 
 Disulfi de bonds covalently cross - link cysteine residues and stabilize favored con-
formations. Formation of disulfi de bonds may be required for proper folding and 
function of membrane proteins. Therefore, it is important to maintain proper 
disulfi de bonds during expression. For example, overexpression of protein disulfi de 
isomerase, a protein that plays a key role in disulfi de bond formation, improved 
secretion of human platelet - derived growth factor B homodimer,  Schizosaccharo-

myces pombe  acid phosphatase, and single - chain antibody fragments  [73, 74] . 
However, expression improvements may be protein - dependent as coexpression of 
protein disulfi de isomerase did not improve adenosine A 2A  or substance P receptor 
localization or yields  [75] .   

   2.3.2 
Lipid Requirements 

 Biological membranes are composed of diverse lipids, where variations in the lipid 
head - group and acyl chain give rise to unique lipid properties. In addition, differ-
ences in the lipid composition of membranes give rise to unique membrane 
properties important for membrane protein structure and function. For example, 
lipid composition affects membrane protein translocation effi ciency, topology, 
stability, complex assembly, transport within the secretory pathway, and function. 
Therefore, careful consideration of the phospholipid, glycolipid, and sterol content 
of the expression host may permit the optimization of membrane protein yield 
and activity. In this section, components of  S. cerevisiae  membranes will be defi ned 
and specifi c examples of their importance to authentic protein production and 
function reviewed. 

 It should be noted that both lipid biosynthesis and membrane protein biogen-
esis occur within the membrane of the ER, where both the lipid and protein 
components of the membrane are balanced  [76] . In addition, the specifi c lipid 
composition of  S. cerevisiae  membranes is constantly changing. For example, ratios 
of specifi c phospholipids vary among strains, but also depend on the carbon source 
and culture conditions  [77] . This complex regulation of membrane components 
can present a challenge for membrane protein expression. For example, surplus 
membranes were synthesized in  S. cerevisiae  overexpressing an integral membrane 
protein, 3 - hydroxy - 3 - methylglutaryl coenzyme A  [78] . 
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   2.3.2.1    Glycerophospholipids 
 Glycerophospholipids are a major structural component of biological membranes. 
Each glycerophospholipid consists of a polar head group and two long hydrophobic 
chains, which defi ne inherent properties. Specifi c characteristics of glycerophos-
pholipids and their roles in  S. cerevisiae  are described below. 

 Anionic glycerophospholipids such as  phosphatidylserine  ( PS ),  phosphotidyli-
nositol  ( PI ), and its phosphorylated derivatives, and  cardiolipin  ( CL ) are required 
for proper topology of membrane proteins, where topology of the protein generally 
follows the positive - inside rule to position cationic residues fl anking the trans-
membrane domain in proximity to anionic phospholipids on the cytosolic side of 
the membrane  [79 – 81] . 

 PS is a minor component of organelle membranes in  S. cerevisiae  except for the 
plasma membrane, where it represents around 34% of total phospholipids (Table 
 2.3 )  [82] . PS is selectively arranged on the inner leafl et of the endoplasmic reticu-
lum and plasma membranes by phospholipid fl ippases  [83] .   

 PI and its phosphorylated derivatives, generally called  phosphoinositide s ( PIP s), 
provide structural and signaling roles in the cytoplasmic face of cellular mem-
branes. PI contains a unique head - group among lipids in that three of the hydroxyl 
groups of the inositol ring may be phosphorylated. Phosphorylation of PI results 
in the recruitment of specifi c proteins with phosphoinositide binding domains. 
For further review of the synthesis and function of PI and PIPs in  S. cerevisiae , 
see the review by Strahl  [85] . 

 CL (bis - phosphatidylglycerol) is a dianionic phospholipid that is composed of 
two phosphatidyl residues connected by a glycerol moiety  [86] . CL interacts with 
a variety of mitochondrial proteins through hydrophobic and electrostatic interac-
tions, where they have been shown to stabilize proteins in the mitochondrial 
respiratory chain  [87 – 89] . A more extensive assessment of the cellular functions 
of CL in yeast has been reviewed elsewhere  [90] . 

  Phosphatidylcholine  ( PC ) is the most abundant glycerophospholipid in  S. cerevi-

siae   [75] , where it is a major structural component of organelle membranes and 

  Table 2.3    Percentages of total phospholipid content in each organelle membrane (adapted with permission 
from Zinser  et al.   [82] ). 

        Percentage of total phospholipid in each organelle membrane  

   Mitochondria     Microsomes     Plasma membrane     Vacuole     Peroxisomes  

  PC    40.2    51.3    16.8    46.5    48.2  
  PE    26.5    33.4    20.3    19.4    22.9  
  PS    3.0    6.6    33.6    4.4    4.5  
  PI    14.6    7.5    17.7    18.3    15.8  
  CL    13.3    0.4    0.2    1.6    7.0  
  Ergosterol/phospholipid ratio    0.2    0.3    3.3    0.2    0.4  
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serves as a reservoir for signaling molecules  [91, 92] . In addition, PC biosynthesis 
is involved in the regulation of vesicle traffi cking in yeast  [93] . 

  Phosphatidylethanolamine  ( PE ) is a neutral or zwitterionic glycerophospholipid 
with a small head - group that forms nonbilayer structures. PE localizes in close 
proximity to and often copurifi es with membrane proteins, where PE improves 
protein stability and relieves disturbances in the membrane bilayer caused by 
polytopic membrane protein insertion. 

 PE depletion in  S. cerevisiae  decreased the activities of the arginine (Can1p), 
proline (Put4p), and general amino acid (Gap1p) permeases  [94]  as well as uracil 
(Fur4p) and maltose (Mal6p) proton motive force - driven transporters, whereas 
activities of Pma1p (H  +   - ATPase) and a hexose transporter (Hxtp1p) were largely 
unaffected  [95] . Although both Can1p and Pma1p associate with lipid rafts in 
wild - type cells, Can1p and Pma1p occupy distinct nonoverlapping membrane 
domains at the cell surface  [96] . PE depletion hindered progress of Can1p but not 
Pma1p through the secretory pathway leading to Can1p accumulation in the Golgi 
instead of the plasma membrane.  

   2.3.2.2    Sphingolipids 
 Sphingolipids are a major structural component of  S. cerevisiae  membranes, but 
also act as second messengers in signal transduction pathways. Sphingolipids have a 
ceramide backbone, which is made up of a long - chain base phytosphingosine that has 
been modifi ed with a hydroxyl C 26  fatty acid. There are only three types of sphingolipids 
in  S. cerevisiae  and differ only in their inositol moiety: inositolphosphate ceramide, 
mannosyl - inositolphosphate - ceramide, and mannosyl - diinositolphosphate - ceramide 
 [97] . Sphingolipids have roles in protein traffi cking/exocytosis, lipid microdomains, 
calcium homeostasis, cellular aging, and nutrient uptake. For an excellent review of 
sphingolipid function and metabolism in yeast, see  [98] .  

   2.3.2.3    Sterols 
 Sterols are rigid hydrophobic molecules with a polar hydroxyl group. Sterols affect 
the fl uidity of the plasma membrane, where membrane fl uidity, in turn, affects 
the lateral movement and activity of membrane proteins  [97] . In addition, local 
sterol - rich domains may also form membrane protein insertion sites. The plasma 
membrane of  S. cerevisiae  and other yeasts contains mostly ergosterol and low 
levels of zymosterol, whereas the most abundant sterol in higher eukaryotes is 
cholesterol  [82] . This substitution may or may not affect membrane protein struc-
ture and function; however, it has been noted that the slow diffusion of proteins 
and lipids in yeast membranes may be the result of the higher ergosterol content 
of yeast membranes  [97] . 

 Ergosterol in  S. cerevisiae  plays an analogous role to cholesterol in higher eukary-
otes. In the case of heterologous expression of membrane proteins, this difference 
provides a similar    –    although not identical    –    molecular environment in the cell 
membranes of yeast as compared to that of the native system. For example, ergos-
terol may replace cholesterol for sterol - dependent mammalian membrane pro-
teins or specifi c sterols (sito - , stigma - , and campesterols) for plant membrane 
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proteins. However, this sterol substitution may not result in fully functional het-
erologous proteins. For example, human MDR1 expressed in  S. cerevisiae  showed 
impaired drug binding, where it was found that ergosterol inhibits azidopine 
binding  [99] . In addition, the human  μ  - opioid receptor  [100]  and dopamine D 2S  
receptor  [101]  ligand binding were affected by the lipid environment of  S. cerevisiae  
compared to their natural environment. Interestingly, ligand - binding affi nities for 
the human D 2S  receptor were different when the receptor was expressed in  S. 

pombe  and  S. cerevisiae . In contrast to these receptors, the ligand binding activity 
of human adenosine A 2A  receptor  [75]  and human  β  2  - adrenergic receptor  [102]  in 
 S. cerevisiae  appears to be unaffected.   

   2.3.3 
Signal Sequences 

 Although not required for all membrane proteins (some membrane proteins 
contain inherent or cleavable N - terminal signal sequences), utilization of host -
 specifi c signal sequences has become a common strategy to improve and facilitate 
membrane insertion of proteins destined for the secretory pathway. Common 
secretory pathway targeting sequences used in  S. cerevisiae  are those of the Ste2 
receptor  [101 – 105] , the pre - propeptide of  α  - mating factor  [106, 107] , and the signal 
peptide of acid phosphatase  [108, 109] . 

 Despite potential complications to membrane protein expression, signal 
sequences have been routinely used in the expression of GPCRs, proteins oriented 
with their N - terminus facing the ER lumen in the ER and the extracellular environ-
ment in the plasma membrane. One recent study investigated the role of the signal 
peptide in the expression and processing of glucagon - like peptide - 1 receptor in 
human embryonic kidney HEK - 293 cells  [110] . Glucagon - like peptide - 1 receptor 
is a human GPCR and a target for the treatment of type II diabetes. This study 
demonstrated that even though signal sequence cleavage is not necessary for the 
expression of the GPCR, it was required for glycosylation and traffi cking to the 
plasma membrane. 

 It has also been shown that the cleavable, putative signal sequence of the human 
endothelin B receptor is necessary for translocation through the ER of COS.M6 
cells  [111] . Receptor mutants lacking the putative signal sequence were retained 
in the ER in a nonfunctional form. Although the mechanism is still unknown, the 
adjacent N - terminal sequence of the endothelin B receptor immediately followed 
by a signal peptide was also found to be important for effi cient translocation  [112] . 
Taken together, these results signify the importance of signal sequences for effi -
cient ER translocation.  

   2.3.4 
Topology 

 The topology of a membrane protein    –    specifi cally the identifi cation of membrane 
spanning regions and in/out orientations relative to the membrane    –    is a basic yet 
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extremely powerful feature to guide experimental studies. Multiple experimental 
approaches have been used to generate topology information including  in situ  
proteolytic digestion, chemical modifi cations, selective placement of epitope tags 
combined with antibody binding, various gene fusions, and design of hybrid, 
chimeric proteins. Classical topological reporter constructs include an internal 
53 - amino - acid peptide of invertase (Suc2p) containing three glycosylation sites that 
are effi ciently glycosylated when translocated across the ER membrane  [113] . A 
SUC2 – HIS4C dual - topology reporter, where HIS4C harbors the gene encoding 
histidinol dehydrogenase that acts on its substrate, histidinol, if located in the 
cytosol  [114] , enabled global topology maps of the  S. cerevisiae  membrane proteome 
 [115, 116] . Shorter reporter sequences have been useful for this topology mapping, 
including factor Xa protease cleavage sites in hydrophilic loops  [117]  and  ubiquitin  
( Ub ) - specifi c cleavage for an ER translocation assay  [118, 119] .  Green Fluorescent 
Protein  ( GFP ) tags have facilitated high - throughput fl uorescent - based optimiza-
tion of endogenous and heterologous membrane protein expression and purifi ca-
tion in  S. cerevisiae   [59, 61] . In all cases, the choice of tag and expression strategy 
must always include appropriate controls. For example, to verify the stability and 
function of Ost4p, a 36 - amino - acid subunit of oligosaccharyltransferase in  S. cer-

evisiae , a HA/Suc2/His4C fusion construct was appropriately compared to a single 
HA tag  [115] . To ensure that a fusion does not compromise cellular function, 
complementation with mutant or deletion strains may be completed, growth 
assays conducted (e.g., His plates supplemented with histidinol, exemplifi ed by 
HIS4C fusions), or localization of a tagged heterologous protein can be compared 
to an endogenous organelle marker by confocal microscopy using live cell imaging 
or immunofl uorescence techniques. 

 In the absence of high - resolution structural data, topology models are required 
for structure – function studies of membrane proteins. Many algorithms exist 
which attempt to predict membrane protein topology, e.g., PRODIV - TMHMM 
 [120] , TMHMM  [121] , HMMTOP  [122] , and others, and until recently have 
lacked any estimate of prediction reliability  [123] . TOPCONS ( topcons.net ) com-
bines an arbitrary number of topology predictions into one consensus output and 
quantifi es the reliability of the prediction  [124] . Most algorithms do not distin-
guish between an N - terminal transmembrane region and signal peptide since 
both contain hydrophobic residues. However, SPOCTOPUS ( octopus.cbr.su.se ) 
is an algorithm that maximizes discrimination between signal peptide and 
transmembrane domain predictions  [125] . To facilitate the identifi cation and 
characterization of favorable transmembrane regions, MPEx ( http://blanco.
biomol.uci.edu/mpex ) allows for physical - scale hydropathy analysis, translocon -
 scale hydropathy analysis,  β  - barrel analysis, hydropathy plots for comparison of 
sequence mutagenesis, and design of membrane peptides  [126] . Information 
regarding polytopic membrane N out  – C in  or N in  – C out  orientation is detailed else-
where  [127, 128] , and protein insertion into the ER membrane is reviewed by 
White and von Heijne  [129] .  
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   2.3.5 
Cellular Responses to Membrane Protein Expression 

  S. cerevisiae  has developed mechanisms to cope with defects in protein synthesis 
and maturation. Two of these, the  unfolded protein response  ( UPR ) and the  heat -
 shock response  ( HSR ), are relevant to membrane protein expression in  S. cerevi-

siae . The continued induction of cellular responses leads to reduced expression 
levels  [130] . 

   2.3.5.1     UPR  
 An abundance of improperly folded protein within the ER leads to activation of 
the UPR, a universal eukaryotic quality control mechanism that is responsible for 
maintaining cell homeostasis and limiting ER stress (see reviews of eukaryotic 
UPR in Chapman  et al.   [131]  and Kaufman  [132] ). In  S. cerevisiae , the UPR is trig-
gered by accumulation of misfolded protein within the ER  [133] , which leads to 
Hac1 - mediated upregulation of chaperones, foldases, and many components of 
the secretory pathway in order to promote proper folding and accelerate protein 
transport from the ER. Proteins that fail to fold correctly are targeted to the vacuole 
by the  ER - associated degradation  ( ERAD ) proteolytic pathway  [134, 135] . 

 In  S. cerevisiae , overexpression of membrane proteins has been reported to 
activate the UPR. For example, heterologous overexpression of human GPCRs  [72]  
and overexpression of P2 H  +  /adenosine transporter  [136]  induced the UPR, where 
strong activation of the UPR correlated with decreased functional production of 
the P2 transporter. Therefore, tuning synthesis rates to match the ER ’ s folding 
capacity and avoid UPR activation may result in improved functional yields.  

   2.3.5.2     HSR  
 Another  S. cerevisiae  quality control mechanism that may be relevant to membrane 
protein expression is the HSR, which is responsible for limiting cytosolic stress. 
The HSR is triggered by accumulation of misfolded protein within the cytosol 
 [137, 138] . Analogous to the UPR, the HSR mediates transcription of molecular 
chaperones and components of proteolytic pathways  [139] . The HSR is regulated 
by transcription factor Hsf1  [140] , which when activated binds heat shock elements 
in the promoters of HSR genes  [141, 142] . Not all HSR target genes, however, are 
unique from UPR target genes and there is some evidence that the HSR may 
relieve ER stress  [143] , perhaps, through common transcriptional targets.    

   2.4 
Case Studies 

 This section will use Ste2p, Pma1p, and  cystic fi brosis  (cystic fi brosis  CF )  trans-
membrane conductance regulator ( CFTR ) as examples to illustrate approaches to 
overcome specifi c obstacles to membrane protein expression and structure –
 function studies in  S. cerevisiae . 
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   2.4.1 
S te 2 p  

 GPCRs are a major family of membrane proteins, which contain seven -
 transmembrane helices and are responsible for mediating signaling across the 
cellular membrane through interactions with the heterotrimeric G - protein.  S. 

cerevisiae  contain three GPCRs; the most well - studied of these is the  α  - factor recep-
tor, Ste2p, which plays a role in cellular conjugation. Ste2p has used extensively 
as a model system for structure – function studies of ligand – GPCR interactions, 
mechanisms of GPCR activation, and regulation of heterotrimeric G - protein sig-
naling  [144] . 

 Successful overexpression and purifi cation of Ste2p has been achieved in  S. 

cerevisiae . For example, Ste2p was expressed from a 2 μ  - based plasmid under the 
control of P  GPD   in a vacuolar protease - defi cient strain, BJ2168 ( MATa prc1 - 407 

prb1 - 1122 pep4 - 3 leu2 trp1 ura3 - 52 ), at 26    ° C  [145] . Using these conditions, up to 
1   mg Ste2p (200   l of culture) was purifi ed to 95% homogeneity from membrane 
preparations using metal - affi nity chromatography. Ligand binding of purifi ed 
Ste2p was drastically reduced after reconstitution in lipid vesicles but was restored 
by supplementing the vesicles with yeast membranes defi cient in the receptor 
 [145] . Thus, the importance of membrane components on membrane activity is 
illustrated as Ste2p activity has some as yet unidentifi ed lipid dependence. 

 A glycosylation -  and cysteine - defi cient Ste2p was generated by site - directed 
mutagenesis to improve homogeneity of the expressed receptor  [146] . In this case, 
the Ste2p variant maintained full wild - type biological activity  [146, 147] , and moti-
vated large - scale overexpression and purifi cation. To accomplish this, the Ste2p 
variant was expressed using a 2 μ  - plasmid under the control of P  GPD   in a vacuolar 
protease defi cient strain, BJ2168 ( MATa prc1 - 407 prb1 - 1122 pep4 - 3 leu2 trp1 ura3 -

 52 ste2:: - Kan R  ). Using these conditions 120    μ g mutant Ste2p was purifi ed per liter 
of culture by affi nity chromatography using a monoclonal antibody to the rho-
dopsin (1D4) epitope  [146] . 

 The Ste2p example not only demonstrates the successful overexpression and 
purifi cation of a membrane protein in  S. cerevisiae , but also illustrates effects of 
lipids and post - translational modifi cations on membrane protein activity. This case 
also demonstrates that functional GPCRs may be successfully expressed in  S. 

cerevisiae , and many groups are applying  S. cerevisiae  to generate and characterize 
heterologous GPCRs  [148 – 150]  (Table  2.4 ).    

   2.4.2 
Pma1 p  

 The H  +   - ATPase of  S. cerevisiae , encoded by the  PMA1  gene, belongs to a wide-
spread family of cation transporters referred to as the P 2  - type ATPases  [191] . 
Accounting for up to 20% of total protein content of the plasma membrane, Pma1p 
generates the electrochemical proton gradient essential for nutrient uptake by 
secondary active transport  [192] . Structurally, Pma1p is an oligomeric molecule 
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with asymmetric membrane topology composed of a large central cytoplasmic 
domain and an extracytoplasmic domain that consists of small stretches connect-
ing 10 transmembrane domains  [193, 194] . Newly synthesized Pma1p is assem-
bled as an oligomer in the ER but its association with lipid rafts in the secretory 
pathway is critical for plasma membrane localization and activity  [192, 195, 196] . 

 Pma1p has emerged as a prototype for studies of plasma membrane biogenesis 
(see review  [194] ) and mechanisms for protein sorting and traffi cking to the cell 
surface. Complementary approaches to improve expression have included 
temperature - sensitive strains, which are used to block successive steps of the 
secretory pathway and enable Pma1p traffi cking to the cell surface; point muta-
tions that have generated insights into the structural requirements for protein 
folding and traffi cking; determination of cellular machinery required for mem-
brane protein degradation; and enhancers of defective Pma1p variants that have 
revealed specialized roles for secretory pathway components. Using the Pma1p 
example as a guide may enable one to develop and apply appropriate strategies 
required for successful membrane protein expression. 

 Isolation of temperature - sensitive mutants exhibiting defective H  +   - ATPase traf-
fi cking is possible due to Pma1p stability at the plasma membrane (half - life greater 
than 12   h) and lack of recycling  [197, 198] . By using a genetic screen for mutations 
that blocked growth when combined with a mutation of a known coat protein gene, 
 SEC13  and  LST1  were discovered. Due to Lst1p ’ s 23% sequence homology to 
Sec24p, the coat component of COPII  [199]  and its deletion mutant, which inhibits 
ER transport, Pma1p has been used to infer individual roles of vesicle traffi cking 
components  [200] . Alternative experimental approaches have used Pma1p variants 
to determine novel components of the vacuolar degradation pathway. For example, 
screening with a high - copy genomic library  [8]  and subsequent studies that 
screened an insertion library resulted in the identifi cation of suppressors and 
enhancers that allowed Pma1p variants to bypass ERAD and traffi c appropriately 
to the plasma membrane  [200, 201] . Of the identifi ed suppressors,  vacuolar protein 
sorting  ( VPS ) genes were identifi ed that control biogenesis of newly synthesized 
vacuolar proteins involved in Golgi - to - endosome or endosome - to - vacuole traffi ck-
ing, which suggests a Golgi - based quality control mechanism for misfolded Pma1p 
variant. 

 Comprehensive mutational studies of Pma1p have uncovered numerous 
structure – function relationships and allowed the isolation of sorting - defective 
alleles  [195, 197, 202] . In fact, nearly 300 site - directed mutations have been intro-
duced throughout this ATPase, while substitutions at 45 positions have led to 
defects in biogenesis (see review  [202] ). Pma1p variants include the least severe, 
G381A, which displays an intermediate folding defect (i.e., allows slow growth of 
cells co - expressing wild - type H  +   - ATPase) that is transiently arrested in the ER but 
escapes to the plasma membrane, where it is recycled to the vacuole for degrada-
tion; to D378N where the Asp residue involved in phosphorylation has been 
replaced and exhibits a severe biogenetic defect and results in a dominant lethal 
phenotype  [203] . Furthermore, Pma1p - D378N is improperly folded in the ER and 
is retrotranslocated to the cytosol for degradation by the proteasome  [204] . Pma1p 
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  Table 2.4    Production of functional heterologous GPCRs in  S. cerevisiae . 

   Receptor Family     Species     GPCR 
subtype  

   Strain     Plasmid     Plasmid 
type  

   Promoter     Signal/fusion 
peptide  

  Acetylcholine 
(muscarinic)  

  human    M 1     DJ213 - 6 - 3 - a    pVTI02 - U    NR    P  ADH       –   

  human    M 1     MPY578fc    p416GPD    centromeric    P  GPD       –   

  human    M 1     MPY578fc    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578fc    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578fc    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578q5    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578q5    p416ADH    centromeric    P  ADH       –   

  rat    M 3     MPY578q5    p416TEF    centromeric    P  TEF       –   

  rat    M 3     MPY578q5    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578q5    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578q5    p416GPD    centromeric    P  GPD       –   

  rat    M 3     MPY578q5    p416GPD    centromeric    P  GPD       –   

  human    M 5     MPY578fc    p416GPD    centromeric    P  GPD       –   

  human    M 5     MPY578fc    p416GPD    centromeric    P  GPD       –   

  rat    M 5     20B12    pYAS1    2 μ  - based    P  MF α       MF α   
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   N - terminal 
tag(s)  

   C - terminal 
tag(s)  

   Notable alterations (fusions, 
mutations, truncations)  

   Ligand 
binding  

   G - protein 
coupling  

   Yield     References  

   –      –      –      +     ND    0.02   pmol/mg     [151]   

   –      –      –      +      +     ND     [152]   

   –      –      Δ i3 (Pro231 – Gly345)     +      +     ND     [152]   

  HA     –      –      +      +     ND     [152]   

  HA     –      Δ i3 (Ala274 – Lys469)     +      +     ND     [152]   

  HA     –      Δ i3 (Ala274 – Lys469), Q490L, random 
mutagenesis (TM 5 – 7)  

   +      +     ND     [153]   

  HA     –      Δ i3 (Ala274 – Lys469), Q490L, random 
mutagenesis (TM 5 – 7)  

   +      +     ND     [153]   

  HA     –      Δ i3 (Ala274 – Lys469), Q490L, random 
mutagenesis (TM 5 – 7)  

   +      +     ND     [153]   

  HA     –      Δ i3 (Ala274 – Lys469), D113N, random 
mutagenesis  

   +      +     ND     [154]   

  HA    EGFP     Δ i3 (Ala274 – Lys469) and random 
mutagenesis  

   +      +     ND     [155]   

  HA    EGFP     Δ i3 (Ala274 – Lys469) and random 
mutagenesis (e2)  

   +      +     ND     [156]   

  HA    FLAG     Δ i3 (Ala274 – Lys469) and random 
mutagenesis  

   +      +     ND     [157]   

   –      –      Δ i3 (Thr237 – Pro413)     +      +     ND     [152]   

   –      –      –      +      +     ND     [152]   

   –      –     23 - amino - acid N - terminal truncation     +      –     0.13   pmol/mg     [107]   

(Continued)



 54  2 Membrane Protein Expression in Saccharomyces cerevisiae

   Receptor Family     Species     GPCR 
subtype  

   Strain     Plasmid     Plasmid 
type  

   Promoter     Signal/fusion 
peptide  

  Adenosine    human    A 1     CY12660    NR    2 μ  - based    P  PGK      MF α   

  human    A 1     MMY11    p426GPD    2 μ  - based    P  GPD       –   

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     NFV220    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2A     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  human    A 2B     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    A 2B     MMY11    pPGK    2 μ  - based    P  PGK       –   

  human    A 2B     MMY11    pDT - PGK    2 μ  - based    P  PGK       –   

  human    A 2B     MRS1706    pDT - PGK    2 μ  - based    P  PGK       –   

  human    A 2B     BJ5464    pITy    integrated    P  GAL1 - 10      pre - pro  

  Adrenergic    human     α  2 c2    SC261    pYEDS14    2 μ  - based    P  GAL1       –   

  human     α  2 c2    SC261    pYEDS14    2 μ  - based    P  GAL1       –   

  human     α  2 c2    SC261    pYEDS14    2 μ  - based    P  GAL1       –   

  human     β  2     NNY19    yEP24    2 μ  - based    P  GAL1      Ste2  

  human     β  2     SC261    yEP24    2 μ  - based    P  GAL1      Ste2  

  human     β  2     FY1679 - 28C    pYeDP60    2 μ  - based    P  GAL10 - CYC1       –   

  human     β  2     W303 - 1A    pYeDP61    2 μ  - based    P  GAL10 - CYC1       –   

  human     β  2     TGY47 - 1    pYeDP62    2 μ  - based    P  GAL10 - CYC1       –   

  human     β  3     FY1679 - 28C    pYeDP63    2 μ  - based    P  GAL10 - CYC1       -   

  human     β  3     W303 - 1A    pYeDP64    2 μ  - based    P  GAL10 - CYC1       -   

  human     β  3     TGY47 - 1    pYeDP65    2 μ  - based    P  GAL10 - CYC1       -   

  Calcitonin    human    CRLR    CY16463    CP1289    2 μ  - based    P  PGK      MF α (1 – 89)  

  human    CRLR    CY16463    CP1290    2 μ  - based    P  PGK      MF α (1 – 89)  

  Cannabinoid    human    CB 1     NR    NR    NR    NR    NR  

Table 2.4 (Continued)
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(Continued)

   N - terminal 
tag(s)  

   C - terminal 
tag(s)  

   Notable alterations (fusions, 
mutations, truncations)  

   Ligand 
binding  

   G - protein 
coupling  

   Yield     References  

   –      –      –      +      +     ND     [158]   

   –      –      –      +      +     ND     [159]   

   –     c - myc     –      +     ND    ND     [75]   

   –     EGFP     –      +     ND    ND     [75]   

   –     c -  myc      –      +     ND    ND     [75]   

   –     EGFP     –      +     ND    ND     [160]   

   –     EGFP     –      +     ND     ∼ 4   mg/L     [161]   

   –     EGFP     –      +     ND     ∼ 4   mg/L     [64]   

   –     His 10      –      +     ND    6   mg/L     [162]   

   –     EGFP - His10     –      +     ND    7.4   mg/L     [162]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –     random mutagenesis     +      +     ND     [164]   

   –      –     random mutagenesis     +      +     ND     [165]   

   –     EGFP     –      +     ND    ND     [72]   

  His5     –      –      +     ND    7 – 70   pmol/mg     [103]   

  His5     –      –      +     ND    ND     [166]   

  His5     –      –      +     ND    ND     [167]   

   –      –      –      +      +     115   pmol/mg     [102]   

   –      –      –      +      +     36   pmol/mg     [103]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [30]   

   –      –      –      +      +     ND     [168]   

   –     FLAG     –      +      +     ND     [168]   

  NR    NR    NR     +      +     ND     [169]   
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   Receptor Family     Species     GPCR 
subtype  

   Strain     Plasmid     Plasmid 
type  

   Promoter     Signal/fusion 
peptide  

  Chemoattractant    human    C5a    BY1142    p1303    NR    P  PGK       –   

  human    C5a    BY1142    p1303    NR    P  PGK       –   

  human    C5a    BY1142    p1303    NR    P  PGK       –   

  Chemokine    human    CXCR4    CY12946    CP4258    2 μ  - based    P  PGK      MF α (1 – 89)  

  human    CXCR4    CY12946    CP4181        P  PGK       –   

  human    CXCR4    CY12946    CP4258    2 μ  - based    P  PGK      MF α (1 – 89)  

  human    CXCR4    CY12946    CP4258    2 μ  - based    P  PGK      MF α (1 – 89)  

  human    CXCR4    CY12946    CP4258    2 μ  - based    P  PGK      MF α (1 – 89)  

  Dopamine    human    D 1A     DK102    pGEM - T    2 μ  - based    P  GPD       –   

  human    D 1A     BJ2168    pGEM - T    2 μ  - based    P  GPD       –   

  human    D 1A     DK102    pGEM - T    2 μ  - based    P  GPD      Ste2  

  human    D 1A     BJ2168    pGEM - T    2 μ  - based    P  GPD      Ste2  

  human    D 2S     cI3 - ABYS - 86    pRS421    2 μ  - based    P  PMA1       –   

  human    D 2S     cI3 - ABYS - 86    pRS421    2 μ  - based    P  PMA1      Ste2  

  human    D 2S     WCG    YEp51    2 μ  - based    P  GAL1 - 10       –   

  human    D 2S     YMTA    YEp51    2 μ  - based    P  GAL1 - 10       –   

  human    D 2S     YMTAB    YEp51    2 μ  - based    P  GAL1 - 10       –   

  human    D 2S     WCG    YEp51    2 μ  - based    P  GAL1 - 10      Ste2  

  human    D 2S     YMTA    YEp51    2 μ  - based    P  GAL1 - 10      Ste2  

  human    D 2S     YMTAB    YEp51    2 μ  - based    P  GAL1 - 10      Ste2  

  Formyl peptide    human    FPRL - 1    CY1141    Cp1651    2 μ  - based    P  PGK       –   

  Growth hormone -
 releasing hormone  

  human    GHRH    LY252    pMP3    2 μ  - based    P  GAL1 - 10       –   

  Histamine    human    H 2     NR    NR    NR    NR    NR  

  Lysophosphatidic 
acid/S1P  

  human    Edg2    SY2069    pYEUra3    centromeric    P  GAL1       –   

  Melatonin    human    ML 1A     SDY102    pDT - PGK    2 μ  - based    P  PGK       –   

  human    ML 1B     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    ML 1B     MMY11    pPGK    2 μ  - based    P  PGK       –   

  Neurotensin    human    NT 1     BJ2168    pEMR1675    2 μ  - based    P  GRAP1       –   

  human    NT 1     BJ2168    pEMR1231    2 μ  - based    P  GRAP1       –   

  Opioid    human     μ  - opioid    LY296    pEMR516    2 μ  - based    P  GRAP1      Ste2  

Table 2.4 (Continued)
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(Continued)

   N - terminal 
tag(s)  

   C - terminal 
tag(s)  

   Notable alterations (fusions, 
mutations, truncations)  

   Ligand 
binding  

   G - protein 
coupling  

   Yield     References  

   –      –     random mutagenesis (TM3, 5 – 7)     +      +     ND     [170]   

   –      –     random mutagenesis (TM1, 2, 4)     +      +     ND     [171]   

   –      –     random mutagenesis (EC2)     +      +     ND     [172]   

   –      –     random mutagenesis     +      +     ND     [173]   

   –      –      –      +      +     ND     [174]   

  c -  myc     His 6     random mutagenesis     +      +     ND     [175]   

   –      –      –      +      +     ND     [176]   

   –      –     N119S     +      +     ND     [176]   

   –     FLAG - His 6     six C - terminal amino acids from Ste2     +     ND    0.13   pmol/mg     [105]   

   –     FLAG - His 6     six C - terminal amino acids from Ste2     +     ND    0.13   pmol/mg     [105]   

   –     FLAG - His 6     six C - terminal amino acids from Ste2     +     ND    0.13   pmol/mg     [105]   

   –     FLAG - His 6     six C - terminal amino acids from Ste2     +     ND    0.13   pmol/mg     [105]   

   –      –      –      +     ND    1 – 2   pmol/mg     [177]   

   –      –      –      +     ND    1 – 2   pmol/mg     [177]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +     ND    1 – 2   pmol/mg     [104]   

   –      –      –      +      +     ND     [178] .  

   –      –      –      +      +     ND     [179]   

  NR    NR    NR     +      +     ND     [180]   

   –      –      –      +      +     ND     [181]   

   –      –     site - directed mutagenesis     +      +     ND     [182]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +     ND    ND     [183]   

   –     c -  myc      –      +     ND    ND     [183]   

   –      –      –      +      –     0.4   pmol/mg     [100]   
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   Receptor Family     Species     GPCR 
subtype  

   Strain     Plasmid     Plasmid 
type  

   Promoter     Signal/fusion 
peptide  

  Purinergic    human    P2Y 1     MPY578q5    p426GPD    2 μ  - based    P  GPD       –   

  human    P2Y 1     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    P2Y 1     MMY11    pPGK    2 μ  - based    P  PGK       –   

  human    P2Y 2     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    P2Y 2     MMY11    pPGK    2 μ  - based    P  PGK       –   

  human    P2Y 12     MPY578fc    p426GPD    2 μ  - based    P  GPD       –   

  mouse    P2Y 12     MPY578fc    p426GPD    2 μ  - based    P  GPD       –   

  Rhodopsin    bovine    opsin    CKY96    yEpRF1    2 μ  - based    P  GAL1 - 10       –   

  Serotonin    human    5HT 1A     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    5HT 1A     MMY11    pPGK    2 μ  - based    P  PGK       –   

  human    5HT 1D     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    5HT 1D     MMY11    pPGK    2 μ  - based    P  PGK       –   

  mouse    5HT 5A     CI3 - ABYS - 86    PCNNmm    2 μ  - based    P  PRB1       Bacillus 

macerans   

  rat    5HT 5A     NR    NR    NR    NR     –   

  rat    5HT 5A     NR    NR    NR    NR    MF α   

  Somatostatin    human    SST 2     MMY9    pFL61    2 μ  - based    P  PGK       –   

  human    SST 2     MMY11    pFL61    2 μ  - based    P  PGK       –   

  rat    SST 2     LY228    pJH2    2 μ  - based    P  GAL1 - 10       –   

  rat    SST 2     LY252    pJH2    2 μ  - based    P  GAL1 - 10       –   

  rat    SST 2     LY754    pJH2    2 μ  - based    P  GAL1 - 10       –   

  rat    SST 2     LY784    pJH2    2 μ  - based    P  GAL1 - 10       –   

  human    SST 5     MMY9    pPGK    2 μ  - based    P  PGK       –   

  human    SST 5     MMY11    pPGK    2 μ  - based    P  PGK       –   

  Vasopressin    human    V2    MPY578fc    p416GPD    centromeric    P  GPD       –   

  human    V2    MPY578q5    p416GPD    centromeric    P  GPD       –   

  human    V2    MPY578s5    p416GPD    centromeric    P  GPD       –   

  human    V2    MPY578fc    p416GPD    centromeric    P  GPD       –   

  human    V2    MPY578q5    p416GPD    centromeric    P  GPD       –   

  human    V2    MPY578s5    p416GPD    centromeric    P  GPD       –   

   EGFP  =  enhanced GFP; MF  =  mating factor; ND  =  not determined; NR  =  not reported.   

Table 2.4 (Continued)
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   N - terminal 
tag(s)  

   C - terminal 
tag(s)  

   Notable alterations (fusions, 
mutations, truncations)  

   Ligand 
binding  

   G - protein 
coupling  

   Yield     References  

   –      –      –      +      +     ND     [184]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [185]   

   –      –      –      +      +     ND     [185]   

   –      –      –      +      –     2   mg/10 10  cells     [186]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

  c -  myc      –      –      +     ND    16   pmol/mg     [187]   

   –      –      –      +     ND    ND     [188]   

   –     c -  myc      –      +     ND    ND     [188]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     0.2   pmol/mg     [189]   

   –      –      –      +      +     0.2   pmol/mg     [189]   

   –      –      –      +      +     0.2   pmol/mg     [189]   

   –      –      –      +      +     0.2   pmol/mg     [189]   

   –      –      –      +      +     ND     [163]   

   –      –      –      +      +     ND     [163]   

  HA     –      –      +      +     ND     [190]   

  HA     –      –      +      +     ND     [190]   

  HA     –      –      +      +     ND     [190]   

  HA     –      Δ M145     +      +     ND     [190]   

  HA     –      Δ M145     +      +     ND     [190]   

  HA     –      Δ M145     +      +     ND     [190]   
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variants have been studied as a paradigm of misfolded membrane proteins that 
commence ERAD, ubiquitination, and proteasomal degradation  [199, 205, 206] . 
Similarly, cellular quality control processes, such as the UPR, HSR, and autophagy 
have been examined in wild - type Pma1p and its variants; their affi liations with 
chaperones of the ER and cytosol have yielded an improved understanding of vacuolar 
targeting and cytoplasm - to - vacuole targeting/autophagy pathways  [206 – 208] . 

 Association with lipid rafts has been shown to play a role in biosynthetic delivery 
to the plasma membrane in yeast and has been demonstrated in the delivery of 
Pma1p to the plasma membrane  [196, 209, 210] . Disruption of rafts has led to 
mistargeting of wild - type Pma1p to the vacuole while Pma1 - 7, the ATPase variant 
that is mistargeted to the vacuole, was shown to exhibit impaired raft association. 
Additionally, one of the previously identifi ed suppressors, multicopy AST1, not 
only restored surface delivery but also raft association of Pma1 - 7. Furthermore, it 
has been shown that the surface transport of Pma1p is independent of newly 
synthesized sterols but that sphingolipids with C26 very - long - chain fatty acids are 
crucial for raft association and proper localization, while more recent experimental 
studies using yeast strain SLC1 - 1 in which the essential function of sphingolipids 
is substituted for glycerophospholipids containing C26 very long chain fatty acids 
have suggested that sphingolipids are dispensable for raft association and surface 
delivery of Pma1p, but the C26 fatty acid is crucial  [211, 212] .  

   2.4.3 
 CFTR  

 The  ATP - binding cassette  ( ABC ) transporters mediate ATP - driven transport of 
diverse substrates across cellular and organellar membranes  [213] . The structural 
core of ABC transporters is composed of two membrane - spanning domains, which 
typically contain multiple transmembrane segments, and a  nucleotide - binding 
domain  ( NBD ) that couples ATP hydrolysis and transport. The NBD is character-
ized by three conserved motifs, Walker A and Walker B, as well as the signature 
consensus motif  “ LSGGQ ”  (referred to as the C motif). 

 The yeast genome consists of 30 ABC transporters. The existence of functionally 
redundant transporters have enabled gene deletion studies that have improved our 
understanding of specifi c transporter function (reviewed in  [214] ). In recent years, 
signifi cant contributions of yeast ABC transporters include the elucidation of Ub 
as a traffi cking signal for endocytosis (e.g., Ste6, a lipopeptide mating pheromone 
a - factor Ste6p), analysis of the ER quality control machinery and the identifi cation 
of ER - associated compartments, mutagenesis - mediated structure – function analy-
sis, and the development of  integrated membrane yeast two - hybrid  ( iMYTH ) 
technology to identify membrane protein interactors, Ycf1 and Yor1  [215 – 220] . 

 Loss - of - function mutations in ABC transporters have been implicated in several 
inherited diseases, including the lung disease CF. CFTR is a 1480 - residue mem-
brane glycoprotein that functions as a cAMP - regulated chloride and bicarbonate 
channel in the apical membrane of epithelial cells  [221] . Deletion of phenylalanine 
at position 508 ( Δ F508 - CFTR) is associated with CF and is one of the most 
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common autosomal recessive disorders in individuals of European descent. 
Approximately 80% of wild - type CFTR is targeted for ERAD and essentially all of 
the  Δ F508 is degraded  [222] . Interestingly, expression of CFTR and  Δ F508 - CFTR fail 
to elicit a UPR response in yeast, and the growth rate is similar to cells that lack a 
CFTR expression vector  [223] .  Δ F508 - CFTR is not transported to the plasma mem-
brane yet does function as a chloride channel in its native host, where decreased 
temperature, high glycerol content, or addition of sodium 4 - phenylbutyrate 
has been shown to improve the traffi cking (and restore function) of  Δ F508 - CFTR 
 [224 – 227] . Expression of CFTR in  S. cerevisiae  has been used to delineate degrada-
tion components including cytosolic and ER luminal chaperones (i.e., Hsp70, 
Hsp90, Hsp40, sHsp), E3 Ub ligases, and lectins; to demonstrate that COPII 
machinery sorts ERAD substrates to a degradation ER subcompartment in yeast; 
and evaluate CFTR degradation by autophagy  [227 – 232] . Furthermore, the use of 
chimeras, specifi cally endogenous yeast Ste6 fused to  Δ F508 - CFTR (STE6/ Δ F508 -
 CFTR), has led to the isolation of two novel revertant mutations (I539T and G550E) 
that increased chloride channel activity  [233] .   

   2.5 
Conclusions 

  S. cerevisiae  has been established as a valuable host for membrane protein expres-
sion due to advantages of genetic fl exibility, low cost of microbial growth, and 
production of biologically relevant proteins. This chapter has served as an intro-
duction to membrane protein expression in  S. cerevisiae , identifi ed potential obsta-
cles that affect functional membrane protein production, and illustrated methods 
for successful membrane protein expression, which used Ste2p, Pma1p, and 
CFTR as examples. In several cases, this has led to successful production of mem-
brane protein crystals (Table  2.5 ).    

  Table 2.5    Crystal structures obtained from expression in  S. cerevisiae . 

   Species     Membrane 
protein  

   Structural 
resolution ( Å )  

   Vector     Strain     Protein description     Promoter     Tag     Reference  

  Human    monoamine 
oxidase A  

  2.2    YEp51    BJ2168    mitochondrial outer 
membrane protein  

  P  GAL      His 6      [234]   

  Rat    monoamine 
oxidase A  

  3.2    YEp51    BJ2168    mitochondrial outer 
membrane protein  

  P  GAL      His 6      [235, 236]   

  Yeast    ATP 
synthase  

  3.9     –      –     mitochondrial ATP 
synthase  

   –      –      [237]   

  Yeast    F1 ATPase    2.8     –     DMY301    ATP unit     –     His 6      [238, 239]   

  Yeast    cytochrome 
 bc  1  complex  

  2.3     –      –     multisubunit mitochondrial 
transmembrane   lipoprotein  

   –      –      [240]   
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Expression Systems:  Pichia pastoris   
  Fatima     Alkhalfi oui  ,     Christel     Logez  ,     Olivier     Bornert  , and     Renaud     Wagner       

    3.1 
Introduction 

 Among the most widespread, popular, effective, and inexpensive microorganisms 
developed for heterologous expression,  Pichia pastoris  has become a system of 
choice not only for the production of cytosoluble and industrially relevant proteins, 
but also for a growing panel of eukaryotic membrane proteins expressed at levels 
compatible with structural studies. Up to now indeed, more than 150 different 
representative membrane proteins have been expressed in  P. pastoris  and this has 
led to the acquisition of high - resolution structures for a dozen of them, making 
 P. pastoris  one of the most performant heterologous expression system for the 
structural studies of eukaryotic membrane proteins. This chapter gives a global 
overview on (i) how the  P. pastoris  system basically operates, (ii) how it performs 
for the recombinant expression of membrane proteins, and (iii) the different 
strategies and tips that can be applied to improve the system.  

   3.2 
A (Brief) Summary on the (Long) History of  P. pastoris  

  P. pastoris  is an ascosporous yeast that is naturally present in tree fl uxes from 
European and north American forests  [1] . It was fi rst isolated in 1919 in France 
from the exudate of a chestnut tree  [2]  and half a century later was described for 
its ability to use methanol as a sole carbon source  [3] . From this time point, the 
potential of  P. pastoris  for biotechnological applications has been continuously 
explored both in industry and academia. While its use as a potential source of 
single - cell protein for animal feed did not meet the expected economic viability 
 [4] , this yeast was rapidly recognized as a remarkable production platform for a 
wide class and number of heterologous proteins, and up to now more than 500 
candidates have been successfully recombinantly expressed in this system 
(reviewed in  [5, 6]  among others), several of them being biopharmaceuticals 
already on the market. Recently, phylogenetic analyses based on rRNA sequence 
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comparisons led to the transfer of  Pichia pastoris  into the  Komagataella  genus  [7] , 
and the commonly used biotechnological strains are now classifi ed into two din-
stinct species,  K. pastoris  and  K. phaffi   i   [8] . The saga of this special yeast, that we 
will continue to call  P. pastoris  for the sake of simplicity, will be certainly boosted 
in the coming years after the very recent release of its genome sequence  [9] . This 
new wealth of information will indeed open new possibilities for the engineering 
of enhanced biotechnological strains.  

   3.3 
Introducing   P . pastoris  as a Biotechnological Tool: Its (Extended) Strengths 
and (Limited) Weaknesses 

 The success of  P. pastoris  as an effi cient protein factory is attributable to a series 
of advantages related to both its yeast nature and its particular methylotrophic 
metabolism. This organism indeed presents a short generation time (2 h), grows 
on very simple and inexpensive media, and is very easy to handle. A comprehen-
sive panel of plasmids and strategies is available for the expression of recombinant 
genes and genetic manipulation is nearly as straightforward as for  Saccharomyces 

cerevisiae . As a methylotroph,  P. pastoris  possesses a peculiar methanol utilization 
pathway relying on some of the strongest and most tightly regulated known pro-
moters that can be used for very - high - level expression of recombinant genes. In 
addition,  P. pastoris  can reach very high cell densities (up to 130   g/l dry cell weight 
 [5] ), and various fermentation processes and formats have been developed in the 
industry so that up - scaling protein production is easily achievable  [10, 11] . Con-
trary to  Escherichia coli ,  P. pastoris  is a eukaryotic microorganism capable of 
complex post - translational modifi cations including disulfi de isomerization, sulfa-
tion, phosphorylation, N - terminal acetylation, C - terminal methylation, myristoyla-
tion, farnesylation, and glycosylation (reviewed in  [12] ), which are often very 
essential for the proper targeting, biological activity, and stability of the expressed 
recombinant proteins. Regarding glycosylation, which is central for many mem-
brane proteins  [13 – 15] ,  P. pastoris  has been notably shown to graft shorter and 
more authentic oligosaccharide chains to proteins than  S. cerevisiae  does  [16] , and 
therefore often appeared as a more appropriate system  [11] . Finally,  15 N and  13 C 
isotopic labeling of recombinant proteins for nuclear magnetic resonance or spec-
trometric studies is also achievable with  P. pastoris,  both in a uniform mode using 
isotopically enriched nitrogen and carbon sources  [17]  or more selectively using 
amino acid isotopes and engineered auxotroph strains  [18] . 

 This idyllic description has, however, to be tempered with some drawbacks that 
prevent  P. pastoris  from becoming an ideal expression system. First, a common 
characteristic for eukaryotic systems that are effi ciently overproducing proteins, 
an overload of the translocation and folding machineries in  P. pastoris  often creates 
a stress that triggers the activation of sorting and degradation processes, and 
results in lowered expression levels and heterogeneity of recombinant proteins 
 [18] . Moreover, if glycosylation processes occur in a fashion acceptable for many 
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recombinant proteins,  P. pastoris  is not able to graft the complex carbohydrate 
motifs that are sometimes critical for the functionality of mammalian proteins. In 
addition, nonhomogeneous  N  - glycosylation of recombinant proteins is frequently 
observed, notably in the case of membrane proteins, leading to some degree of 
heterogeneity  [19   – 22]  that can be detrimental in various applications, including 
structural studies. Recently, several  Pichia  strains have been engineered to gener-
ate more complex and more homogeneous  N  - glycosylations (reviewed in  [23] ). 
These strains exhibited protein - dependent but promising outcomes, thereby also 
demonstrating all the potential and possibilities that could be gained from these 
genetic engineering approaches. 

 Another characteristic that can have a direct impact on the expression of mam-
malian membrane proteins is related to the lipidic composition of yeast mem-
branes that varies signifi cantly from that of higher eukaryotes membranes  [24] . As 
membrane proteins do require specifi c lipids for their proper functions or for their 
correct folding and stability, these differences may infl uence both the expression 
level and functionality of recombinant membrane proteins. This was notably 
reported in studies where the absence of cholesterol in  Pichia  membranes was 
shown to profoundly alter the activity and stability of recombinant membrane 
proteins  [25] . 

 Finally, a secondary but not trivial issue is related to the presence of a signifi cant 
cell wall surrounding  Pichia  cells that cannot only hinder the secretion of certain 
proteins  [26] , but also represents an obstacle for the preparation of membrane -
 embedded proteins as aggressive disruption methods are needed  [27] . Engineered 
strains with weaker cell walls have been recently developed  [26, 28] , but none has 
been reported yet for its use in heterologous expression of membrane proteins 
and their benefi t for a facilitated cell disruption has still to be assayed.  

   3.4 
Basics of the  P. pastoris  Expression System 

 This section is intended at give a global overview on how the system functions for 
the heterologous expression of proteins in general, before giving specifi c details 
on how it performs in particular for membrane proteins (Section  3.5 ). Further 
details on the system as well as additional information concerning secreted and/
or cytosoluble proteins can be found in several excellent and comprehensive 
reviews that have been published on the topic  [5, 6, 11, 29] . 

   3.4.1 
Methanol Utilization Pathway 

 Together with a small set of methylotrophic yeasts from the  Pichia ,  Komagataella , 
 Candida  and  Ogatae  genera,  P. pastoris  has developed a specifi c metabolism 
for the utilization of methanol as sole carbon source. Briefl y, methanol enters 
specialized microbodies, the peroxisomes, where it is oxidized by specifi c oxidases 
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that are encoded by the two genes  AOX1  and  AOX2  to generate formaldehyde 
and hydrogen peroxide. While the latter compound is decomposed to water and 
molecular oxygen by a peroxisomal catalase, formaldehyde leaves the peroxisome 
to enter both the cytosolic dissimilatory pathway to yield energy and the assimila-
tory pathway for generation of biomass  [30] . The genes encoding the specifi c 
enzymes related to this peculiar metabolism are repressed when cells are 
grown on nonmethanol carbon sources (glucose, glycerol, ethanol, etc.) and are 
dramatically induced in presence of methanol; alcohol oxidases representing as 
high as 30% of the total soluble protein content. These enzymes are thus very 
tightly regulated and their promoters represent ideal components to be used for 
recombinant expression  –  the basis for the development of the  P. pastoris  expres-
sion system.  

   3.4.2 
Host Strains and Plasmids 

 The principal strains used for recombinant expression derived either from the 
NRRL Y - 11430 (Northern Regional Research Laboratories, Peoria, IL) or the NRRL 
Y - 48124 (Invitrogen expression kit) strains, both being from the  K. phaffi i  type  [8] . 
This limited number of strains is listed in Table  3.1 . They mainly differ in their 
auxotrophic behavior, principally relying on a histidinol dehydrogenase defi ciency 
( his4 ), allowing, upon transformation, for the positive selection of recombinant 
expression vectors. Some of them bear additional defi ciencies in endogenous 
proteases (SMD series); others were recently engineered for their capacity in per-
forming  “ human - like ”   N  - glycosylations  [23] .   

 Expression vectors (Table  3.2 ) are built on a classical  E. coli /yeast shuttle model 

  Table 3.1    Most commonly used strains of  P. pastoris . 

   Strain     Genotype     Phenotype  

  NRRL   a)    Y - 11430    wild - type    Mut  +    
  X - 33    wild - type    Mut  +    
  GS115     his4     Mut  +  , His  −    
  KM71     his4, arg4, aox1::ARG4     Mut S , His  −  , Arg  +    
  SMD1163     his4, pep4, prb1     Mut  +  , His  −  , Prot  −   (A  −  , B  −  , CarbY  −  )  
  SMD1165     his4, prb1     Mut  +  , His  −  , Prot  −   (B  −  )  
  SMD1168     his4, ura3, pep4   ::URA3     Mut  +  , His  −  , Prot  −   (A  −  , B S , CarbY  −  )  
  PichiaPink  ®   Strain 1     ade2     Mut  +  , Ade  −    
  PichiaPink  ®   Strain 2     ade2, pep4     Mut  +  , Ade  −  , Prot  −   (A  −  , B S , CarbY  −  )  
  PichiaPink  ®   Strain 3     ade2, prb1     Mut  +  , Ade  −  , Prot  −   (B  −  )  
  PichiaPink  ®   Strain 4     ade2, pep4, prb1     Mut  +  , Ade  −  , Prot  −   (A  −  , B  −  , CarbY  −  )  

     a)       NRRL, Northern Regional Research Laboratories, Peoria, IL.  
  See text for the explanation of the different elements.   



  Table 3.2     P. pastoris  expression vectors. 

   Name     Selection 
markers  

   Phenotype of 
transformants  

   Promoter     Secretion 
sequence  

   Added tags  

  pAO815     HIS4     His  +      P  AOX1      none    none  
  pPIC3.5K     HIS4 ,  Kan     His  +  , G418 R     P  AOX1      none    none  
  pPIC9K     HIS4 ,  Kan     His  +  , G418 R     P  AOX1       α  factor    none  
  pPICZ A, B, C     Ble     Zeo R     P  AOX1      none    c - Myc/His 6   
  pPICZ α  A, B, C     Ble     Zeo R     P  AOX1       α  factor    c - Myc/His 6   
  pPIC6 A, B, C     Bsd     Bla R     P  AOX1      none    c - Myc/His 6   
  pHIL - D2     HIS4     His  +      P  AOX1      none    none  
  pHIL - S2     HIS4     His  +      P  AOX1      PHO1    none  
  pFLD     Ble     Zeo R     P  FLD1      none    V5 epitope/His 6   
  pFLD α      Ble     Zeo R     P  FLD1       α  factor    V5 epitope/His 6   
  pGAPZ A, B, C     Ble     Zeo R     P  GAP      none    c - Myc/His 6   
  pGAPZ α  A, B, C     Ble     Zeo R     P  GAP       α  factor    c - Myc/His 6   
  pPink - HC     ADE2     Ade  +      P  AOX1      none    none  
  pPink - LC     ADE2     Ade  +      P  AOX1      none    none  
  pPink α  - HC     ADE2     Ade  +      P  AOX1       α  factor    none  

with components required for  E. coli  amplifi cation (classically one origin of replica-
tion and one antibiotic selection marker) and specifi c elements for heterologous 
gene expression in  P. pastoris . These typically include selectable auxotrophy 
markers ( HIS4 ,  ADE2 ) and/or antibiotic resistance bacterial genes ( kan ,  bsd , and 
 ble ), a range of promoter and terminator sequences, a multiple cloning cassette, 
and supplementary signal sequences and other fusion sequences that can be added 
to improve the secretion and detection of the expressed proteins.   

 Among the panel of constitutive and inducible promoters that have been intro-
duced in expression vectors (listed in  [31] ), P  AOX1   is by far the most widely used as 
it is the most strongly induced in the presence of methanol. Moreover, an original 
P  AOX1   synthetic promoter library was developed in a recent study that demonstrated 
enhanced P  AOX1   variants could reach higher expression levels of a tested recom-
binant  Green Fluorescent Protein  ( GFP )  [31] . 

 A comprehensive set of vectors and strains is commercially available from Invitro-
gen, each of them being accessible either individually or included in expression kits.  
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    HIS4 ,  P. pastoris  auxotrophy marker, 
encodes a histidinol dehydrogenase;  Kan  
gene, confers resistance to kanamycine 
(Kan R ,  E. coli ) and G418 (G418 R ,  P. pastoris ); 
 Ble ,  Streptoalloteichus hindustanus ble  gene, 
confers resistance to zeocin (Zeo R );  Bsd  gene, 
confers resistance to blasticidin (Bla R );  ADE2 , 
 P. pastoris  auxotrophy marker, encodes a 
phosphoribosylaminoimidazole carboxylase; 
P  AOX1  , promoter sequence of the alcohol 
oxidase - encoding  AOX1  gene from  P. pastoris ; 

P  FLD1  , promoter sequence of the formaldehyde 
dehydrogenase - encoding  FLD1  gene from 
 P. pastoris ; P  GAP  , promoter sequence of the 
glyceraldehyde - 3 - phosphate dehydrogenase -
 encoding  GAP  gene from  P. pastoris ;  α  factor, 
encodes the native  S. cerevisiae   α  factor secretion 
signal; PHO1, encodes the native  P. pastoris  
acid phosphatase secretion signal; V5 epitope, 
GKPIPNPLLGLDST peptide; c - Myc, C - terminal 
 myc  epitope, EQKLISEEDL.   
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   3.4.3 
Transformation and Clone Selection Strategies 

 As for many other yeasts, transformation of  P. pastoris  is rather straightforward. 
Several robust methods are available, either based on chemically competent (sphe-
roplasts, PEG1000, LiCl) or electrocompetent cells, thus being accessible to a large 
majority of operators in standard labs. Moreover, these protocols are well described 
and can be easily found on numerous websites (convenient  Pichia  manuals can 
be downloaded from  www.invitrogen.com ). 

 Except for a limited set of autoreplicative plasmids that are not yet frequently 
employed  [32 – 35] , most of the transforming expression vectors are designed to be 
maintained as integrative elements in the genome of  P. pastoris . This is generally 
achieved through recombination events between linearized sequences borne by 
the plasmids (typically  HIS4  or P  AOX1  ) and their homologous sequence counter-
parts present on the genome, leading to the targeted insertion of the expression 
vectors. Moreover, such plasmid insertions frequently occur in tandem in yeasts 
and thus lead to the multiple integration of the genes of interest with a correlated 
impact on their subsequent expression levels. 

 Alternatively, integration can be obtained by a gene replacement strategy. In this 
case, a double recombination event must be realized between the  AOX1  promoter 
and terminator sequences present on the transforming DNA (containing the gene 
of interest and a selection marker) and the corresponding homologous sequences 
present on  P. pastoris  genome. This double recombination event ends up with the 
replacement of the  AOX1  gene by the construct of interest. 

 The phenotype of the resulting transformants then depends not only on the 
selection marker present on the chosen vector (auxotrophy and/or antibiotic resist-
ance), but also on the selected integration strategy (plasmid insertion versus gene 
replacement) that dictates their methanol utilization behavior. Indeed, while a 
plasmid insertion does not affect the methanol utilization ability of the transformed 
strain (Mut  +  , methanol utilization plus phenotype), the gene replacement of  AOX1  
leads to a Mut S  (methanol utilization slow) phenotype. In several cases, these dif-
ferences in methanol utilization have been reported as an important parameter to 
consider for enhancing the performance of recombinant protein expression  [36] .  

   3.4.4 
Expression Conditions and Culturing Formats 

 Once transformants have been obtained, the next step usually consists in screen-
ing for the clones and conditions exhibiting the best expression levels of the 
recombinant protein. For expression strategies based on P  AOX1   - dependent vectors, 
this is practically achieved by growing the cells in repressive media to an appropri-
ate cell density and growth phase, before starting the production phase by transfer-
ring the cells to a methanol - containing induction media. For clones and expression 
condition screenings, small - scale culturing procedures most often rely on shaken 
baffl ed - fl asks or on tubes of smaller volumes provided an appropriate aeration is 
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maintained. Several parameters are then usually adjusted for an optimal expres-
sion, such as the duration and the temperature of the induction phase, as well as 
the media formulation including the methanol concentration and the use of addi-
tive compounds. 

 For the production of large amounts of heterologous proteins, shake - fl ask 
culture is usually not recommended due to the limitations of volume, oxygen 
transfer, substrate addition, and an inability to monitor these factors effi ciently. 
The use of bioreactors is therefore preferred, since all of these parameters can be 
monitored and controlled simultaneously, allowing more effi cient production of 
the desired heterologous protein. Accordingly, a number of robust fermentation 
processes including fed - batch techniques and continuous culturing procedures 
have been developed and are routinely employed. Detailed descriptions of these 
methods with their benefi ts and limitations can be found in several excellent and 
comprehensive reviews that we recommend  [6, 10, 11, 37] .   

   3.5 
Successful Large - Scale Expression of Membrane Proteins Using   P . pastoris  

   3.5.1 
  P . pastoris  for Membrane Protein Expression 

 The fi rst use of  P. pastoris  as a host for the expression of an integral membrane 
protein was reported in 1995 when Helmut Reilander and his colleagues success-
fully expressed a member of the  G - protein - coupled receptor  ( GPCR ) family  –  the 
mouse serotonin receptor 5 - HT 5A   [38] . Few additional membrane proteins were 
then assayed in the following years before the system became more and more 
popular in the 2000s: a thorough survey we conducted on the last decade of pub-
lished results revealed 100 references encompassing more than 150 different 
membrane proteins expressed in  P. pastoris  (Table  3.3 ). In this list where only 
integral membrane proteins were considered (soluble domains of membrane 
proteins as well as membrane - anchored proteins were excluded), all classes of 
eukaryotic membrane proteins are equally represented. This includes monotopic 
receptors and enzymes, several aquaporins and ion channels, many members of 
the GPCR family, as well as large polytopic transporters bearing up to 17 putative 
transmembrane domains. This survey also highlights the great potential of  P. 

pastoris  for coexpression approaches, including studies on two membrane subu-
nits of multimeric protein complexes, two interacting membrane protein partners, 
as well as a membrane protein and a cytosolic partner, in strategies where the 
coexpressed genes are either borne on a same vector or on two distinct vectors. 
Successful coexpression was actually recorded for the  α  and  β  subunits of Na/K -
 ATPase  [39 – 42] , and for  α / β  and phospholemman (a membrane modulator of the 
enzyme)  [43] . Similarly, coexpression strategies were also reported for K v 1.2, a 
membrane subunit, and K v  β 2, a cytosoluble partner, of the rat voltage - dependent 
K  +   channel  [44 – 46] .   
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  Table 3.3    Recombinant membrane proteins produced using the  P. pastoris  expression system. 

   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

     Transporters 
  P - glycoprotein MDR3    mouse    140    12    GS115  

  P - glycoproteins MDR3 (S430T, 
S1073T)  

  mouse    140    12    GS115  

  Multidrug resistance protein 
MRP1  

  human    165    17    GS115, KM71  

  Phosphate transporter  Mt PT1     Medicago truncatula     45    ND    GS115  

  Intestinal peptide transporter 
hPEPT1  

  human    71    ND    GS115  

  P - glycoproteins MDR1, MDR3 
(unglycosylated)  

  human, mouse    140    12    GS115  

  P - glycoprotein MDR1 (Cys - less)    human    140    12    GS115  

  Antimalarial drug resistance 
protein Pfcrt (codon - optimized)  

   Plasmodium 

falciparum   
  57    10    KM71, GS115  

  P - glycoprotein MDR3    mouse    140    12    GS115  

  Serotonin transporter rSERT    rat    50    12    GS115, 
SMD1168  

  Breast cancer resistance protein 
BCRP  

  human    62    6    KM71  

  Sodium/glucose cotransporter 
hSGLT1  

  human    55    9    GS115  

  Copper transporter hCTR1    human    23    3    SMD1163  

  Low - affi nity cation transporter 
LCT1  

  wheat    ND    ND    GS115  

  Chloroquine resistance 
transporter  Pf CRT 
(codon - optimized)  

   Plasmodium 

falciparum   
  45    10    KM71  

  P - glycoprotein MDR3 (Cys - less)    mouse    140    12    GS115  

  Multidrug resistance protein 
 Pf MDR1 (codon - optimized)  

   Plasmodium 

falciparum   
  161    12    KM71, X - 33  

  16 ABC transporters: ABCC3, 
ABC A1, A4, B1, C10, C11, C12, 
G5, G8, B7, B6, D1, E1, F1, G1, 
G4  

  human    176    6, 12    KM71  

  Glucose transporter  Nl HT1     Nilaparvata lugens     40    12    X - 33  



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pHIL - D2) -  MDR3  - His 6  - bio    P: 4.3    μ mol/min/mg, 0.35   mg/l    CESP     [47]   

  (pHIL - D2) -  mutMDR3  - His 6     P: 3    μ mol/min/mg, 0.7   mg/l    CESP     [48]   

  (pHIL - D2) -  MRP1  - HA - His 6     ligand binding assay    CE     [49]   

  (pPIC3K) -  MtPT1     functional complementation    CE     [50]   

  (pGAPZB) -  hPEPT1  - c - Myc - His    transport assay, E: 64   pmol/mg    CE     [51]   

  (pHIL - D2) -  QQQ - MDR1  - His 10 , 
(pHIL - D2) -  QQQ - MDR3 -  His 6   

  ATPase activity, P: 1.2 – 3.8   U/mg, 
0.75 – 1.25   mg/l  

  CESP     [52]   

  (pHIL - D2) -  MDR1  - His 10     ATPase activity, P: 0.75   mg/l    CESP     [53]   

  (pPIC3.5) -  Pfcrt  - bio    ATPase activity    CESP     [54]   

  (pHIL - D2) -  MDR3  - His 6     ATPase activity    CESP     [55]   

  (pHIL - D2) -  rSERT     nonfunctional    CE     [20]   

  (pHIL) -  BCRP  - His 10     ATPase activity, ligand binding assay, 
E: 80   nmol/min/mg  

  CE     [56]   

  (pPICZB) -  hSGLT1  - FLAG - His 6     functional transport, E: 273   nmol/
min/mg, P: 3   mg/l  

  CESPC     [57]   

  (pPIC3.5K) - HA -  hCTR1N15Q     functional complementation    CESPCS (6  Å )     [58]   

  (pPIC3.5K) -  LCT1     E: 14   pmol/10 6    cells/10   min    CE     [59]   

  (pPICZA) -  CRT  - His 6     transport activity, P: 487   pmol/mg/
min  

  CESP     [60]   

  (pHIL - D2) -  MDR3  - His 6     P: 2.7    μ mol/min/mg, 60   mg/g cells    CESP     [61]   

  (pPICZc/
pPIC3.5) -  PfMDR1  - His 6  - bio  

  ATPase activity, P: 63    μ mol/mg/min    CESP     [62]   

  (pSGP18) - AF -  ABC  - CBP - His 6     ATPase activity, P: 82   nmol/min/mg, 
P: 35   mg/g cells  

  CESP (ABCC3)     [63]   

  (pPICZB) -  NlHT1  - c - Myc - His 6     transport activity    CE     [64]   

(Continued)
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   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

  Vesicular glutamate transporter 
VGLUT1  

  rat    61    12    X - 33  

  Glucose transporters GLUT1 and 
GLUT4  

  human, rat    42, 46    12    X - 33  

  P - glycoprotein Pgp    mouse    ND    12    GS115  

  Formate - nitrite transporter 
 An NitA  

   Aspergillus nidulans     31    6, 8    GS115  

     Water channel proteins 

  Aquaporin PM28A    spinach    32    6    X - 33  

  Aquaporin  So PIP2;1    spinach    32    6    ND  

  Aquaporin  Pv TIP3;1    plant    25    6    KM71  

  Aquaporin  So PIP2.1    spinach    32    6    X - 33  

  Aquaporin AQP6    rat    29    6    X - 33, GS115, 
KM71  

  Aquaporin hAQP1    human    35    6    X - 33  

  Aquaglyceroporin  Pf AQP 
(codon - optimized)  

   Plasmodium 

falciparum   
  30    6    X - 33  

  Aquaporin HsAQP5    human    ND    6    ND  

  Aquaporin  At PIP2;1     Arabidopsis thaliana     55    6    X - 33  

  Aquaporins  Tg PIP2;1,  Tg PIP2;2     Tulipa gesneriana     31    6    KM71  

  Aquaporin Aqy1     Pichia pastoris     ND    6    GS115  aqy1   

  Aquaporin hAQP4    human    ND    6    X - 33  

  13 Aquaporins (hAQP0 to 
hAQP12)  

  human    30    6    X - 33  

     Ion channel proteins 

  Voltage - sensitive K  +   channel 
K v 1.2/ β 2 (coexpression)  

  rat    58/40    6    SMD1163  

  Voltage - dependent K  +   channel 
K v 1.2/ β 2 (coexpression)  

  rat    ND    6    SMD1163  

  Calcium - activated K  +   channel SK2    mammalian    64    6    SMD1163  

  Chimeric K  +   channel K v 1.2/
K v 2.1/ β 2.1 (coexpression)  

  rat    ND    6    SMD1163  

  Inward - rectifi er K  +   channel K ir 2.2    chicken    ND    6    SMD1163  

Table 3.3 (Continued)



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pGAPZB) - c - Myc - His -  VGLUT1     P: 1   mg/l    CESP     [65]   

  (pPICZB) -  GLUT  - His 8     transport activity, P: 13.1   mg/g cells    CESPC     [66]   

  (pHIL - D2) -  QQQ - Pgp  - His 6     ATPase activity    CESPCS (3.8  Å )     [67]   

  (pPICZA) - His 6  -  AnNitA     ND    CESP     [68]   

  (pPICZB) -  PM28A  - c - Myc - His 6     P: 25   mg/l    CESP     [69]   

  (ND) -  SoPIP2;1     water channel activity    CESPCS (5  Å )     [70]   

  (pPICZ) -  PvTIP3;1  - gly3 - His 6     water channel activity    CE     [71]   

  (pPICZB) -  SoPIP2.1  ±   His 6     P: 25   mg/l    CESPCS (2.1, 3.9  Å )     [72]   

  (pPICHOLi/pPICZ) -  AQP6 -  His 6     E: 7   pmol/mg    CE     [73]   

  (pPICZB) -  hAQP1 -  c - Myc - His 6     water channel activity, P: 90   mg/l    CESPC     [74]   

  (pPICZB) -  PfAQP  - c - Myc - His 6     P: 18   mg/l    CESPC     [75]   

  (pPICZB) -  HsAQP5     water channel activity    CESPCS (2  Å )     [76]   

  (pPICZB) -  WT/mutAtPIP2;1     water channel activity, P: 65    μ g/l    CESP     [77]   

  (pPICZB) -  TgPIP2  - gly3 - His 6     water channel activity    CE     [78]   

  (pPICZaB) -  Δ N36 Aqy1  - His 6     water channel activity    CESPCS (1.5  Å )     [79]   

  (pPICZ) - His 8  - FLAG -  hAQP4     water channel activity    CESPCS (1.8  Å )     [80]   

  (pPICZB) -  hAQP  - His 6     water channel activity    CE     [81]   

  (pPIC3.5K) - His 8  -  K v 1.2 ; 
(pPICZC) - strepII -  K v  β 2   

  E: 98   pmol/mg, P: 26   mg, 3.3   nmol/
mg  

  CESPCS (2.1   nm)     [44]   

  (pPICZC) - His 8  -  K v 1.2 -  β 2     P: 10   mg/ml    CESPCS (2.9  Å )     [45]   

  (pPIC3.5K) - strepII - His -  SK2     E: 0.1   pmol/mg    CES     [82]   

  (pPICZC) - His 10  -  K v 1.2/
K v 2.1/ β 2.1   

  channel activation    CESPCS (2.4  Å )     [46]   

  (pPICZB) -  K ir 2.2 -  GFP - 1D4    channel activation, P: 8   mg/ml    CESPCS (3.1  Å )     [83]   
(Continued)
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   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

     GPCRs 

  Endothelin receptor B ETB    human    55    7    SMD1163  

  Endothelin receptor B ETB    human    55    7    SMD1163  

  Cannabinoid receptor CB2    human    51    7    X - 33  

  Mu - opioid receptor HuMOR    human    74    7    GS115, 
SMD1163, 
SMD1168, X - 33  

  Dopamine receptor D 2S     human    40    7    SMD1163  

  Dopamine receptor D 2S     human    51    7    SMD1163  

  Receptor smoothened hSmo    human    80    7    GS115  

  Cannabinoid receptor CB1    human    75    7    X - 33  

  Mu - opioid receptor HuMOR    human    45/66    7    SMD1163  

  20 GPCRs: ADA1B, ADA2B, 
ACM1, ACM2, HRH2, OPRK, 
5HT 1D , 5HT 1B , 5HT 1A , DRD2, 
NK1R, NK2R, NK3R, NPY1R, 
AA 2A R  

  human, pig, mouse, 
rat  

  ND    7    SMD1163  

  Adenosine A 2A  receptor hA 2A R    human    34    7    SMD1163  

   β  2  - Adrenergic receptor  β  2 AR 
(codon - optimized)  

  human    45    7    SMD1168  

  100 GPCRs    human, pig, mouse, 
rat, bovine, yeast  

  36 – 126    7    SMD1163  

  EDG - 1 receptors    human    69    7    SMD1168  

  Bradykinin B2 receptor B2R    human    68    7    GS115  

  Bradykinin B2 receptor B2R    human    55    7    SMD1163  

Table 3.3 (Continued)



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pPIC9K) - AF - FLAG -
  ETB/ Δ GPETB  - bio  

  E: 35 – 60   pmol/mg    CE     [84]   

  (pPIC9K) - AF - FLAG -   Δ GPETB  -
 bio/GFP/His 10 ; 
(pPIC9K) - AF - FLAG  -  His 10  -
   Δ GPETB  - bio  

  E: 7 – 60   pmol/mg    CESP     [85]   

  (pPICZa) - AF -  CB2  - c - Myc - His 6     E: 2.6   pmol/mg    CESP     [86]   

  (pPICZaA) - AF - GFP -  HuMOR  - c -
 Myc - His 6   

  E: 1   pmol/mg    CE     [87, 88]   

  (pPIC9K) - AF - FLAG  ±  His 6  -  D 2S      P: 10   pmol/mg    CESP     [89]   

  (pPIC9K) - AF - FLAG  ±  His 6  -  D 2S  , 
(pPIC9K) - AF - FLAG -  D 2S   - His 10 /
bio  

  E: 37 – 80   pmol/mg    CES     [90]   

  (pAO815) -  hSmo  - CBD - strep -
 HA - His 6   

  ND    CESP     [91]   

  (pPICZa) - AF - FLAG -  CB1  - c - Myc -
 His 6   

  E: 3.6   pmol/mg    CESP     [92]   

  (pPICZ)  ±  
GFP -  HuMOR  - c - Myc - His 6   

  E: 0.45   pmol/mg    CESP     [93]   

  (pPIC9K) - AF - FLAG - His 10  -
  GPCR -  bio  

  E: 0.3 – 165   pmol/mg    CE     [94]   

  (pPICZaA) - AF - FLAG - His 10  -
  hA 2A R   

  P: 18   nmol/mg    CESP     [95]   

  (pPIC9K) - AF - His 6  -   β  2 AR     P: 11   nmol/mg    CESP     [96]   

  (pPIC9K) - AF - FLAG - His 10  -
  GPCR -  bio  

  E: 0.1 – 180   pmol/mg    CE     [97]   

  (pPIC9K) - AF -  EDG - 1  - GFP    E: 8.2   pmol/mg    CES     [98]   

  (pPIC9K) - AF -  B2R  - GFP    ND    CES     [99]   

  (pPIC9K) - AF - FLAG - His 10  -  B2R  -
 bio  

  E: 3.5   pmol/mg    CE     [100]   

(Continued)
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   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

  Neuromedin U receptor NmU2R    human    60    7    SMD1163  

  Cannabinoid receptor CB2    human    42    7    X - 33  

  12 GPCRs: CNR2, NK1R, NK3R, 
ADA1B, ADA2B, ADA2C, D2DR, 
OPRK, OPRD, P2RY1, HRH1, 
PAR1  

  human, rat    40 – 50    7    SMD1163  

  Mu - opioid receptor ( Δ N64) 
 Δ N64 - HuMOR  

  human    38    7    SMD1163  

   β  - Adrenergic receptors  β  1 AR, 
 β  2 AR,  β  3 AR  

  human    66    7    SMD1163  

  25 nonglycosylated GPCRs: 
CNR1, AGTR2, HTR1B, 
ADORA2A, DRD1, DRD2, DRD4, 
DRD5, OPRK, CHRM2, PTGER1, 
PTGER2, PTGER3, PTGER4, 
TBXRA2, TACR1, TACR2, 
TACR3, NTSR1, ADRB2, HRH4  

  human, mouse    ND    7    SMD1163  

  Leukotriene B 4  receptor BLT1    guinea pig    100    7    GS115  

     Enzymes 

  11 β  - OH steroid dehydrogenase 
11 β  - HSD1  

  human    29    ND    GS115  

  Monoamine oxidase B MAOB    human    60    1    KM71, GS115  

  Monoamine oxidase B MAOB    human    60    1    KM71, GS115  

  Monoamine oxidase A MAOA    human    60    1    KM71  

  11 β  - OH steroid dehydrogenases 
11 β  - HSD1  

  human, rat    31    ND    GS115, X - 33  

  Isatin - bound monoamine oxidase 
B MAOB  

  human    60    1    KM71, GS115  

  Na/K - ATPase ( α  1 ,  β  1 ) 
(coexpression)  

  pig    112/47    10, 1    SMD1165  

  Oxidosqualene cyclase hOSC    human    80    1    GS115  

  Na/K - ATPase ( α ,  β ) 
(coexpression)  

  pig    ND    10, 1    SMD1165  

Table 3.3 (Continued)



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pPIC9K) - AF - FLAG - His 10  -
  NmU2R  - bio  

  E: 6   pmol/mg    CE     [21]   

  (pPICZa) - AF - FLAG -  CB2  - c - Myc -
 His 6 ; (pPICZa) - AF - FLAG -  CB2  -
 His 6 /His 10   

  ligand binding assay    CESP     [101]   

  (pPIC9K) - AF - FLAG - His 10  -
  GPCR  - bio  

  ligand binding assay, P: up to 
0.9   mg/l  

  CESP     [102]   

  (pPICZB)  ±  AF  ±  
GFP  -  Δ N64 - HuMOR  - c - Myc - His 6   

  P: 5   mg/l    CESP     [103]   

  (pPICZ) - AF - GFP -   β AR  - c - Myc -
 His 6   

  ND    CESP     [104]   

  (pPIC9K) - AF - FLAG -  GPCR  -
 His 10   

  E: 0 – 75.4   pmol/mg    CE     [22]   

  (pPIC3.5K) - AF - FLAG -  BLT1     E: 50   pmol/mg, P: 0.4   mg/l    CESP     [105]   

  (pPIC3.5K) -  11 β  - HSD1     enzyme activity    CE     [106]   

  (pPIC3.5K) -  MAOB     oxidase activity P: 100   mg/l    CESP     [107]   

  (pPIC3.5K) -  MAOB     ND    CESPCS (3  Å )     [108]   

  (pPIC3.5K) -  MAOA     P: 115   mg/l    CESP     [109]   

  (pPIC3.5K/
pPICZB) - His 6   - 11 β  - HSD1   

  dehydrogenase activity, S: 713   pmol/
min/mg  

  CESP     [110]   

  (pPIC3.5K) -  MAOB     ND    CESPCS (1.7  Å )     [111]   

  (pHIL - D2) -   α  1 / β  1      E: 30 – 50   pmol/mg    CE     [39]   

  (pPICZB) -  hOSC  - c - Myc - His 6     IC 50  values, P: 105   mg/l    CESPC     [112]   

  (pHIL - D2) -   α / His 10   -  β      E: 30   pmol/mg, 1   g/3   l    CESP     [40]   

(Continued)
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   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

  Clorgyline - bound monoamine 
oxidase A MAOA  

  human    60    1    KM71  

  Cytochrome P450 2D6 
monooxygenase CYP2D6/
NADPH P450 oxidoreductase 
CPR (coexpression)  

  human    56/77    1, 1    X - 33  

  Adrenal cytochrome  b  561  Cytb561    bovine    28    5, 6    GS115  

  Cytochrome P450  Pc CYP1f     Phanerochaete 

chrysosporium   
  60    ND    KM71  

  Phospholemman (PLM)/
Na/K - ATPase ( α  1 ,  β  1 ) 
(coexpression)  

  human PLM, pig 
( α  1 ,  β  1 )  

  ND    1, 1, 1    SMD1165  

  Na/K - ATPase ( α  1 ,  β  1 ) 
(coexpression)  

  human, pig    ND    10, 1    SMD1165  

  Cytochrome P450 17 α  -
 hydroxylase CYP17  

  human    54    ND    GS115  

  Apo and GSH - complexed 
leukotriene C 4  synthase LTC4S  

  human    ND    4    KM71H  

  Na/K - ATPase ( α  3 ,  β  1 ) 
(coexpression)  

  pig    110/44    10, 1    GS115, 
SMD1168  

  Monoamine oxidase B MAOB    rat    60    1    KM71  

  Leukotriene C 4  synthase LTC4S    rat    18    4    KM71  

  Monoamine oxidase A MAOA    rat    60    1    KM71  

  Monoamine oxidase MAO    zebrafi sh    60    1    KM71  

  Other membrane proteins  

  Thromboplastin, tissue factor TF    rabbit    31    1    GS115  

  Immunotoxin Cyt2Aa1 
(codon - optimized)  

   Bacillus thuringiensis     60    1?    KM71  

  Lectin - like oxLDL receptor 1 
hLOX - 1  

  human    43    1?    GS115  

Table 3.3 (Continued)



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pPIC3.5K) -  MAOA     P: 115   mg/l    CESPCS (3  Å )     [113]   

  (pPICZA) -  CPR - CYP2D6     E: 8.8   pmol/min/pmol enzyme    CE     [114]   

  (pPICZB) -  Cytb561  - His 6     S: 0.7   mg/l, P: 2.7   mg    CESP     [115]   

  (pPICZA) -  PcCYP1f     ND    CE     [116]   

  (pHIL - D2) -   α  1 / His 10   -  β  1  ; 
(pGAPZA) -  PLM   

  ATPase activity    CESP     [43]   

  (pHIL - D2) -   α  1 / His 10   -  β  1      S: 8 – 16    μ mol/min/mg    CESP     [41]   

  (pPIC3.5K) -  CYP17 (His)    E: 300   pmol/mg    CES     [117]   

  (pPICZA) - His 6  -  LTC4S     ND    CESPCS (2, 2.15  Å )     [118]   

  (pAO815) -   α  3 / β  1      E: 0.23   mg/l    CESP     [42]   

  (pPIC3.5K) -  MAOB     oxidase activity, P: 100   mg/0.5   l    CESP     [119]   

  (pPICZA) - His 6  -  LTC4S     P: 1   mg/l, 49    μ mol/mg/min    CESPC     [120]   

  (pPIC3.5K) -  MAOA     E: 700   U/l, P: 200   mg/l    CESP     [121]   

  (pPIC3.5K) -  zMAO     P: 200   mg/l, 300   U/l    CESP     [122]   

  (pIL - D26) - PHO1 -  TF  - His 6     P: 0.1   mg/g cells    CESP     [123]   

  (pPICZB) - CsFvC6.5 -
  synCyt2Aa1  - c - Myc - His 6   

  cytotoxic activity, P: 10   mg/l    CESP     [124]   

  (pPIC9K) - AF -  hLOX - 1  - His 6     ND    CESP     [125]   

(Continued)
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   Protein name     Organism     kDa     Transmembrane 
domains  

   Strains  

  Metal - dependent hydrolase 
PAB0107  

   Pyrococcus abyssi     20 – 46    5    X - 33  

  Chloride channel PAB2010     P. abyssi     20 – 46    10    X - 33  

  Putative membrane protein 
PAB0965  

   P. abyssi     20 – 46    3    X - 33  

  Fe 3 +   ABC protein PAB0677     P. abyssi     20 – 46    9    X - 33  

  Carbohydrate transport protein 
PAB0724  

   P. abyssi     20 – 46    9    X - 33  

  Tetraspanin hCD81    human    26    4    X - 33, GS115  

  Peroxisomal membrane protein 
22 PMP22  

  rat    22    4    SMD1163  

  Tetraspanin peripherin/RDS p/
RDS  

  ND    37    4    KM71  

  Epidermal growth factor receptor 
2 HER - 2/ neu   

  human    200    1    X - 33  

Table 3.3 (Continued)

   In the vector constructs column: His 6 , His 8 , His 10 , 
hexa - , octa - , deca - istidine tag; AF,  α  factor secretion 
signal; CBP, calmodulin binding peptide; gly3, 
triglycine tag; strep, streptavidin tag; strepII, StrepII 
tag (MAWSHPQFEK); 1D4, 1D4 antibody recognition 
sequence (TETSQVAPA); HA, hemagglutinin A tag; 

c - Myc, C - terminal  myc  epitope (EQKLISEEDL); FLAG, 
FLAG tag; bio, biotin acceptor domain.  
  In the process column CESPCS: C, cloning; E, expression; 
S, solubilization; P, purifi cation; C, cristallization; S, 
structure.  
  Other: ND, not determined.   

 Moreover, this list not only reports on expression evaluations in  P. pastoris  but 
also covers solubilization, purifi cation, crystallization, and structural studies of 
membrane proteins produced with this system. Remarkably, high - resolution struc-
tures for a dozen of them were thus obtained (see CEPSCS - labeled references 
in Table  3.3 ), which represents about one - third of the recombinantly produced 
eukaryotic membrane proteins for which a three - dimensional structure is available 
as of January 2010 ( http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html ). 
Overall, these records highlight  P. pastoris  as one of the most performant heterolo-
gous expression system for the structural studies of eukaryotic membrane proteins.  

   3.5.2 
Common Trends for an Effi cient Expression of Membrane Proteins in   P . pastoris  

 The basic experimental data recorded in Table  3.3  are intended to give some 
general directions to help the reader in the choice of an adapted procedure to start 
with for his/her favorite membrane protein to be expressed in  P. pastoris . 



   Vector constructs (plasmid 
backbone)  

   Activity     Process     Reference  

  (pPICZB/pPICZa)   ±   
AF -  MP  - c - Myc - His 6   

  ND    CESP     [126]   

  (pPICZB/pPICZa)   ±   
AF -  MP  - c - Myc - His 6   

  ND    CESP     [126]   

  (pPICZB/pPICZa)   ±   
AF -  MP  - c - Myc - His 6   

  ND    CESP     [126]   

  (pPICZB/pPICZa)   ±   
AF -  MP  - c - Myc - His 6   

  ND    CESP     [126]   

  (pPICZB/pPICZa)   ±   
AF -  MP  - c - Myc - His 6   

  ND    CESP     [126]   

  (pPICZB) -  hCD81  - His 6     P: 1.75   mg/l    CESP     [127]   

  (pPICZA) - His 10  -  PMP22     P: 90   mg/4   l    CESP     [128]   

  (pPICZA) -  p/RDS  - c - Myc - His 6     P: 0.3   mg/l    CESP     [129]   

  (pPICZaA) - AF -  HER - 2/  neu  - c -
 Myc - His  

  ND    CE     [130]   

 Regarding the plasmidic constructs to select, nearly all kinds of available expres-
sion vectors have been assayed, most exclusively based on the P  AOX1   inducible 
promoter. To our knowledge, only three noticeable exceptions are reported on the 
use of vectors bearing the constitutive promoter P  GAP   for the expression evaluation 
of membrane proteins, including the human intestinal peptide transporter hPEPT1 
 [51] , the human phospholemman  [43] , and the rat vesicular glutamate transporter 
1 VGLUT1  [65] . In all cases the expression levels were rather signifi cant; however, 
no comparison was conducted on the benefi t of such a constitutive expression over 
an inducible system. 

 Overall, no real tendency emerges in the choice of a given vector for a given type 
of membrane protein, except in the case of water channel proteins where pPICZ 
constructs were always privileged. Similarly, whereas a secretion sequence is quite 
systematically added upstream of GPCR  open reading frame s ( ORF s) for an 
enhanced expression of functional proteins, there is no apparent rule for all the 
other reported membrane proteins whatever their topology and orientation in the 
membrane. In the case of the six - transmembrnae domain aquaporins, for instance, 
where N -  and C - termini are intracellularly located, protein expression has been 
evaluated with or without a fused secretion sequence and both situations proved 
effi cient enough to obtain high - resolution structures of the produced protein ( [79]  
versus  [72, 76, 80] ). 
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 As for several other expression systems, a large panel of tag sequences are fre-
quently inserted to improve the downstream detection and purifi cation steps, 
ranging from hexa -  or decahistidine (the most widely employed tags), c - Myc, 
FLAG, HA and StrepII epitopes, to larger peptidic domains such as a biotinylation 
domain (bio), a  calmodulin binding domain  ( CBD ), or the fl uorescent protein 
GFP. In addition, protease cleavage sequences are sometimes included in the 
constructs such as the Factor Xa or  tobacco etch virus  ( TEV ) sequences in order 
to eliminate the fused tags after or during  [102]  the purifi cation step. 

 Nearly all commercially available strains have been used to express membrane 
proteins. While the criteria used for the choice of a given strain are generally not 
documented, few studies reported on the membrane protein - dependent differen-
tial behavior of strains  –  a phenomenon that is commonly observed. SMD1163, 
KM71, and X - 33 indeed appeared more performant than GS115 for the expression 
of a GPCR  [38] , an  ATP - binding cassette  ( ABC ) transporter  [49] , and a tetraspanin 
 [127] , respectively, whereas GS115 performed better than SMD1168 for the recom-
binant expression of a serotonin transporter  [20] . Alternatively, no real variation 
of the expression level could be observed when a GPCR, the  μ  - opioid receptor, was 
evaluated in the X - 33, GS115, SMD1163, and SMD1168 strains  [87] . 

 In most of the reported studies, functional expression levels of membrane pro-
teins are assessed through both specifi c immunodetection tests and activity assays. 
In the situation where these parameters can be compared, as in the particular case 
of GPCRs, the outcome highlights a very fl uctuating performance of the system 
that not only depends on the expressed membrane protein, but also on the experi-
mental conditions assayed. Therefore, optimization of the expression conditions 
is often very helpful for the recovery of higher amounts of functional recombinant 
membrane proteins. This is the issue of the next section that aims at illustrating 
how expression levels can be enhanced with GPCRs as model membrane 
proteins.   

   3.6 
Guidelines for Optimizing Membrane Protein Expression in   P . pastoris  Using 
 GPCR s as Models 

 From the seminal work of Weiss  et al.   [38] , more than 30 original articles focusing 
on GPCR expression in  P. pastoris  have been published so far. This wealth of 
quantitative and qualitative information relative to hundreds of different receptors 
from the same membrane protein family represents an ideal source of data to 
exemplify the different directions that can be undertaken to enhance the expres-
sion levels of membrane proteins. Different experimental adjustments conducted 
in several of these studies indeed proved highly benefi cial. They can be divided 
into two main categories that are detailed below: those allowing us to design and 
to select for the most performing clones, and those implemented at the level of 
growth and induction. In addition, some considerations on optimizing yeast cell 
lysis are also briefl y discussed. 
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   3.6.1 
Design and Selection of Enhanced Expression Clones 

 As a general rule in heterologous expression studies, optimizing the coding 
sequence of the gene to be expressed is often very helpful. For instance, fi tting the 
gene sequence to the codon usage of the host organism has generally shown a 
benefi cial impact on expression levels (reviewed in  [131] ). In the case of GPCRs 
expressed in  P. pastoris , a codon - optimized human   β  2  - adrenergic receptor  (  β  2 AR ) 
exhibited an activity of 6   pmol/mg in total membrane preparations  [96]   –  a fi gure 
to be compared with the 24   pmol/mg functional receptors that were obtained for 
a nonoptimized human  β  2 AR expressed in a quite similar context  [19] . This codon -
 optimization engineering of a GPCR thus did not appear really profi table, albeit 
this single reported approach may probably not be representative and more data 
are needed. Similarly, with the double goal of improving expression levels and 
receptor homogeneity, direct mutagenesis of potential  N  - glycosylated residues was 
evaluated on several GPCRs and revealed a rather average outcome: whereas the 
receptor homogeneity was generally enhanced, the specifi c activity of the receptors 
was lowered in most cases  [22, 95] , only few of them being improved  [22, 84]  or 
remaining unchanged  [90] . Larger sequence modifi cations were also reported, 
showing important benefi cial effects for a C - terminally truncated adenosine A 2A  
receptor  [132]  and for a 47 - amino - acid deletion of an internal loop for an acetyl-
choline muscarinic receptor  [22] , but with no real impact on expression levels in 
the case of a N - terminal deletion of a  μ  - opioid receptor  [103, 133] . 

 Introducing additional fusion sequences may sometimes reveal a fruitful way 
to increase expression of GPCRs. Several studies notably compared the benefi t of 
secretion signals added upstream the gene of interest, showing a very substantial 
effect of the signal sequence of the  α  - factor from  S. cerevisiae  on the expression 
levels of a serotonergic  [38] , an opioid  [103, 133] , and a dopaminergic  [90]  receptor. 
This signal sequence is now systematically inserted for GPCR expression. 

 Addition of short tag sequences including the hexa -  or decahistidine, FLAG or 
the c - Myc regularly proved very useful for the downstream detection and/or puri-
fi cation procedures of GPCRs, but did not result in signifi cant changes in their 
expression levels. Similarly, GFP fused to several GPCRs either C - terminally  [85, 
98, 99]  or N - terminally  [103, 104]  did not markedly modify their expression profi le. 
Instead, the GFP fusion appeared a useful multipurpose tool for (i) the selection 
of overexpressing clones, (ii) the determination of total recombinant protein 
expression, (iii) the evaluation of solubilization and purifi cation conditions, and 
(iv) the subcellular localization of the receptors. 

 Interestingly, a signifi cantly increased production level was observed when the 
biotinylation domain of the transcarboxylase from  Propionibacterium shermanii  was 
fused to the C - terminus of several receptors. For instance, for 5 - HT 5A   [19] , human 
ETB endothelin receptor (ETBR)  [85] , DRD2  [90] , and  β  2 AR (C. Reinhart, personal 
communication) the number of active receptors per cell was more than doubled. 
In addition, the absence of this sequence from the GPCR constructs used in the 
study of Yurugi - Kobayashi  et al.   [22]  probably participated to the lower expression 
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levels observed for several of them when compared to the same receptors bearing 
this biotinylation domain  [97] . Addition of this domain likely stabilized the recom-
binant receptor either by protecting the receptor from direct degradation or main-
taining folding fi delity to avoid the unfolded protein response. 

 Regarding the choice of the cellular host to use, several studies compared the 
benefi t of one strain over the others. For instance, the receptors 5 - HT 5A  and ETA 
were respectively expressed at higher levels in the protease - defi cient strains 
SMD1163  [38]  and SMD1168  [134]  than in the GS115 strain (see Table  3.1  for the 
description of the strains). Similarly, the strain SMD1168 appeared a most appro-
priate host for the expression of a CB2 receptor when compared to the strain X - 33 
 [101] . In several other cases, however, no signifi cant differences were observed, 
and strains from the SMD series were mainly retained because of their protease -
 defi cient properties and their inherent lower impact on protein degradation during 
the downstream preparative steps. 

 In addition, since multicopy integration events occur with a relatively high fre-
quency in  P. pastoris  transformants, gene dosage is also an important issue that 
directly impacts expression levels. For instance, a panel of clones resistant to 
increasing concentrations of zeocin  [88]  and G418 (geneticine)  [19, 90]  was selected 
for its representative content of integrated GPCR gene copy number. These studies 
and others show that the levels of active receptors increased correlatively with the 
number of integrated copies up to a plateau after which additional copies had no 
effect. Most importantly, from our observations (unpublished data), clones bearing 
the highest antibiotic resistance levels (i.e., the highest copy number of GPCRs 
genes) were often those presenting the highest amounts of immunodetected 
receptors, whereas ligand - binding activities were not improved. Such clones are 
thus generally not desired as they display a large proportion of nonfunctional 
receptors. Moreover, these observations strongly suggest that the bottleneck for 
the production of functional receptors lies in folding and/or post - translational 
processing rather than in the transcription and translation steps. As a conse-
quence, clone selection procedures have to rely both on a representative pheno-
typic screening followed by an appropriate evaluation of the receptor quantity and 
activity.  

   3.6.2 
Optimization of the Expression Conditions 

 Once the most performant clones have been selected, further improvements can 
be implemented by appropriately adjusting some of the experimental parameters 
that infl uence the host cell physiology, and hence its performance for heterologous 
gene expression, correct protein folding, and proper traffi cking. These external 
factors include culture format and procedures, temperature and time of induction, 
cell densities, formulation of growth media, or supplementation with stabilizing 
compounds or chemical chaperones. 

 As a fi rst step, evaluating the production time course of a GPCR is often very 
useful as the outcome may vary importantly from one receptor to another. For 



instance, 10   h was determined as the optimal induction time for different con-
structs expressing a  μ  - opioid receptor  [87] , whereas the highest expression levels 
were obtained in the range of 18 – 24 h postinduction for a majority of other recep-
tors and up to 60   h for an engineered ACM2 muscarinic receptor  [22] . Similarly, 
while the induction phase in methanol - containing media is usually performed 
using cell densities of about 5    ×    10 7  cells/ml (1   OD 600 /ml), we observed that this 
parameter was differently affecting the expression level of GPCRs, higher cell 
densities (up to 10   OD 600 /ml) being actually more appropriate for several of them 
(unpublished data). 

 Formulation of the induction media is also an important issue. Adjustments in 
the composition of buffered media, pH values, and methanol concentration 
usually did not bring major benefi ts in GPCR expression, and a typical induction 
is generally performed at pH 5 – 7 in buffered complex media containing 0.5% 
methanol. Much more substantial improvements, however, can be gained by sup-
plementing these media with some small compounds that are believed to facilitate 
the folding and processing of the recombinant proteins. Among these molecules, 
 dimethyl sulfoxide  ( DMSO ) added in the induction medium remarkably increased 
the production yield of 16 out of 20 tested receptors up to 6 - fold relative to standard 
conditions  [94] . Similar effects were observed in other studies evaluating GPCR 
expression not only in the  P. pastoris  system  [21, 100] , but also using mammalian 
 [21]  or insect  [135]  cells hosts. The precise role of DMSO here is not clear, but it 
has been shown to dramatically alter the membrane properties of several organ-
isms by increasing their permeability  [136] , thus possibly infl uencing the proc-
esses of membrane protein translocation. DMSO is also thought to act as a 
stabilizer of folding intermediates and has been already qualifi ed a chemical chap-
erone  [137] . In a comparable fashion, adding ligands specifi c to a given GPCR 
proved highly benefi cial for a large majority of tested receptors  [19, 90, 94] . In the 
case of a histaminergic H 2  receptor, the expression level was improved up to 7 - fold 
in the presence of an antagonist compound, cimetidine, in the induction medium 
 [94] . Such small molecules are considered pharmacological chaperones as they 
have been shown to selectivity promote the proper folding and traffi cking of the 
targeted GPCR  [137] , therefore limiting the recurrent complications related to 
misfolding/aggregation and misfolding/degradation pathways. 

 In addition, it was shown in several studies that lowering temperature during 
expression to a typical range of 18 – 24    ° C was optimal for various receptors, as 
measured by ligand binding  [22, 87, 90, 94, 95] . Possible explanations for the 
temperature effect include slowing down protein production and not overloading 
the translocation machinery, protein processing, or intracellular traffi cking. Low-
ering temperature has also been shown to reduce proteolytic activities and upregu-
late cold shock proteins such as chaperones. 

 As illustrated in a work we conducted on a selection of 20 GPCRs  [94] , adjusting 
these different parameters at the culturing level always turned out benefi cial and 
every tested clones revealed higher ligand binding values ( B  max ) compared with the 
standard condition. Strikingly, eight out of these 20 receptors revealed high  B  max  
values (above 20   pmol/mg) after optimization. In addition, we and others also 
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found that the amount of functional receptor (in terms of ligand binding) did not 
scale with the total amount of receptors evaluated either by immunodetection  [94]  
or by fl uorescence  [88]  measurements. Most importantly, the total amount of 
receptors was not changed after optimization while the total number of binding 
sites ( B  max ) was increased from 1.3 -  to more than 8 - fold. These data are all in agree-
ment with the concept that GPCRs are expressed in  P. pastoris  under a functional/
nonfunctional equilibrium that can be modulated with the expression conditions 
that are used.  

   3.6.3 
Yeast Cell Lysis 

 As a common trait of budding yeasts,  P. pastoris  possesses a thick protective cell 
wall that requires the use of aggressive disruption methods for the recovery and 
preparation of the membrane protein - containing fractions. The choice of a cell 
lysis method suited to  P. pastoris  cultured in various volumes and formats is there-
fore nontrivial, albeit very few studies report on this important issue  [27] . We here 
indicate a selection of techniques and apparatus references that we and others 
found the most adapted to this key step. 

 Shearing - based methods involving microbeads are mostly preferred as they are 
very effi cient, compatible with a broad range of sample volumes, and directly 
accessible to most of the standard - equipped labs. In the simplest and widest used 
mode, cells are violently shaken with 500 -  μ m diameter beads in cold buffers 
using a basic vortex apparatus in cycles alternating shaking and ice - cooling phases 
( [38, 138]  among others). In order to achieve more reliable and reproducible 
results, programmable equipment is recommended, such as the Tissue Lyser 
from Qiagen  [132]  or the FastPrep 24 from MP Biomedicals  [102]  that accom-
modate various sample volumes and formats (up to 50   ml), or the more sophis-
ticated and expensive grinder series from Dyno Mills  [85]  that can operate using 
large volumes both in batch or continuous modes. In addition, pressure - based 
instruments have also proven effi cient for the lysis of  P. pastoris  cells, and besides 
the well - known French pressure cell press stands a panel of cell disruptors from 
Constant Systems that can handle from 1 to 20   ml of batch samples and more 
than 500   ml/min with the continuous fl ow models. Alternatively, methods involv-
ing glucanase enzymes (e.g., helicase from snail digestive juice; zymolyase or 
lyticase from microbial sources) can be used to remove the cell wall and give rise 
to spheroplast preparations that can be easily burst. For cost and practical reasons, 
however, these methods are obviously not recommended for the lysis of large 
cell volumes. 

 Noteworthy, we and others commonly observed that the longer the induction 
phase, the less effi cient the lysis step. This is likely to be related to the very dynamic 
nature of the cell wall that can adapt to various physiological changes in order to 
maintain the integrity of yeast cells and prevent them from lysis  [139] . This issue 
is notably to be considered when optimizing the induction time, which should 
ideally strike a balance between expression level and cell lysis effi ciency.   



  Abbreviations  99

   3.7 
Conclusions and Future Directions 

 Overall,  P. pastoris  appears a very effi cient heterologous system for the production 
of a large panel of membrane proteins. Importantly, a series of various optimiza-
tions including gene and vector sequence engineering, host strains, clone selection, 
culture format and procedures, temperature and time of induction, cell densities, 
formulation of growth media, and supplementation with stabilizing compounds or 
chemical chaperones, always prove very helpful for improving expression levels and 
protein functionality. As an exemplar illustration of such improvements, the func-
tional expression level of a dopaminergic D 2S  GPCR was increased from about 1000 
receptors per cell for an unmodifi ed receptor up to more than 50   000 receptors per 
cell for an ultimate engineered  α FD2SBio receptor  [90] . 

 Even if some general tips emerge, the outcome is, however, often a matter of 
membrane protein - dependent adjustments and successes still often rely on trial -
 and - error strategies. An improved success rate will certainly be obtained in the 
coming years with a more rationalized use of  P. pastoris , taking advantage of recent 
breakthroughs. Very recently, the combination of proteomics and genetics brought 
some mechanistic insights into the biology of recombinant production of mem-
brane proteins both in  E. coli   [140]  and  S. cerevisiae   [141] , and subsequently allowed 
the engineering of strains presenting a specifi c task - adapted physiology and 
enhanced production properties. Such strain evolution strategies have been already 
applied to  P. pastoris , notably for the production of human glycoproteins in glyco-
engineered strains  [23] . They will be probably further exploited with the recent 
release of the whole - genome sequence of  P. pastoris   [9]  that is now fully accessible 
to proteomic analyses and genetic manipulations.  
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  β  2 AR      β  2  - adrenergic receptor 
 ABC     ATP - binding cassette 
 CBD     calmodulin binding domain 
 DMSO     dimethyl sulfoxide 
 GFP     Green Fluorescent Protein 
 GPCR     G - protein - coupled receptor 
 ORF     open reading frame 
 TEV     tobacco etch virus 
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  Marc     Lake  , and     Ana     Pereda - Lopez       

    4.1 
Introduction 

  G - protein - coupled receptor s ( GPCR s) comprise a family of seven - transmembrane 
receptors that mediate most of the cell – cell communication in humans via a wide 
variety of extracellular activators such as hormones, light, neurotransmitters, ions, 
odorants, and amino acids  [1 – 3] . Owing to their physiological importance in 
metabolic, endocrine, neuromuscular, and central nervous biology, many phar-
maceutical companies have signifi cant efforts to develop therapeutic drugs that 
act on this family of proteins  [4, 5] . The basis of such research efforts follow the 
success of more than 50% of the marketed drugs that treat diseases by targeting 
only 20 GPCRs  [6] . Bioinformatic analyses of genomic data suggest that there 
are about 1000 GPCRs in the human genome: 614 annotated entries, with the 
remainder classifi ed as orphan receptors  [7 – 9] . These as yet untargeted GPCRs 
may have important physiological roles and unique mechanisms of interaction, 
which makes GPCRs the class of proteins with the highest drug discovery 
potential  [10] . 

 One of the great challenges in understanding GPCR biology is to elucidate the 
structure – function relationships that govern the specifi city of the binding of ago-
nists, antagonists, and allosteric modulators in the GPCR/G - protein systems as 
well as GPCR/G - protein – effector interactions  [11 – 14] . This ignorance is due in 
part to the complex and multifactorial nature of signal transduction regulation 
 [15] . Notwithstanding, biochemical and structural descriptions of GPCR ligand 
binding and activation could provide early diagnostic tools that could prevent 
progression of receptor - mediated disease, and be new strategies for more specifi c 
and effective therapeutic intervention  [16] . 

 In order to elucidate biochemical and structural aspects of GPCR activities, milli-
gram quantities of receptors have to be generated. With the exception of rho-
dopsins, most mammalian GPCRs are intrinsically produced in low amounts in the 
cell, sometimes for a short time in the cell cycle. Hence, to obtain milligram 
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quantities of GPCRs, high - level overexpression in heterologous systems is required. 
Production of GPCRs in mammalian cell overexpression systems often provides 
enough material for the screening of ligand interactions. On the other hand, production 
of milligram quantities from such expression systems would require fermentation of 
hundreds of liters, which is cost - prohibitive. In addition, the co - purifi cation of related 
endogenous GPCRs can be problematic for assay interpretation. 

 Although certain GPCRs can be well expressed in cell - free translation systems, 
and bacterial and yeast cells, the receptors produced in such host expression 
systems do not reproduce the native pharmacology found in mammalian cells 
 [17 – 22] . Presumably this loss of receptor function is due to suboptimal protein 
folding caused by the alterations of post - translational modifi cations. By having the 
machinery to generate post - translational modifi cations (such as glycosylation, 
phosphorylation, and palmitoylation found in mammalian cells  [23, 24] ), recom-
binant baculovirus infections of insect cell cultures have proved to be useful het-
erologous expression systems  [25 – 27] . As insect cells produce low levels of 
receptors homologous to mammalian GPCRs, they can be used for the expression 
of GPCR families such as class A GPCRs  [28 – 48] , class B GPCRs  [49] , class C 
GPCRs  [49 – 52] , and olfactory receptors  [53] . Since the amounts of protein pro-
duced are generally present at the cell surface and are made at 25 – 600 times higher 
than those obtained in naturally producing mammalian cells  [48] , insect cell -
 produced GPCRs have been utilized for assay development and biochemical analy-
ses. Heterologous expression in insect cells has been used to generate the 
constructs of all high - resolution mammalian GPCR structures  [54 – 58] . Likewise, 
other structures of eukaryotic ion channels (AMPA ionotropic glutamate receptor 
 [59] , acid sensing ion channel  [60 – 62] , and ATP - gated P2X4  [63, 64] ), and enzymes 
such as cyclooxygenase - 2  [64]  have been obtained from heterologous baculovirus 
expression in insect cells. 

 Baculoviruses are double - stranded circular supercoiled DNA viruses in rod -
 shaped capsids with host ranges of insect cells  [65] . The most utilized member of 
the baculoviruses is   Autographa californica  nuclear polyhedrosis virus  (  Ac MNPV ) 
 [66] , which serves as the backbone for most recombinant baculovirus vectors that 
are employed for protein expression studies  [67] . Extensive reviews have outlined 
the use of baculovirus - based expression of recombinant proteins  [68, 69] . Conven-
iently, baculovirus infection of insect cells for protein expression can be performed 
in Biosafety Level I laboratories since the virus host range is restricted to a few 
insect species and does not propagate in mammalian or plant cells. Helper cell 
lines and helper viruses are not needed since the baculovirus genome has all of 
the required genetic information. The main difference between the naturally 
occurring  in vivo  infection and the recombinant  in vitro  infection is that the natu-
rally occurring polyhedron gene within the baculovirus genome is replaced with 
a recombinant gene or cDNA. An outline of the baculovirus expression is shown 
in Figure  4.1 . The development of the baculovirus expression system is based on 
the propagation of two later viral gene products: P10 and polyhedrin. Both genes 
are under the control of strong promoters that have been used in different expres-
sion vectors. Early promoters have also been used for the heterologous production 
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of proteins, but were found to be less effective  [70] . The desired gene of interest 
is cloned into a region juxtaposed to baculovirus promoters using homologous 
recombination, ligation of restriction digests, or site - specifi c transposition. 
Depending on the method used, this process can take about 1 – 4 days. The chi-
meric baculovirus is selected (2 – 3 days) and then amplifi ed (1 week) for protein 
expression in insect cells. Each of these steps can be optimized for each particular 
protein. A list of companies that provide the transfer vectors, transfection reagents, 
and insect cells for recombinant protein production is shown in Table  4.1 .     

 In this chapter, we review the preparation of GPCRs in insect cells by discussing: 
(i) the selection of the appropriate expression vector and baculovirus preparation, 
and (ii) the evaluation of insect cell lines, growth, and infection conditions. We 
include an example of baculovirus expression of human histamine H 3  receptor 
and the verifi cation of the GPCR integrity. The rationale and methodology used 
to generate GPCRs in insect cells can be applied to other membrane proteins, 
including transporters, channels, and enzymes. Crude cell membrane prepara-
tions prepared from infected insect cells can be a source of active membrane 

     Figure 4.1     Outline of recombinant protein 
production using baculovirus infection of 
insect cells. The gene of interest can be 
cloned into a donor plasmid that is 
transformed into DH10Bac cells with an 
engineered bacmid sequence. Transposition 
using site - specifi c sequences allows for the 
generation of recombinant baculovirus. This 
step can take about 1 – 3 days. The recom-

binant virus is then isolated and transfected 
into insect cells to generate more recom-
binant virus. This step will take about 3 – 5 
days to evaluate. Repeated rounds of viral 
amplifi cation and insect cell growth increase 
the amount of recombinant virus that is 
isolated and then used for protein produc-
tion. Each round takes about 1 week.  
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  Table 4.1    Vendors that supply reagents for baculovirus work. 

    Baculovirus vectors       Custom baculovirus services   

     AB vector    Abgent Protein Expression  

     BD Biosciences    AB vector  

     Clontech    AgriVirion  

     Oxford Expression Technologies    Analytical Biological Services  

     Invitrogen    Bio X Cell  

     Novagen    Biologics Process Development  

   Insect cells     BioSciences Research Associates  

     BD Biosciences    Blue Sky Biotech  

     ATCC    Chesapeake PERL  

     Invitrogen    –    GIBCO    deltaDOT  

     Novagen    DIARECT  

   Transfection reagents     Entopath  

     EMD Biosciences    Genscript  

     Invitrogen    IBA Strep - Tag Custom Service  

     Novagen    Kinnakeet Biotechnology  

   Cell media     Orbigen  

     HyClone    Oxford Expression Technologies  

     Invitrogen    –    GIBCO    Protein Sciences  

     Lonza    Q - BioGene  

     Novagen    Virinova Diagnostics  

     Sigma - Aldrich    University of Minnesota Biotechnology 
Resource Center  

   Good websites about insect cell expression       

   baculovirus.com   

   http://www.invitrogen.com/site/us/en/home/Products - and - Services/Applications/Cell -
 Culture/Insect - Cell - Culture.html   

   http://www.abvector.com/technology.htm#proeasy   

   http://wolfson.huji.ac.il/expression/insect_exp.html   
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proteins for ligand binding, drug screening, and other GPCR functional assays 
involving G - protein and effector protein interactions.  

   4.2 
Experimental 

   4.2.1 
Generation of Recombinant Baculovirus 

 Insect cell lines allow for the replication of  Ac MNPV, which will express inserted 
recombinant genes as part of the viral and replication process. Recombinant bacu-
lovirus can be generated by two methods: homologous recombination into the 
genome of  Ac MNPV and site - specifi c transposition into bacmid DNA propagated 
in  Escherichia coli   [68, 71] . The fi rst reports of the use of  Ac MNPV virus for protein 
expression  [66, 72]  involved the cumbersome selection of recombinant baculovi-
ruses using homologous recombination based on the phenotype of the viral 
plaques. The gene of interest is cloned into a transfer vector containing a baculo-
virus promoter fl anked by baculovirus DNA derived from a nonessential locus. 
The recombinant sequence is then inserted into the genome of the parent virus 
by homologous recombination after transfection into insect cells. The diffi cult part 
with this approach is assessing virus - containing recombinant DNA quickly. The 
typical effi ciency of this method is less than 1%, and the screening for recombinant 
virus, which is performed by plaque assays and hybridizations, is tedious and 
time - consuming  [73] . 

 Recombinant baculovirus production can be conducted more effi ciently and 
quickly by the development of recombinant viral DNA with well - defi ned restriction 
sites  [74]  and an  E. coli  cell line that contains modifi ed baculovirus DNA in an 
autonomously replicating episome known as a bacmid  [75] . These technologies 
have been subsequently commercialized as the Bac to Bac  ®   Baculovirus Expres-
sion System (Invitrogen), BaculoGold ™  (BD Pharmingen), BacPAK ™  (Clontech), 
and ProEasy ™  and ProFold ™  System (AB Vector). They are widely applied since 
there is no need for homologous recombination in insect cells and the use of 
plaque assays for the selection of cells containing the pure recombinant virus 
(Figure  4.1 ). The gene of interest can be cloned into a transfer vector, which is 
then transformed into DH10Bac - competent cells that contain the bacmid with an 
 att:Tn 7 target site. Recombination is instead carried out within specialized bacte-
ria, which can be selected for the presence of recombinant baculovirus DNA. 
Alternatively, recombinant baculoviruses can be made using site - specifi c transpo-
sition with  Tn 7 to insert foreign DNA into bacmid DNA propagated in DH10Bac 
 E. coli . In the presence of transposition proteins provided by the helper plasmid, 
recombinant bacmids can be identifi ed by antibiotic selection and blue – white 
screening, since the transposition results in the disruption of the  lacZ α   gene. 
High - molecular - weight DNA prepared from these selected  E. coli  clones contain-
ing the recombinant bacmid is then used to transfect insect cells. In addition, the 
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baculovirus expression vector also serves to induce the production of the transcrip-
tional complex needed to transcribe the foreign gene of interest under the control of 
a late or very late baculovirus promoter. 

 Most transfer vectors are designed to have the target gene inserted into the poly-
hedrin site in the baculovirus DNA. Generally, expression is controlled by the very 
strong polyhedrin promoter that is induced by chemical addition (e.g., copper 
sulface addition) late in the infection cycle, at the start of cell lysis. Gene expres-
sion late in the infection cycle can be advantageous since most of the host cell 
protein production is diminished. The polyhedrin promoter is extremely effi cient 
in protein expression, producing 30% of the total cell protein mass in the later 
stages of baculovirus infection. Thus, the strong, late promoters are useful for 
providing maximal quantities of heterologous receptors for biochemistry and 
structural biology. 

 Application of codon bias to recombinant protein design can also help increase 
levels of heterologous protein expression in insect cells  [76 – 78] . In addition, base 
composition around the start codon can have some infl uence on protein produc-
tion levels  [79] . The introduction of signal sequences that direct proteins into the 
membrane protein biogenesis machinery  [80]  has been reported to increase 
expression levels of membrane proteins such as human  β  2  - adrenergic receptor 
 [81] , human dopamine D 2S  receptor  [40, 82] , and TRPV1 ion channel  [83] . The 
heterologous signal peptide sequences such as infl uenza hemagglutinin  [84]  and 
honey bee melittin  [85]  can work as well as baculovirus - encoded signal sequences 
such as gp64  [86] , egt, and p67  [87] . It is also possible that the N - terminal domains 
of GPCRs and other membrane proteins can contain cryptic signal sequences that 
result in functional proteins in virion particles  [88] .  Green Fluorescent Protein  
( GFP ) can be added to the N - terminal domain to monitor protein levels during 
purifi cation  [32, 33] . By monitoring protein monodispersity by size - exclusion chro-
matography, many constructs can be screened for protein stability in crude extracts 
 [89] . Chimeric proteins with peptide epitope tags (polyhistidine, FLAG, HA, c - Myc, 
other monoclonal antibody tags, etc.) and  glutathione S - transferase  ( GST ) domains 
can also be added in the N -  and C - terminal domains for purifi cation without loss 
of activity  [54, 55, 58, 90, 91] . Recent GPCR structures have also been derived from 
N -  and C - terminal - tagged protein constructs  [54 – 58, 92] . Nonetheless, careful 
assessment of protein activity is required to determine whether the tags can affect 
protein integrity  [29, 40] . 

 If maximum protein production is required at an early stage of infection, then 
early promoters can be utilized, albeit resulting less cell mass and protein content 
 [93] . Alternatively, stably transformed cells can be used for expression using viral 
promoters, thereby removing the infection process that leads to cell lysis  [94] . 
Typically the vectors designed for this purpose use weaker promoters and cell lines 
derived from the Fall Armyworm  Spodoptera frugiperda  (Sf9, Sf21) are the most 
commonly used for its propagation  [95] . 

 The preparation of virus stock comes from infecting Sf9 cells grown in mid - log 
phase in fl asks. After 5 – 10 days, P2 viral stock working solutions are obtained via 
centrifugation. Viral stocks can be stored at 4    ° C for up to 1 year. In the past, 
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obtaining viral titers was important to gage how much virus would be needed to 
infect insect cells. It is prudent to run small - scale evaluations of protein expression 
by growing up cells with up to 1 - log change in multiplicity of infection (MOI) to 
cells. Recently a method was developed to bypass viral titer determination methods 
by implementing  titerless infected cell preservation and scale - up  ( TIPS ) methodol-
ogy for protein expression. In this method, small - scale insect cell cultures are fi rst 
incubated with a recombinant baculovirus, which replicates in the cells. The 
 baculovirus - infected insect cell s ( BIIC s) are harvested and frozen prior to cell lysis 
and subsequent escape of the newly replicated virus into the culture supernatant. 
The thawed BIIC stocks are used for subsequent scale - up. The TIPS method 
eliminates the need and protracted time required for titering virus supernatants, 
and provides stable and concentrated storage of recombinant baculovirus in the 
form of infected cells  [96] . The use of the TIPS system allows for uniform starting 
titers, specifi c activity, and composition of contaminating proteins that facilitate 
the development of a reproducible purifi cation process.  

   4.2.2 
Baculovirus Infection of Insect Cells 

 The general process of overexpression of proteins in insect cells is well described 
elsewhere  [68, 69, 73, 97, 98] . The order Lepidoptera includes the moths and but-
terfl ies, which are the hosts for many viruses in the family Baculoviridae, including 
 Ac MNPV  [99 – 101] . The insect cells lines that are used predominantly include Sf9, 
Sf21, MG1, and High Five ™   [102, 103] . Sf21 is a line that had been isolated from 
pupal ovarian tissue of  S. frugiperda   [72, 104 – 106] . Sf9 is a cell line that is a sub-
clone of IPLB - Sf21 - AE. MG1 and High Five (originally named BTI - TN - 5B - 1 - 4) are 
cell lines isolated from adult ovarian tissue of  Trichoplusia ni  (cabbage looper)  [103, 
107] . Other cell lines have been developed and optimized to produce recombinant 
proteins with mammalian glycosylation profi les (i.e., Mimic Sf9) and to minimize 
proteolysis. These cells can be obtained from several different companies, includ-
ing Invitrogen, Novagen, or the  American Type Culture Collection  ( ATCC ) as 
listed in Table  4.1 . 

 Sf9, Sf21, and High Five cells can grow in either adherent or suspension 
formats. Thus, it is convenient to perform lab - scale protein production experi-
ments by infecting a few million cells as adherent cultures in plates or fl asks or 
as suspension cultures in fl asks. Adherent and suspension cultures of Sf21 or Sf9 
cells are also routinely used to plaque - purify and quantify recombinant baculovirus 
expression vectors. On the other hand, both Sf9 and High Five cells can be scaled -
 up to varying degrees in spinner fl asks, shake fl asks, or in airlift, stirred tank  [108]  
or Wave  [109]  bioreactors to produce larger amounts of recombinant proteins. 
Suspension culture methods can generate mechanical shear forces that can 
damage insect cell integrity. Serum concentrations of 5 – 20% in medium and 
Pluronic F - 68 can be added to serve as shear force protectants. 

 The conditions and methods used to culture insect cells are quite different from 
those used to culture mammalian cells. For example, the optimal temperature 
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range for insect cell culture is 25 – 30    ° C, rather than 37    ° C. In addition, Sf9, Sf21, 
and High Five are loosely adherent cell lines, and neither EDTA nor trypsin is 
required for their subculture. It is not necessary to have a CO 2  incubator to grow 
insect cells because insect cell culture media are buffered with phosphate, rather 
than carbonate. Sf9 and High Five cells both can be cultured in either growth 
media supplemented with serum or in serum - free media. A pH range of 6 – 6.4 
works well for most insect cells lines. The optimal osmolality is 345 – 380   mOsm/
kg. Sf9 cell cultures can be maintained in shake fl asks (Bellco) in either serum -
 containing or serum - free media. 

 Traditionally, Grace ’ s supplemented medium (also known as TNM - FH medium) 
has been the medium of choice for insect cell culture. Fetal bovine serum has been 
the primary growth supplement used in insect culture. Serum has lactalbumin 
hydrolysate and yeast factors that provide insect cells with growth - promoting 
factors such as amino acids, peptides, and vitamins, which may not be available 
in defi ned basal media formulations. However, other serum and serum - free for-
mulations have evolved since. 

 Protocols in growing host cells are well established. Typically, maintenance 
cultures are split each Monday, Wednesday, and Friday of the week, using seeding 
densities for Sf9 cells of 0.5    ×    10 6  cells/mL. Typical insect cell doubling times 
should be around 24   h. 

 The amount of virus added to insect cells for either cell infection or baculovirus 
amplifi cation is determined by:

   Virus required mL desired MOI total number of cells vira( ) /[= × ll titer PFU( )]   

 Where  MOI  is the  multiplicity of infection  and  PFU  is  plaque - forming unit . For 
amplifi cation of recombinant baculovirus, it is typical to inoculate with a low MOI 
such as 0.1 as a precautionary measure in case there is nonrecombinant virus 
present within the viral population. The lower concentration of virus used can 
decrease the potential for an increase in the nonrecombinant component of the 
viral population during subsequent amplifi cations. 

 For GPCR infection, we typically infect insect cells for protein production using 
a MOI of 1 – 10. When high levels of functional receptors are required, optimization 
of MOI is required since expression patterns of different GPCRs can vary consider-
ably  [40] . Ideally, the expression is conducted at least 48 h postinfection. However, 
extended growth past 72   h can risk the chance of proteolytic degradation of the 
desired protein. A good measure of protein expression is to measure cell viability 
using the Trypan blue dye exclusion procedure with a hemocytometer  [110] . This 
technique has major shortcomings due to subjective determination of cell counts 
as well as manual and time - consuming steps. In comparison to the manual tech-
niques, automated cell counters such as the Beckman Vi - Cell system can perform 
the Trypan blue dye exclusion with video imaging of cells and give results in 
minutes. Physiological and morphological changes upon infection by viruses have 
been observed in insect cells. During the late phase (6 – 24   h postinfection), infected 
insect cells stop dividing and increase in diameter  [73, 98] . Cell size is increased 
as a result of viral infection and multiplication  [111 – 114] . In the very late phase 
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(24 – 36   h), cells cease to produce budded virus and begin production of recom-
binant protein. The nucleus and cytoplasm will contain assembled baculovirus, 
thus resulting in changes in granularity and increases in cell size. There is a direct 
correlation between the time of maximum modal insect cell diameter and the time 
of maximum recombinant protein concentration  [111, 115] . Typically, we observe 
that the Sf9 cell diameters change from a range of 13 – 15 to 18 – 22    μ m for success-
ful infections. Being able to use cell diameter during baculovirus infection of 
insect cells can decrease the reliance on measuring viral titer and thus save on 
time. Cell viabilities, as measured by the number of intact cells and cell diameter, 
should remain high in the cultures. 

 Other additives can be added into the growth media as the cell viability decreases 
over time. The lytic infection process can result in degradation of recombinant 
proteins and limit the use of late promoters for cellular assays. However, the 
growth media can be supplemented with lipids and protease inhibitors to mini-
mize the degradation of expressed receptors  [40, 116 – 118] . Only a certain amount 
of added protease inhibitors (below 10   mM) can be tolerated before they affect 
insect cell viability. 

 The plasma membrane targeting of GPCRs is a tightly regulated process. 
Folding of the receptor in the endoplasmic reticulum and its exit to the Golgi 
represent the limiting steps in maturation and cell surface expression. General 
molecular chaperones involved in the folding of many membrane proteins have 
been suggested to play important roles at different steps of this process. In the 
absence of such mammalian host factors in insect cells, additional ligands can act 
as pharmacological chaperones that stabilize receptor integrity during protein 
production  [119] . Typically, ligand concentrations of 10 – 50 times the  K  D  values are 
added to the insect cell media during the baculovirus infection step. It is preferable 
to use ligands that are more water soluble to increase the effi ciency of cellular 
incorporation for receptor stabilization. This strategy has proven to be important 
in generating large amounts of functional GPCRs for protein crystallization 
 [54 – 58] . 

 Although insect cells are capable of complex glycosylation, baculovirus infection 
can result in partially processed high - mannose forms depending on the time 
period of postinfection. Crude cell membrane extracts from baculovirus - infected 
cells can contain immature GPCRs, probably representing a fraction of proteins 
trapped in the membranes of the endoplasmic reticulum and Golgi apparatus as 
a result of protein biosynthetic pathway saturation. A purifi cation step based on 
the biological activity of the receptor such as a ligand - based affi nity column can 
be included during purifi cation to eliminate nonfunctional misfolded receptors 
 [49, 120 – 122] . 

 In summary, several factors are important for insect cell expression: amount of 
recombinant virus to add; timely addition of lipids, protease inhibitors, and ligands 
to stabilize the expressed protein; and the time of postinfection growth. Although 
such optimization has many variables, expression screening of constructs can be 
more quickly assessed by using cultures of insect cells in 24 - deep - well blocks for 
small - scale optimization of baculovirus - mediated protein expression experiments 
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 [40, 123] . The media we typically use is supplemented with total brain lipids 
(100   mg/L), histamine (10    μ M), and Sigma protease inhibitor cocktail (2   ml/L) at 
the time of infection. 

 During harvesting of the cells, rapid collection of the cells and freezing in 
liquid nitrogen can minimize protein loss during proteolysis from cell break-
down. At 48   h postinfection, the cells are harvested by centrifugation (1560    ×     g ) 
for 7 min at 4    ° C, fl ash frozen in liquid nitrogen, and stored at  − 80    ° C until use. 
Washing the cells with protein - stability reagents such as proline, arginine, and 
trehalose can improve receptor stability during the freezing process  [124] . The 
washing of the cells can increase ligand - binding activity 2 -  to 10 - fold versus 
unwashed cells.  

   4.2.3 
Case Study: Histamine  H  3  Receptor 

 Pharmacological characterization of GPCRs has focused largely on receptors in 
their membrane - bound state in homologous or native cell lines where the recep-
tors are most stable and native G - proteins and other accessory proteins are avail-
able. In these cases, minute quantities of the receptors present are suffi cient for 
routine ligand - binding assays, competition studies, and pharmacological assess-
ments of receptor agonists and antagonists. As the study of GPCRs continues to 
move toward gaining additional biochemical and three - dimensional structural 
information, particularly as it relates to drug discovery, heterologous expression, 
solubilization, and purifi cation of milligram quantities of receptor will be required. 
In addition, new methods for characterizing these now membrane - free receptors 
in the detergent - soluble state will likely need to be developed as the presence of 
detergents and the behavior of the solubilized receptor itself may present new 
challenges to traditional biochemical analyses. 

 The fi rst step in membrane protein purifi cation  –  solubilization of membrane 
proteins from their lipid environment  –  requires detergent that separates the 
membrane protein from the membrane lipid bilayer by forming soluble protein –
 detergent micelles. The solubilized membrane protein is then ready for subse-
quent purifi cation followed by biochemical or three - dimensional structural 
analysis. The effi ciency with which the detergent can solubilize a membrane 
protein varies and relies on a number of parameters, including detergent choice 
and buffer components. A number of GPCRs have been successfully solubilized 
and subsequent purifi cations of the solubilized receptors to varying degrees have 
been reported  [50, 125 – 129] . Usually, the solubilization effi ciency is determined 
qualitatively, most often by Western blot. Less frequent are cases where ligand -
 binding assays are employed to select for optimal solubilization conditions, even 
though ligand binding presents a clear demonstration of the structural integrity 
of the solubilized receptor. However, ligand - binding assays used in drug discovery 
generally use a radioligand fi lter - binding assay  [130, 131] , typical for membrane -
 bound receptors. These assays often fail for solubilized receptors either due to the 
lack of retention of the solubilized ligand - bound receptor on the fi lter, the presence 
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of a high background signal from nonspecifi c binding of radioligand – detergent 
micelles to the fi lter, or inactivation of the receptor by the detergent  [47, 128] . 
Attempts to solve this problem have led to the development of some promising 
new methods, including the use of surface plasmon resonance that utilizes immo-
bilized solubilized receptors (or peptide ligands) for ligand - binding measurements 
 [47, 132 – 134] . The requirement of specialized equipment, conformationally sensi-
tive antibodies for the receptor of interest, and the current limit of working with 
peptide substrates, however, may make these methods challenging. In contrast, 
simple modifi cations to known ligand - binding methods can greatly reduce or 
eliminate nonspecifi c binding problems for membrane - bound receptors  [135, 
136] , leaving the possibility that similar modifi cations would allow reliable meas-
urement of ligand binding for detergent solubilized receptors. 

 In the cases where GPCRs have been solubilized and purifi ed, the results of 
pharmacological comparisons between the isolated and the membrane - bound 
receptor are mixed. In some cases, the receptor isolated is a fusion protein  [125, 
127, 137]  and the activity of the purifi ed receptor either differs from the native 
membrane - bound receptor  [125]  or is simply not reported  [127, 137] . While it has 
been shown that isolated receptors can be reconstituted into the lipid environment 
and have similar binding affi nities compared to membrane - bound receptors  [128] , 
there are few examples of this result with soluble, nonreconstituted receptors. 

 In order to establish the utility of some of the recent progress in the heterologous 
expression, solubilization, and characterization of recombinant GPCRs, particu-
larly as they relate to targets of pharmaceutical interest, the solubilization and 
pharmacological characterization of the histamine H 3  receptor is presented. The 
functional role of the histamine H 3  receptor has made it an attractive target for 
the pharmaceutical industry for obesity and a number of cognitive disorders 
 [138 – 140] . Therapeutic interest in this receptor has led to the identifi cation of a 
number of antagonists and inverse agonists for the receptor  [141, 142] . These 
compounds have been instrumental in enumerating the varying pharmacological 
profi les not only for the known mammalian receptors, but for the different human 
isoforms as well  [143 – 145] . The availability of these compounds and the robust 
ligand - binding assay for the membrane - bound receptor  [146]  make it an ideal 
choice for comparing the pharmacological profi le of the detergent - soluble and 
membrane - bound receptor. 

 In addition to the pharmacological characterization of heterologously expressed 
human histamine H 3  receptor in insect cells, we also confi rm the integrity of the 
detergent - solubilized GPCRs. The validity of a modifi ed glass fi ber fi lter - binding 
assay for the soluble histamine H 3  receptor is demonstrated along with data 
showing that ligand - binding activity is maintained in conditions optimal for solu-
bilization. In addition, it is suggested that the structural integrity of the solubilized 
receptor is intact based on the results of a pharmacological comparison of the 
soluble and membrane - bound histamine H 3  receptors. 

 Ligand - binding activity measurements, Western blot, and mass spectrometry 
were utilized to confi rm the heterologous expression of functional histamine H 3  
receptor in membranes derived from cultured insect cells that had been infected 
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with a recombinant baculovirus containing the human histamine H 3  receptor 
gene. For the initial expression analysis, two constructs differing in their N - terminal 
signal sequence were expressed in Sf9 and High Five insect cells. Consistent with 
some of the expression profi les reported by Akermoun  et al.   [29] , maximal expres-
sion of the histamine H 3  receptor was observed 48 h after baculovirus infection. 
The presence of a signal sequence has been shown to maximize presentation of 
heterologously expressed receptors in cell membranes  [85] . A representative con-
struct including the honeybee melittin signal sequence is shown in Figure  4.2 (a). 
The sequence of the histamine H 3  construct is shown in Figure  4.2 (b). In general, 
similar expression levels were observed utilizing either construct in either cell 
type. In High Five cells, saturation binding studies using [ 3 H] - ( N ) -  α  - methylhistamine 
(representative saturation curve in Figure  4.3 ) indicated that the receptor expressed 
with an apparent  B  max  of 2176  ±  129   fmol/mg and with a  K  D  value for ( N ) -  α  -
 methylhistamine binding of 1.82  ±  0.28   nM. This expression level is greater than 
that found in HGT1 cells ( B  max     =    54    ±    3   fmol/mg)  [148] , and in stable clonal lines 
of both  human embryonic kidney  ( HEK ) and C6 rat glioma cells whose  B  max  values 
are 1573 and 1277   fmol/mg, respectively. Comparable  B  max  values were obtained 
for the receptor in Sf9 cells; however, the measured  K  D  values for ( N ) -  α  -
 methylhistamine were somewhat elevated (3.41    ±    0.37   nM). For this reason 
and the larger cell mass obtained using High Five cells, the use of Sf9 cells was 
discontinued. Since there was no obvious discrimination in  B  max  between the 
leader sequences in our initial expression trials, the melittin signal sequence con-
struct was used in all subsequent expressions. To assess the G - protein activity of 
these insect cell receptors, the similarity of GTP γ S binding by histamine H 3  ago-
nists and inverse agonists to known mammalian cell constructs was confi rmed 
(Figure  4.4 ).   

 The expressed histamine H 3  receptor is found in the membrane fraction of the 
insect cell lysate (Figure  4.5 a). The Western blot identifi es the receptor based on 
recognition of the C - terminal hexahistidine (His 6 ) tag with the correct molecular 
weight (Figure  4.5 a). Migration on the  sodium dodecylsulfate  ( SDS ) gel indicates 
a molecular weight of approximately 50   kDa, which is close to the theoretical 
molecular weight of the complete construct of approximately 54   kDa. To confi rm 
the results of the Western blot, gel bands from the SDS gel (bracketing the 50 -
 kDa marker, Figure  4.5 b) were excised and processed for in - gel trypsin digest 
followed by liquid chromatography/tandem mass spectrometry as described 
above. Protein database search results showed that eight peptide fragments from 
the histamine H 3  receptor (Table  4.2 ) were identifi ed in the gel near the 50 - kDa 
molecular weight marker (Figure  4.5 ). The third cytoplasmic loop, based on sec-
ondary structure predictions, consists of 142 amino acids from residue 257 to 
398. The peptides found covered 53% of that loop (see Figure  4.2 b). The fi rst 
predicted transmembrane helix starts at residue 79 (see Figure  4.2 b), which is 
40 amino acids from the N - terminal methionine of the receptor. The fi fth peptide 
described in Table  4.2  represents 67% coverage of the N - terminus of the expressed 
receptor. The last peptide in Table  4.2  represents a nonnative translated 
region (a result of cloning) of the gene that links the  tobacco etch virus  ( TEV ) 
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     Figure 4.2     (a) Graphical representation of 
the pDEST ™ 8 destination vector used for the 
baculovirus - infected insect cell expression of 
the histamine H 3  receptor. The construct 
contained the full - length histamine H 3  
receptor gene (hH 3   [147] ) with a N - terminal 
melittin signal sequence followed by a TEV 
protease site. The C - terminal portion of 
the expressed gene includes a His 6  tag. 
(b) Single amino acid protein sequence of 

the translated gene. Color coded in red and 
black are the peptides identifi ed by liquid 
chromatography/mass spectroscopy analysis 
(Table  4.1 )  derived from the expressed gene 
product . The predicted transmembrane 
helices are boxed and labeled, and an arrow 
and a line indicate the start of the H 3  
receptor sequence and the TEV protease site, 
respectively.  
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     Figure 4.3     (a) [ 3 H] - ( N ) -  α  - Methylhistamine 
bound to untreated High Five insect 
membranes containing the histamine H 3  
receptor. (b) [ 3 H] - ( N ) -  α  - Methylhistamine 

binding to H 3  receptor solubilized from High 
Five membranes using 0.1% (w/v) DDM. A 
representative example of three individual 
experiments is shown.  
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     Figure 4.4     (a) Modulation of GTP γ S binding by H 3  agonists utilizing High Five membranes 
expressing the human H 3  receptor. (b) Modulation of GTP γ S binding by H 3  inverse agonists 
utilizing High Five membranes expressing the human H 3  receptor.  
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     Figure 4.5     (a) Western blot and (b) SDS gel 
stained with Coomassie blue of the 
membrane (lane 2) and soluble (lane 3) 
fractions of High Five cell lysates infected 
with baculovirus containing the histamine H 3  
receptor gene. Lane 5 contains an insect cell 
lysate known to have expressed a membrane 
protein with a C - terminal His 6  tag. Lane 6 is 
a total cell lysate of untransfected High Five 

cells. Identical samples shown in the SDS gel 
in (b) were used to generate the Western 
blot (a). The highlighted region on the SDS 
gel in lane 2 indicates the area where protein 
bands were excised for in - gel trypsin 
digestion followed by liquid chromatography/
mass spectroscopy analysis. Lanes 1 and 4 
have invitrogen see Blue plus 2 molecular 
weight markers.  
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protease site (residues 22 – 28) to the histamine H 3  receptor. Assuming the signal 
sequence and TEV protease site are cleaved during  in vivo  processing, the theo-
retical molecular weight of the remaining sequence would be approximately 
51   kDa. The total coverage of the sequence for all the peptides is 24% (117/490 
possible residues). The combination of these results indicates the unambiguous 
presence of functional histamine H 3  receptor in the High Five membranes.     

   4.2.3.1    Solubilization of the Histamine  H  3  Receptor 
 Solubilization experiments of the histamine H 3  receptor were conducted in the 
following fi ve detergents:   n  - dodecyl -  β  -  d  - maltopyranoside  ( DDM ),  sucrose mono-
dodecanoate  ( SMD ),  fos - choline 12  ( F - 12 ),   n  - octyl -  β  -  d  - glucopyranoside  ( NOG ), and 
 dodecyl (lauryl) dimethyl amine oxide or also known as lauroyl dimethyl amine 
oxide  ( LDAO ). For appropriate comparison of the various detergents, all detergents 
were evaluated at 10X their respective critical micelle concentration values in water. 
For each of the fi ve experiments, the samples were analyzed for percent total protein 
yield (Figure  4.6 a) and remaining [ 3 H] - ( N ) -  α  - methylhistamine - binding activity 
(percent total ligand binding, Figure  4.6 b). The results indicate that the detergents 
solubilize between 25 and 45% of the total protein in the membrane samples (Figure 
 4.6 a), with LDAO solubilizing the most protein. Although LDAO was the best 
detergent for protein solubilization, the resulting soluble fraction had no measur-
able activity. However, greater than 60% of the total binding was maintained in the 
soluble fraction when DDM was used for solubilization (Figure  4.6 b). The soluble 
histamine H 3  receptor was further characterized by saturation binding studies 
using [ 3 H] - ( N ) -  α  - methylhistamine (Figure  4.3 b) in a buffer containing 0.01% (w/v) 
DDM. An average  B  max  of 532    ±    0.46   fmol/mg and an average  K  D  of 2.40    ±    0.51   nM 
were observed utilizing data obtained from three individual experiments.    

   4.2.3.2    Assay Validation 
 Typical fi lter - binding assays used to measure the ligand - binding activity of receptors 
often fail in the presence of detergents  [47] , complicating the characterization of 
detergent - solubilized receptors. To overcome this obstacle, gel fi ltration methods 
are often used to determine ligand - binding properties of detergent - solubilized recep-
tors  [125] . However, gel fi ltration methods are laborious and time - consuming. To 
validate the activity assays described and the observed binding properties for soluble 
histamine H 3  receptor (using DDM or digitonin), the activity of detergent - soluble 
histamine H 3  receptor, as measured by net  disintegrations per minute  ( DPM ), deter-
mined using the modifi ed fi lter - binding assay was compared to the more laborious 
but well - characterized gel fi ltration assay (Figure  4.7 a) to separate bound from free 
ligand. A comparison of the resulting activities measured for samples solubilized by 
identical methods and incubated with identical substrates is shown in Figure  4.7 b. 
The  y  - axis indicates the net DPM (obtained by subtracting nonspecifi c binding from 
total binding) observed by each technique. Figure  4.7 b shows there are no signifi cant 
differences between the two methods when measuring ligand - binding activity for 
the detergent - soluble histamine H 3  receptor, indicating that the modifi ed fi lter -
 binding assay is capable of accurately detecting receptor - bound radioligand.    
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   4.2.3.3    Competition Analysis of Solubilized versus Membrane - Bound Receptor 
 Competition binding studies using a panel of histaminergic ligands were con-
ducted in order to evaluate their ability to displace ( N ) -  α  - methylhistamine from 
membrane - bound (Figure  4.8 a) and detergent (DDM) - soluble histamine H 3  recep-
tor (Figure  4.8 b). For competition binding assays, [ 3 H] - ( N ) -  α  - methylhistamine 
(approximately 1.5   nM) was incubated at 25    ° C for 30 min with the intact or solu-
bilized membranes (0.5   ml reactions in 50   mM Tris, pH 7.4, 5   mM EDTA) either 
alone or in the presence of competing histaminergic ligands. Solubilized receptor 
reaction mixtures contained 0.01% (w/v) DDM. Nonspecifi c binding was defi ned 
with addition of thioperamide (10    μ M). Radioligand binding was terminated and 
bound ligand was separated from free ligand utilizing vacuum fi ltration onto 0.3% 
(v/v) presoaked polyethylenimine GF/B fi lters, followed by thorough rinsing with 

     Figure 4.6     (a) Total percent protein yield and 
(b) total percent binding of High Five 
membranes containing the histamine H 3  
receptor after solubilization with indicated 

detergents. Total and solubilized protein 
determinations were measured utilizing the BCA 
protein assay. Graphs show the average of four 
experiments, with a standard deviation for  n     =    4.  
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50   mM Tris buffer (pH 7.4). GF/B fi lters used for intact membranes were soaked 
in 0.3% (v/v) polyethylenimine for 5 min; however, additional soaking time was 
required for their use with solubilized membranes (6 h soaking time). Bound 
radiolabel was determined by liquid scintillation counting utilizing the Packard 
Top Counter. Experiments were run in triplicate and data analysis performed  [149]  
with p K  i  values determined utilizing the Cheng – Prusoff equation  [150]    

 The data show that the membrane - bound H 3  receptor expressed in insect cells and 
in C6 rat glioma cells show the same rank order of potencies for the compounds 
tested (Table  4.3 ), both for the agonists (imetit    >    ( R ) -  α  - methylhistamine    >    histamine) 
and for the antagonists (A - 349821    >    A - 358239    >    thioperamide). For the detergent -
 solubilized receptor, rank order of potencies is equivalent to that observed with the 

     Figure 4.7     (a) Elution profi les of the free 
ligands and ligands bound to the detergent -
 solubilized protein. Detection of  3 H ligand 
was used. (b) Detergent - soluble (DDM) H 3  
receptor was incubated with [ 3 H] - ( N ) -  α  -
 methylhistamine and binding was measured 
by either the fi ltration assay or by using 
Bio - Gel P - 6DG polyacrylamide gel fi ltration as 

described in Section  4.2 . Nonspecifi c binding 
was determined utilizing 10    μ M thiopera-
mide. Bar graphs represent specifi c binding 
for a single experiment performed in 
triplicate. The experiment was conducted at 
least three independent times with similar 
results.  
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membrane - bound receptors for the agonists. However, rank order of potencies for 
the antagonists differs from that observed for the membrane - bound receptors as thi-
operamide is essentially equivalent to A - 349821 and A - 358239 is the least potent.      

   4.3 
Conclusions and Future Perspectives 

 The Bac to Bac method has been used to generate recombinant baculovirus con-
taining the human histamine H 3  receptor. The heterologous expression via baculo-
virus infection of insect cells has generated histamine H 3  receptor that is functional 

     Figure 4.8     Competition of specifi c [ 3 H] - ( N ) -
  α  - methylhistamine binding for membrane -
 bound (a, graph representative of  n     =    4) and 
0.1% DDM - solubilized (b, graph representa-

tive of  n     =    3) H 3  receptor. Values for p K  i  
(nM) were determined from these graphs 
and are tabulated for comparison in Table 
 4.3 .  
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in terms of ligand binding, rank - order competition with agonist and antagonist 
molecules, and G - protein coupling. Growth for 48 h was checked for expression via 
cell viability using the Trypan blue dye exclusion method and cell diameter size 
measurements. The expressed receptor was successfully solubilized under condi-
tions that maintained ligand - binding activity, as shown by a validated fi ltration 
assay using [ 3 H] - (N) -  α  - methylhistamine  –  a known H 3  receptor radioligand. The 
current studies demonstrate that the solubilized histamine H 3  receptor maintains 
its structural integrity as evidenced by the results of a pharmacological comparison 
of histaminergic ligands against the soluble and membrane - bound receptors. 

   4.3.1 
Executive Summary 

     •      Baculovirus infection of insect cells can generate active recombinant GPCRs 
with post - translational modifi cations such as phosphorylation, glycosylation, 
and palmitoylation  

   •      Recombinant baculovirus can be generated quickly, allowing a donor plasmid 
with the gene of interest that is cloned downstream of a baculovirus promoter 
to participate in site - specifi c transposition into a baculovirus DNA present in 
a plasmid or in the  E. coli  chromosome.  

   •      Optimization of insect cell codon usage around the translation start site, and 
addition of signal sequences to the gene of interest can increase protein pro-
duction levels. The addition of peptide tags (FLAG, His 6 , HA, c - Myc) or protein 
domains such as GST and GFP can be useful tools to monitor protein expres-
sion and can be used as tools for purifi cation.  

   •      Monitoring cell viability and cell diameter size after baculovirus infection can 
serve as markers of the success of protein expression. Typically, most protein 
expression is best between 40 and 60   h postinfection.  

   •      The addition of ligands, lipids, and protease inhibitors can increase protein 
stability and decrease protein degradation after baculovirus expression.  

   •      Washing cell paste with protein - stability agents can protect protein viability 
during the freezing process.  

   •      Assessment of ligand binding, rank - order competition using agonist and 
antagonist molecules, and G - protein activation are important tools to confi rm 
the integrity of detergent - solubilized GPCRs.     

   4.3.2 
Future Perspectives 

 Baculovirus - infected insect cells are useful tools for the production of GPCRs and 
other membrane proteins. Over the last few years, the addition of ligands and 
protease inhibitors during cell growth and purifi cation has led to the emergence 
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of new crystal structures. Nonetheless, there are still problems with saturation of 
the host cell protein - production machinery that can result in having proteins made 
with different levels of glycosylation, phosphorylation, palmitoylation, and prote-
olysis. This latter concern can result in clipped protein being produced not only 
in the plasma membrane, but also in the membranes of the Golgi and endoplas-
mic reticulum. Further advances with insect cell engineering to minimize prote-
olysis with controlled post - translational modifi cation are being developed. In 
addition, the process to generate recombinant baculovirus still takes longer than 
that of bacterial and yeast cell production. Continued efforts to make the process 
faster are under way. If achievable, the resulting process to generate heterologous 
GPCRs and other membrane proteins for structural biology would be a powerful 
tool for the interpretation of pharmacological data  in vivo .   

 Abbreviations 

  Ac MNPV      Autographa californica  nuclear polyhedrosis virus 
 ATCC     American Type Culture Collection 
 BIIC     baculovirus - infected insect cell 
 DDM      n  - dodecyl -  β  -  d  - maltopyranoside 
 DPM     disintegrations per minute 
 F - 12     fos - choline 12 
 GFP     Green Fluorescent Protein 
 GPCR     G - protein - coupled receptor 
 GST     glutathione S - transferase 
 HEK     human embryonic kidney 
 LDAO     dodecyl (lauryl) dimethyl amine oxide or lauroyl dimethyl amine oxide 
 MOI     multiplicity of infection 
 NOG      n  - octyl -  β  -  d  - glucopyranoside 
 PFU     plaque - forming unit 
 SDS     sodium dodecylsulfate 
 SMD     sucrose monododecanoate 
 TEV     tobacco etch virus 
 TIPS     titerless infected cell preservation and scale - up 
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Membrane Protein Expression in Mammalian Cells  
  Deniz B.     Hizal  ,     Erika     Ohsfeldt  ,     Sunny     Mai  , and     Michael J.     Betenbaugh       

    5.1 
Introduction 

 Mammalian systems are widely used in industry for the production of recombinant 
proteins because this expression system can provide a similar environment to the 
native one for higher - order eukaryotic membrane proteins  [1] . Mammalian cells are 
often preferred in the production of biotherapeutics because of their ability to 
perform correct protein folding and post - translational modifi cation  [2 – 4] . Mem-
brane proteins can be cell adhesion molecules, transduction receptors, and trans-
port channels that require post - translational modifi cations such as glycosylation, 
phosphorylation, methylation, disulfi de bond formation, proteolytic processing, 
and lipid addition for their functionality  [5, 6] . Yeast cells have been used for expres-
sion of receptors; however, the enzymatic defi ciency in their post - translational 
modifi cation process can lead to poor glycosylation and misfolding of these pro-
teins  [3, 7] . A disadvantage of studying membrane proteins in bacterial systems is 
that the proteins can sometimes accumulate as insoluble aggregates, which limits 
the expression of the protein  [3] . Drew  et al.   [8]  monitored the aggregation by gener-
ating fusion constructs of  Green Fluorescent Protein  ( GFP ) and the protein of inter-
est. The protein and GFP had coaggregated in inclusion bodies and no fl uorescence 
was observed  [8] . One of the other main differences between mammalian cells, insect 
cells, yeast, and bacteria is their lipid composition  [3] . For example, overexpression of 
membrane proteins requires proper protein folding that necessitates the presence of 
cholesterol, which is abundant in mammalian expression systems. The absence of cho-
lesterol can also affect the ability of ligands to bind to the receptors  [9] . 

 The fi rst approval of a therapeutic protein from a mammalian cell line occurred 
in 1986  [1] . Since the mid - 1980s protein expression in bioreactors has reached 
high levels, even gram per liter in some cases. There are numerous mammalian 
cell lines that have been used in protein expression including  Chinese hamster 
ovary  ( CHO ),  human embryonic kidney  ( HEK ), green monkey kidney (COS - 1), 
and  baby hamster kidney  ( BHK ). CHO cells are the abundantly used cell lines in 
protein production because of their growth ability in suspension systems and 
bioreactors  [10] . 
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 Membrane proteins have essential roles in cell growth, differentiation, metabo-
lism, fl ow of information, cell – cell communication, and migration  [11] . Proteins 
that have a strong infl uence on the functionality of cellular processes can be good 
targets for pharmacological applications. Defects in some membrane proteins can 
lead to diseases, such as cancer  [12] ; therefore, it comes as no surprise that these 
proteins represent nearly 50% of the targets of therapeutic research  [11, 13] . 

 Membrane proteins have proven very diffi cult to study due to their natural low 
expression levels. It is desirable to study the structures of membrane proteins 
because this will help to better understand the function of these proteins. Since 
many membrane proteins have an effect on the progression of diseases this is of 
great importance. Many expression systems have arisen in recent years in an 
attempt to better study these delicate proteins. Studies that utilize a mammalian 
expression system may be highly useful for membrane protein production due to 
the superior nature of the folding and processing environment of these cells.  

   5.2 
Mammalian Systems 

   5.2.1 
Cell Culture Types and Media Optimization 

 Mammalian cells are relatively easy to grow and culture. Depending on the cell 
types, the cells can be grown in adherent or suspension culture using batch, fed -
 batch, or perfusion cultures. 

   5.2.1.1    Adherent Cell Culture 
 In order to grow and carry out metabolic functions, many mammalian cell types 
must adhere to the  extracellular matrix  ( ECM )  in vivo  or on cell culture plates  in 

vitro   [14] . The cell membrane contains cell adhesion molecules such as integrins, 
cadherins, and selectins used to bind to surfaces. For this reason, manufacturers 
produce sterile pretreated single, multiwell plates or bottles to promote adhesion 
and growth of the cells. The type of media required depends on the cell type, but 
serum is often required for adherent cell cultures to facilitate binding to the 
surface. When the cells have grown to a confl uent layer, the cells must be split 
and subcultured onto new plates. Trypsin is usually used to release cells for 
passing or cryopreservation since it can digest the membrane proteins that are 
adhered to the surface. The plates are stored in an incubator at a set temperature 
and a specifi c CO 2  level in order to maintain a constant pH. Cryopreservation of 
cell lines can be done to store the cells for future studies. The cells can be removed 
from the surface using trypsin; however, the enzyme must be removed subse-
quently by centrifugation of the cells. The cells can be resuspended in media that 
has been supplemented with a chemical, such as dimethyl sulfoxide, which will 
fi x the cells in their current state. Freezing the cells slowly helps to keep the cells 
viable for when they are used later.  
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   5.2.1.2    Suspension Cell Culture 
 Suspension cell culture is used for cells that do not require adhesion to a surface 
or to have cells with characteristics normally not expressed in an adherent culture. 
Since cell confl uency depends on volume of media rather than the surface area of 
the container in suspension culture, more cells can be obtained in this type of 
culture. Furthermore, suspension culture is much more effi cient for high - level 
protein production because of this; the cells can be adapted to suspension culture 
through the use of specially formulated media after transfection  [2] . When the 
nutrient in the media is spent and when there is an accumulation of toxic sub-
stances, the suspended cells must be subcultured into fresh media.  

   5.2.1.3    Batch and Fed - Batch Culture 
 Batch culture involves growing the cells up in a single suspension or adherent 
culture process. The cells are typically collected after reaching a maximum cell 
density in which a nutrient such as glucose or an amino acid is exhausted. After 
the cells reach the maximum, there is often a decline in viability as the cells 
undergo apoptosis. In order to extend the culture periods, cells are often fed with 
additional nutrients at the end of the batch phase in a process called fed - batch or 
extended batch culture. The advantage of this process is that fresh medium can 
be added in batches or semicontinuously  [2] . Fed - batch processing allows the 
expression scientists to reach higher fi nal cell densities and delays the onset of the 
death phase. Fed - batch culturing is a process that is widely used for the manufac-
turing of protein therapeutics and potentially enables the production of target 
membrane proteins in much higher yields.  

   5.2.1.4    Perfusion Process 
 Perfusion culturing is a continuous process that requires the continual addition 
and removal of several reactor volumes of medium per day. In this case, the cells 
can be removed with the spent media or held in the bioreactor in order to reach 
highest possible cell densities. Perfusion culture allows the continual addition of 
nutrients, continual removal of toxins from the culture, and collection of cells or 
product prior to the completion of the run. One advantage of this technique is that 
harvesting can be done several times throughout the process in which the culture 
occurs, as seen in Figure  5.1 . This is advantageous for proteins that are unstable 
and can be removed prior to degradation during extended culture times. Another 
advantage of this process is that the culturing can run for weeks and months at a 
time. The main disadvantage of perfusion culture is that it typically requires much 
larger medium volumes than fed - batch culture processing and medium costs can 
be problematic for mammalian cell culture processing.    

   5.2.1.5    Media Optimization 
 The optimization of cell culture medium plays an important role in increasing 
protein expression in mammalian cells. Different stages in cell growth and in the 
production process call for different media compositions. For instance, forming 
cell lines and stable pools in adherent cell cultures require media that promotes 
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adherence to culture plates. For this reason, media containing serum such as fetal 
bovine serum in Dulbecco ’ s Modifi ed Eagle ’ s Medium is preferred during stable 
clone formation. 

 For suspension cells and bioreactors, suspension cell culture media must be 
used. During the fi nal scale - up stage for producing large amounts of membrane 
and secreted proteins, serum - free media is used to yield products with a consistent 
composition and quality. Media containing serum is undesirable because serum 
is expensive and considered as chemically undefi ned because the composition of 
protein, carbohydrates, growth factors, lipids, and small molecules is unknown 
and always variable. This may lead to unwanted variability in the product from 
batch to batch as well as increasing production costs signifi cantly. Chemically 
defi ned media with nonanimal proteins and growth factors are optimal for consist-
ent product batches, but the formulations differ for various cells lines and must 
be determined for each specifi c cell line. These media include nutrients, pH 
buffers, and growth factors that can promote growth to high cell densities  [15] . 
Many commercial vendors such as Invitrogen, Sigma, and others can provide 
chemically defi ned formulations for some widely used mammalian cell culture 
systems such as CHO or HEK - 293. Unfortunately, the media often contain growth 
factors that can make the mammalian cell culture media expensive, at least 
in comparison to those used in bacterial or yeast cultures. As a result, one of the 
factors that have inhibited the greater use of mammalian cell culture for 
membrane protein production is the high costs of media for scaling - up produc-
tion. Future efforts will require the development of compositions that provide 
for the large - scale production of membrane proteins using lower - cost additives 
and media.   

     Figure 5.1     Schematic of cell culture process 
designs. (a) Batch process and (b) fed - batch 
process. The arrow entering the tank 
represents the infl ux of fresh medium. 

(c) Continuous perfusion process. New 
medium is added continuously while the 
product is removed.  

c)a) b)
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   5.2.2 
Gene Delivery and Expression in Mammalian Systems 

 The successful delivery of the gene into the cells can be accomplished by transfer-
ring the gene to the surface of the cells, crossing the gene over the plasma mem-
brane into the cytoplasm, and transporting it from cytoplasm to nucleus without 
any degradation. Viral vectors, and physical and chemical methods are used to 
overcome these hurdles  [16] . The fi rst nonviral DNA introduction to mammalian 
cells started with the study of Graham and van der Eb in 1973. They showed that 
transfer of DNA can be provided with calcium phosphate into mammalian cells 
 [2] . Calcium phosphate transfection is now one of the most widely used techniques 
along with electroporation, lipofection, and cationic polymer transfection. These 
chemical methods are preferred in industrial applications since they are easy, reli-
able, and effi cient for transient and stable transfection  [2, 16] . 

 In order to achieve the protein expression, DNA should be cloned into a suitable 
vector that has a promoter and polyadenylation signal. The common promoters in 
mammalian cell expression systems are mammalian  elongation factor 1 α   ( EF - 1 α  ), 
human  cytomegalovirus  ( CMV ),  simian virus 40  ( SV40 ), and  Rous sarcoma virus  
( RSV )  [17] . Transient transfection studies examine the protein expression level on 
the day following the transfection. This can provide evidence that the transfection 
procedure was successful in inserting the DNA into the cells. The mammalian 
expression vectors also include selectable markers such as neomycin, puromycin, 
and hygromycin, and these vectors are commonly available from commercial 
vendors. The transfected cells can be stably identifi ed by selection of cells that are 
resistant to these antibiotics. In 2 weeks, the transfected cells can be isolated to 
form stable pools  [18] . The stable pools can be also formed by pressure - induced 
gene amplifi cation. Instead of using antibiotic resistances paired to the recom-
binant protein, a system using  dihydrofolate reductase  ( DHFR ) and  glutamine 
synthetase  ( GS ) genes is used. Media with  methotrexate  ( MTX ) and  methionine 
sulfoximide  ( MSX ), which are inhibitors of DHFR and GS, put selective pressure 
on cells. To survive, the cells must amplify the DHFR and GS, genes, which thus 
enhances the expression of the recombinant protein and increases productivity  [2] . 
There are many other ways to improve gene amplifi cation and expression  [19] . 
These methods all provide the selection of the transfected cells to form a highly 
expressive stable pool. A number of different case studies are summarized in Table 
 5.1 . The following is an example for high transfection effi ciency with cationic 
liposome for membrane proteins.   

   5.2.2.1    High Transfection Effi ciency in Adherent Cell Cultures 
with Cationic Liposome 
 High transfection effi ciency is very important for the expression of membrane 
proteins since they are often diffi cult to express. One of the cationic liposomes 
that provide high transfection effi ciency and high membrane expression is the 
Lipofectamine ™  2000 reagent from Invitrogen. Transfection can be done in 
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six - well plates and does not require large amounts of this expensive reagent. The 
general process of transfection and selection is shown in Figure  5.2 .

   Day 1     The cells should be seeded with 2   ml growth media in each well 1 day 
before the transfection to provide the 80 – 85% confl uency needed for the 
transfection.    

  Day 2     For each well, prepare 2    μ g DNA in 250    μ l of reduced serum medium 
OPTI - MEM  ®   I from Invitrogen or in growth media without serum and 
prepare 10    μ l Lipofectamine 2000 Reagent in 250    μ l of OPTI - MEM I or in 
serum - free growth media. Let them sit for 5 min. Combine the tubes very 
gently after 5 min and let them sit for 30 min. Change the media of the 
six - well plates from the growth media to 2   ml of OPTI - MEM I media, and 
then add the 500    μ l DNA and lipofectamine mixture onto the cells very 
carefully from the edge. After 5 – 7 h, remove the OPTI - MEM I media and 
put growth media into the wells. Keep the plates in an incubator at 37    ° C 
containing 4 – 6% CO 2  for 24 h.  

  Day 3     The cells will be transiently transfected and they will be ready for stable 
transfection or to be assayed. For membrane proteins, special assays or 
Western blot analysis can be done for the fi rst check of protein expression. 
The cells that should be stably transfected should be passed onto a 10 - cm 
plate.  

  Day 4     Add the proper antibiotic for the selection of the transfected gene. The 
media should be changed every 3 – 4 days over the course of 15 days. After 
15 days, the stable pools will be ready.    

     Figure 5.2     Transfection of gene of interest into mammalian cells and clonal selection.  

DNA +
OPTI-MEM

OPTI-MEM +
Lipofectamine 2000

Allow to sit for 5 minutes

Mix

Allow to sit for 30 minutes 6 Well-Plates

Mammalian Cells

Clonal Cells

Selection
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 Stable pools consist of individual cell clones with different protein expression 
levels. Due to the nature of the random integration of the gene into one or more 
different sites on the chromosomes, thousands of different individual cell variants 
will be obtained, each with different expression levels and potentially other differ-
ent traits such as growth rate or level of antibiotic resistance. The most tedious 
and time - consuming step in the transfection process is identifying the highest 
expressing cell line. The traditional method used to select the most promising 
expressing cell clone is to screen hundreds of cells. After estimating the necessary 
dilution, the cells can be divided into 96 - well plates, each well having only one cell 
or the cells can be seeded very dilute in the 10 - cm plates, and then the grown colo-
nies can be picked and passed into one well of high - throughput plates. Then each 
well can be scaled - up for screening  [39, 40] . In addition to the dilution method, 
sterile cloning rings can be used to isolate single cell line. 

 In the industrial setting, less labor - intensive techniques such as high - throughput 
automated selection systems and cell - sorting methods including fl ow cytometry 
approaches are often used. One of the most common ways to check the expression 
level of the cells is through the use of Western blot analysis, but fl ow cytometry 
is also possible. If a fl uorescently conjugated antibody is bound to the membrane 
protein, then the cells can be scanned and sorted based on fl orescence intensity 
using a fl ow cytometer or immunofl uorescent microscope. If the membrane 
protein has been fused with a fl uorescent marker such as GFP, immunofl uores-
cence can be used to examine both the location and expression of membrane 
proteins. Activity assays can also be used to evaluate the functionality of the recep-
tor or transport channel. Due to the advances in techniques developed for secreted 
proteins such as monoclonal antibodies, mammalian systems are widely available 
and convenient for gene delivery and membrane protein expression. After check-
ing the expression levels of the stable cell lines, the cells are also often screened 
for growth rate. The most robust cell lines in terms of high expression and effi cient 
cell growth are then adapted to the suspension media for the scale - up.   

   5.2.3 
Post - Translational Modifi cations in Mammalian Systems 

 One of the main advantages of mammalian cell culture for membrane protein 
production is its ability to perform numerous complex post - translational modifi ca-
tions. These post - translational modifi cations include glycosylation, lipid addition, 
phosphorylation, carboxylation, disulfi de bond formation, amidation, and meth-
ylation that are sometimes either essential or helpful for membrane protein 
processing in the secretory compartment and functioning on the cell surface. The 
enzyme systems of the widely used cells and their modifi cations are shown in 
Table  5.2 . It should be emphasized that even if a cell is capable of performing a 
post - translational modifi cation, the effi ciency or the process may be different in 
different organisms.   

 Glycosylation is a particularly complex modifi cation that can often be important 
for folding and proper processing. Although all eukaryotes are able to perform 
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glycosylation, the glycan moieties differ in each of them. Indeed, glycosylation 
processing in mammalian cells is very different compared to yeast and insect cells, 
and most bacteria are incapable of adding glycans to proteins  [41 – 43] . The pres-
ence of   N  - acetylglucosamine  ( GlcNac ) and mannose residues on  N  - glycan attach-
ments is common in many cell types, but further modifi cations depend on the 
enzyme systems of the cells. For example, many yeast strains add numerous 
mannose residues to the sugar core for hypermannosylation. Alternatively, insect 
cells often generate paucimannose - type glycosylation with one to three mannose 
residues. In contrast, the presence other modifying enzymes such as sialyltrans-
ferase and galactosyltransferase in mammalian cells allows these membrane pro-
teins to be further modifi ed and function properly in cases where those sugars are 
required either for function or enhanced  in vivo  circulatory half - life  [44] . 

   5.2.3.1    Glycosylation 
 Mammalian cell proteins may be modifi ed by glycosylation of an asparagine ( N  -
 linked glycosylation) and/or serine/threonine ( O  - linked glycosylation). The glycan 
group that is linked to asparagine or serine/threonine in mammalian cells typically 
includes a number of monosaccharide residues in human glycans including 
GlcNAc, mannose, glucose, fucose, galactose,   N  - acetylgalactosamine  ( GalNAc ), 
  N  - acetylneuraminic acid  ( NANA or Neu5Ac ), and   N  - glycolylneuraminic acid  
( NGNA ). Each of these monosaccharides has different pharmacological roles on 
the glycan structures. Studies have shown that glycosylation can be controlled at 
some extent in mammalian cells by overexpression or deletion of certain genes. 
Limiting the level of glycosylation can sometimes be advantageous for structural 
analysis since consistent glycan patterns can sometimes be helpful in subsequent 
crystallization steps. Indeed, CHO  lec  mutants and an HEK cell line with deletions 
in genes that result in limited glycosylation are available  [45, 46] . These cell lines 
can also be used for changing the glycosylation pattern on therapeutic proteins. 
For example,  [47]  engineered CHO cell lines and utilized Lec13, a fucosylation -
 defi cient cell line, in order to produce nonfucosylated therapeutics. CHO, HEK, 
human retinal (PERC.6), mouse myeloma (NS0), and BHK cells are the cell lines 
often used for generating proteins in commercial applications with glycosylation 
similar to human glycoproteins  [48, 49] . Figure  5.3  shows the typical glycan 
processing pattern in mammalian cell lines. However, this glycosylation pathway 

  Table 5.2    Cell types and common post - translational modifi cations in membrane proteins. 

        Glycosylation     Lipidation     Phosphorylation     Proteolytic 
processing  

   Disulfi de bond 
formation  

  Mammalian cells     +      +      +      +      +   
  Insect cells     +      +      +      +      +   
  Yeast cells     +      +      +      +      +   
  Bacterial cells     −      −      +      −      +   
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is very different in the other expression systems because of the absence or pres-
ence of different glycosylating enzymes and substrates that will result in very 
different glycan patterns on membrane proteins.    

   5.2.3.2    Protein Lipidation 
 Lipid addition to proteins is an important post - translational modifi cation that can 
be crucial for protein functioning and localization  [50] . Improper lipidation can 
also cause physiological disorders including cancer or neurological diseases. There 
are many different ways in which the covalent attachment of lipids to proteins 
occurs  [51] . 

 N - terminal, C - terminal, and internal lipidation are the three major types found 
on membrane proteins. Modifi cation of the N - terminal Gly residue with myristic 
acid is called  N  - myristoylation. The acylation of palmitic acid on cysteine residues 
of the N - terminus is  N  - palmitoylation. Internal lipidations occur on the Cys resi-
dues and Ser residues, and these are called  S  - palmitoylation and  O  - palmitoylation, 
respectively. Palmitoylation of proteins affect the localization and function of the 
proteins by enhancing the attraction between the protein and the membrane, 
whereas myristoylation has infl uence on the temporary interaction of the protein 
with the membrane. C - terminal lipidation can be found within three subgroups. 
Prenyltransferases, farnesyltransferases, and geranylgeranyltransferases are the 
three responsible enzymes that catalyze the lipid additions to the C - terminus. In 
this reaction, the isoprenoid is added to farnesyl or geranylgeranyl fatty acids and 
linked to the Cys residue of the C - terminus. Prenylation has the same role as the 

     Figure 5.3     Glycan - processing in mammalian 
cells. Glc I, glucosidase I; Glc II, glucosidase 
II; Man I,  α  - mannosidase I, Man II, 
 α  - mannosidase II; GnT I,  N  -
 acetylglucosaminyltransferase I; GnT II, 

 N  - acetylglucosaminyltransferase II; GalT, 
galactosyltransferase; FucT C6, core 
 α (1,6) - fucosyltransferase; SiaT, sialyltrans-
ferase  [41] .  
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myristoylation; they both enhance the interaction with the membrane. The other 
type of lipidation that is seen in mammalian cells is the attachment of cholesterol 
to the C - terminus. Cholesterylation provides signaling properties to the protein 
and promotes the effi cient traffi cking of the protein. Addition of cholesterol can 
also affect the extracellular communication of the proteins. For example, the addi-
tion of cholesterol to Sonic Hedgehog provides its long - range signaling property 
and makes it one of the important proteins that govern tissue development. The 
other modifi cation in the C - terminus is  glycosylphosphatidylinositol  ( GPI ) anchor 
addition. The GPI biosynthesis and the GPI addition to the protein occur in the 
 endoplasmic reticulum  ( ER ) by GPI transamidase. The GPI anchor has roles both 
in lateral movement and extracellular communication of the proteins  [50 – 54] . 

 Some proteins ’  activity and some protein – protein interactions are highly depend-
ent on lipidation because the hydrophobic nature of these lipids can sometimes 
be important. While all of the lipid modifi cations can be observed in mammalian 
cells, some of them are lacking in other cell types. For instance, cholesterylation 
is specifi c to mammalian cells, and cholesterol is different from the other lipids 
in terms of size and hydrophobicity. Some proteins may need to undergo choles-
terylation and thus their expression would not be appropriate in any system other 
than mammalian systems. Other cells often have different types of sterol; for 
example, yeasts have ergosterol and plants have sitosterol instead of cholesterol 
 [53] . Furthermore, GPI anchors are composed of different oligosaccharides and 
different phospholipids in yeast, protozoa, and mammals, which means that the 
GPI - anchored proteins will vary widely from cell line to cell line. Indeed, a wide 
variety of oligosaccharides and phospholipids have been observed in GPI struc-
tures in mammalian cells  [52] . 

 Many other post - translational modifi cations such as phosphorylation, alkylation, 
acetylation, deamidation, ubiquitination, and formation of disulfi de bridges, all 
observed in mammalian systems, may be what make mammalian systems prefer-
able for membrane protein expression.    

   5.3 
Case Studies 

   5.3.1 
Increasing Membrane Protein Expression by Virus Vectors 

 Unfortunately, conventional transfection systems sometimes do not meet expecta-
tions in some cell lines in terms of expression levels for membrane proteins. 
Although transiently transfected cell lines sometimes show higher expression, the 
expression level can often decrease in stable pools and when they are scaled - up to 
suspension cultures. Alternatively, increased membrane protein expression is 
sometimes observed when viral vectors are used in mammalian systems. The two 
major concerns with viral gene transfer are the potential biosafety risks and the 
potential that overexpression can lead to improperly or incompletely processed 
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target membrane proteins. Alphaviruses such as  Venezuelan equine encephalitis 
virus  ( VEEV ),  Sindbus virus  ( SV ), and  Semliki Forest virus  ( SFV ) are simple 
single - stranded RNA viruses used for gene delivery to mammalian systems  [6] . 
The replication - defi cient SFV gene delivery system was fi rst developed in 1991 
and increased expression of the transferrin receptor in BHK cells was the 
fi rst proof that this system could be used to improve membrane protein production 
 [3, 55] . 

 Since 1991, numerous recombinant integral membrane proteins have been 
expressed in a variety of mammalian host cells through the SFV system without 
the generation of virus progeny  [6] . Increased  G - protein - coupled receptor  ( GPCR ) 
and ion channel expression have been achieved using the SFV vector system. Eifl er 
 et al.   [3]  evaluated the expression levels of three types of membrane proteins  –  
receptors, channels, and receptor channels  –  in three different expression systems 
 –  yeast, baculovirus/insect cells, and SFV/mammalian cells. Their study found 
that the SFV system achieved the best expression results for numerous membrane 
proteins in various mammalian cell lines  [3] . However, this study also showed that 
some proteins can be severely degraded in either the SFV system or the baculovi-
rus system. This example shows that although mammalian cells are similar to the 
native environment, the inclusion of a viral vector can sometimes lead to undesir-
able issues involving protein stability and processing. 

 GPCRs are important to the pharmaceutical industry, representing the target of 
numerous drug development projects; however, because of their transmembrane 
structure, it is hard to express and solubilize them  [6, 13] . These membrane pro-
teins have been studied in bacterial cells, like  Escherichia coli , with poor results. 
The expression levels were low even when compensating for differences in codon 
bias between the bacterial and human genes  [13] . The receptors that have been 
expressed in large quantities are usually aggregated into inclusion bodies so efforts 
were put forth to increase the proteins ’  stability by modifi cations  [56] . However, 
these modifi cations made them inactive and could alter the structure seen in dif-
fraction analysis. On the other hand, the SFV expression system has provided 
10 -  to 100 - fold higher expression of GPCRs in mammalian systems, and the assays 
proved that the expressed proteins were functional and stable  [6, 57] . The SFV 
system has now been used on over 100 GPCRs in three different mammalian cell 
lines in a study by Hassaine  et al.   [20] . This expression system had yields near 
1   mg/l, which is a level suitable for structural biology applications, for some of the 
GPCRs at the highest expression levels  [20] . Interestingly, some of the GPCRs 
studied had no noticeable expression, others had expression but not at the levels 
of 1   mg/l, and some exhibited expression as high as 1   mg/l. The SFV expression 
system is very useful for structural analysis because functional proteins can be 
produced in high levels by this system. 

 Virus vectors for delivery have also been used on single transmembrane proteins 
 [55] , ion channels  [58] , potassium channels  [59]  and transporter proteins  [60] . The 
functionality of the transfected ion channels can be evaluated by observing the move-
ment of ions such as calcium, Ca 2 +  , after the mammalian cell has been stimulated 
with ATP  [58] . The SFV expression system is also useful in neurobiological studies 
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because of the ability of these vectors to infect the central nervous systems, and 
thus SFV is widely used in primary neuronal cultures for expression and localiza-
tion studies. The infection level in primary neurons is generally as high as 75 – 95%, 
and the patch - clamp experiments for K v 1.1 and K v 1.2 potassium channels show 
high infection rates in mammalian systems  [57] . 

 Baculoviruses have been also used to transfect insect and mammalian cells with 
the genes of interest. For the mammalian systems, the insect cell - specifi c pro-
moter is removed and a mammalian cell - active expression cassette replaced in 
these viruses  [61] . Assays using the baculovirus vector have demonstrated that the 
baculovirus system can be more effi cient in some cell lines than others  [61] . 

 Viral vectors can provide large quantities of protein within a relatively short 
period of time  [62] . The SFV system provides almost 100% transfection effi ciency 
of proteins into mammalian cells and uses very strong promoters for high expres-
sion levels  [5, 6, 55] , but there is a concern over the safety of the fi nal product due 
to the virus component. To minimize the dangers, alphaviruses such as SFV are 
replication - defi cient vectors, which improves the biosafety of the products. Alter-
natively, the baculovirus vector is not infectious to mammals and thus this vector 
transfects rather than infects mammalian cell lines. Finally, viral gene delivery can 
be applicable to the production of membrane and other proteins at large scales. 
Examples exist in which hundreds of milligrams of membrane protein production 
can be achieved in bioreactors by SFV system  [63] .  

   5.3.2 
Anti - apoptosis Engineering for Increasing Membrane Protein Expression 

 One of the biggest problems in the production of proteins in mammalian cells is 
the stress placed on the cell by the use of bioreactors or the expression of a complex 
protein. Nutrient depletion, byproduct accumulation, and hydrodynamic stresses 
 [64]  can trigger the apoptosis pathway. Cells will tend to die in larger quantities 
near the end of the production process when the depletion of nutrients is having 
a greater impact on cell survival. Up to 80% of cell death in a serum - free bioreactor 
can be linked to apoptosis  [64, 65] . Cells in the bioreactor that enter apoptosis will 
reduce the effi ciency of the production process and the amount of proteins pro-
duced will be lowered. Apoptosis releases proteases into the media from lysed cells 
 [66] , which can reduce the quality of the protein product being produced. 

 Apoptosis, distinct from necrosis, is a programmed cell death cascade that is 
triggered by environmental stresses and other insults. Necrosis is a process in 
which chemical or physical injury to cells causes the cells to die through swelling 
and bursting. Apoptosis, in contrast, is a regulated process involving a series of 
cellular events that result in cell suicide. Cells can enter this process either when 
they are no longer needed or when environmental stimuli or other stresses such 
as glucose exhaustion or the overexpression of a complete protein force the cell to 
die. This process can be triggered from signals either inside or outside the cell 
that eventually causes the activation of a family of cysteine/aspartic proteases 
called caspases to be activated. Caspases are proteases that cleave their targeted 
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protein at specifi c aspartic acids and contain a cysteine at their active site  [67] . One 
of the pathways to apoptosis is through the mitochondria, which releases cyto-
chrome  c  responsible for initiating the apoptosis cascade and the activation of 
proteases. Another cascade involves the binding of ligands to a death receptor on 
the surface of the cells, leading to apoptosis. Another potential cell death pathway 
may begin in the ER, but this pathway is not as well characterized. The caspase 
cascade is irreversible after a certain critical point and self - amplifying. There are 
eight members of the caspase family that are involved in apoptotic cell death: 
caspase - 2,  - 3,  - 6,  - 7,  - 8,  - 9,  - 10, and  - 12  [1] . Caspase - 8 and  - 9 are upstream initiator 
caspases, while caspase - 3,  - 6, and  - 7 are downstream initiator caspases  [66] . 
Caspase - 3 plays a key role in the cell ’ s commitment  [1]  to the irreversible apoptosis 
path way. 

 The  permeability transition pore  ( PTP ) of the mitochondria is regulated by the 
apoptotic signaling proteins. The formation of this pore allows cytochrome  c  to 
exit the mitochondria into the cytosol and start the caspase cascade. Anti - apoptosis 
proteins prevent the apoptosis pathway by inhibiting the activation of pro - 
apoptosis proteins and hinder the movement of cytochrome  c  to the cytosol from 
the mitochondria (see Figure  5.4 )  [64] . Pro - apoptosis proteins activate the release 
of cytochrome  c  by activating the formation of the PTP. Apoptosis can also be 
caused by stress to the ER from sources such as the unfolded protein response or 
improper protein folding and processing. The ER can cause changes in the 
cytosolic calcium levels that will signal the need for the cell to enter apoptosis. 
Another pathway to apoptosis is receptor - mediated, but this is unlikely to cause 
much apoptosis in cell cultures  [64] . This pathway involves a death ligand, such 
as Fas or tumor necrosis factor, interacting with a death receptor. This will trigger 
internal signaling that will start the caspase cascade.   

 Anti - apoptosis engineering is a method for altering the apoptosis pathway either 
by increasing the expression of anti - apoptosis genes or proteins or by inhibiting 
expression or activity of a pro -  apoptotic gene or protein  [64] . By using anti - apoptosis 
engineering in the production process, the amount of recombinant protein pro-
duced can be increased and the cells will have increased cell viability. A number 
of different methods have been used for anti - apoptosis engineering by preventing 
the signaling pathway from being triggered through chemicals or other alterations 
to the extracellular environment and by using cell engineering to target compo-
nents of the signaling pathway to alter their function. Extracellular alterations can 
include supplementation of growth factors, hydrolysates, and nutrients  [64, 68, 69]  
to the media. These additions can reduce apoptosis in bioreactors by reducing the 
stress caused by nutrient depletion or byproduct accumulation. The inhibition of 
apoptosis proteins, including caspases, has been targeted using chemical reagents 
as a way to prevent the apoptosis signaling pathway from being initiated. Alterna-
tively, expression of genes can be used to inhibit the apoptosis pathway and 
increase protein production  [11, 70 – 72] . The Bcl - 2 family of proteins contains both 
anti -  (Bcl - x L  and Bcl - 2) and pro - apoptosis (Bax, Bad, Bak, and Bim) proteins  [64] . 
Bad functions by inhibiting the activity of Bcl - x L  and Bcl - 2. The other proapoptotic 
members help the mitochondria to release cytochrome  c . In one case, Bcl - x L  has 
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shown a better capability to protect cells from death compared to Bcl - 2 in batch 
bioreactors under similar conditions  [10] . Alternatively, viral inhibitors of apopto-
sis such as E1B - 19K can be used instead of Bcl - 2 inhibitors  [72 – 74] . 

 Anti - apoptosis engineering can attempt to reduce apoptosis in cell cultures by 
either increasing the expression of the anti - apoptosis proteins or reducing the 
expression of the pro - apoptosis proteins. Mammalian cell lines that have increased 
expression of either Bcl - 2 or Bcl - x L  or viral anti - apoptosis genes have shown 
increases in production of recombinant proteins. The increase in protein produc-
tion from Bcl - 2 is due to the increase in cell viability, not an increase in specifi c 
productivity, at least in one case  [10] . In this study by Meents  et al. , Bcl - x L  showed 
a 2 - fold higher increase in protein production than cell lines with Bcl - 2. The use 
of non - Bcl - 2 anti - apoptosis proteins such as Aven and E1B - 19K has been used to 
increase the survival of cells in suspension cultures. The reduction in apoptosis 

     Figure 5.4     Pathways to apoptosis. The 
receptor - mediated pathway is triggered when 
a death ligand binds to a death receptor. The 
receptor sends an internal cellular signal to 
caspase - 8 to trigger the caspase cascade. The 
intrinsic pathway can be triggered by the 
stresses felt by the cell during bioreactor 
growth. These stresses can activate the 
pro - apoptotic proteins such as Bad and Bim. 

These proteins will cause the PTP to form 
allowing the release of cytochrome  c  from 
the mitochondria. The cytochrome  c  activates 
the caspase cascade committing the cell to 
apoptosis. The anti - apoptosis proteins can 
prevent the release of cytochrome  c  by 
inhibiting the function of the pro - apoptosis 
proteins.  
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can be seen by a decrease in caspase - 3 activation  [72] . In addition, these genes 
have been used to enhance production of monoclonal antibodies from CHO cells 
expressing both the target proteins and the anti - apoptosis genes  [73, 74] . 

 These anti - apoptosis genes also have the potential to improve production of 
membrane proteins. Indeed, O ’ Connor  et al.   [11]  overexpressed the anti - apoptosis 
protein Bcl - x L  in concert with a  receptor tyrosine kinase  ( RTK ) membrane protein 
in CHO cells. RTKs are single - pass transmembrane proteins with cytoplasmic 
tyrosine kinase domains and extracellular ligand - binding domains  [75] . CHO cells 
are widely used for protein production because they give high yields of secreted 
proteins, grow rapidly, can be easily adapted to the suspension conditions in a 
bioreactor, have defi ned media, and are safe for use in humans  [1] . However, in 
some cases, expression of membrane proteins with CHO cells can be lower than 
from HEK cells. 

 In the O ’ Connor  et al.   [11]  study, the specifi c RTK protein, ErbB2, was trans-
fected into CHO cells both with and without the anti - apoptotic Bcl - x L  gene. Tran-
sient transfection Western blot analysis showed higher expression of ErbB2 in the 
anti - apoptosis CHO cell line compared to the CHO cell line without the gene. 
Expression levels in stable pools were detected by comparing the two cell lines in 
Western blots and fl ow cytometry experiments. The cells without the Bcl - x L  gene 
had decreased expression after several passages, but the cells containing the antia-
poptosis gene had sustained expression over 33 days  [11] . This method of increas-
ing expression did not cause a change in the localization of the RTK protein that 
could alter its functionality. Finally, this effect of improved membrane protein 
production with overexpressed Bcl - x L  was seen in both pools of CHO cells and in 
CHO cell clonal isolates. Indeed, the researchers were unable to obtain any clones 
with signifi cant detectable expression of the RTK in the CHO wild - type cells, but 
were able to obtain a number of clones with detectable RTK expression in the CHO 
Bcl - x L  cell lines. This anti - apoptotic engineering method may be extremely useful 
to improve the expression of other membrane proteins in CHO cell lines. The 
method by which an anti - apoptosis protein improves membrane production is not 
clear, however. Anti - apoptosis engineering may help protect the cells from apop-
tosis caused from the unfolded protein response  [42, 76] . The unfolded protein 
response can occur when the overexpression of membrane proteins is suffi cient 
to cause accumulation in the ER  [77] . 

 Another approach to anti - apoptosis engineering is to limit caspase activity, 
thereby preventing the caspase cascade from being activated. The advantage of 
engineering the caspase pathway is that this approach can protect the cells from 
both the intrinsic mitochondrial pathway to apoptosis and from the receptor -
 mediated pathway. The disadvantage of using this approach is that caspases are 
activated later in the apoptosis pathway and it will be more diffi cult to slow the 
cascade at this point. There are chemical inhibitors targeted to specifi c caspases, 
but adding these to bioreactors used for protein production can add to the already 
high cost associated with mammalian cell culture. Alternatively, genes that inhibit 
caspase activity can also be expressed in mammalian cell lines to limit apoptosis. 
Candidates include the  inhibitor of apoptosis protein  ( IAP ) family and its variants, 
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p35 from  Autographa californica  nuclear polyhedrosis virus, and  cytokine response 
modifi er A  ( CrmA )  [66, 78, 79] . Each of the inhibitors affects the apoptosis cascade in 
a different way because of the different caspases targeted. Therefore, the apoptosis 
insult that the cell will be protected from depends on the caspase inhibitor used. 

 Anti - apoptosis engineering and viral vector methods may potentially be com-
bined to increase the viability of mammalian cells. One of the limitations of the 
viral vector method described above is that the infection by the virus can lead to 
cell death and in some cases the death may be potentially apoptotic. A way to limit 
the cell ’ s death is to overexpress some of the anti - apoptosis genes. Indeed, in one 
study, Mastrangelo  et al.   [62]  overexpressed Bcl - 2 and Bcl - x L  in order to enhance 
cell viability and production of recombinant proteins for cells infected with the 
SFV viral vectors  [62] .This can be advantageous to the production process since 
inhibiting apoptosis can be used to extend the production stage following viral 
infection and perhaps improve yields of membrane protein targets. One limitation 
with anti - apoptosis engineering is that the increased production effects may vary 
in different cell lines or different conditions. Therefore, researchers must check 
initially to see if this method is helpful in the particular cell line considered.  

   5.3.3 
Increasing Membrane Protein Expression by Chaperones 

 Aggregation, misfolding, and poor traffi cking are some of the general problems 
encountered with the recombinant expression of membrane proteins, especially 
when they are overexpressed. The potential exists to limit this problem by increas-
ing the folding and processing capacity of the host cells. Chaperones have the 
ability to increase the solubility of the proteins and to provide the folding or refold-
ing of the proteins. For this reason, different chaperones have been coexpressed 
with various numbers of membrane proteins to promote the overexpression in 
different host cells  [80, 81] . 

 Ion channels are a very important group of proteins since they are widely pro-
duced in the brain, and they have signifi cant roles in central and peripheral 
nervous system diseases such as Alzheimer ’ s and Parkinson ’ s diseases. Although 
mammalian cells are a potentially useful host for these proteins, their overexpres-
sion has always been problematic. Chaperones are known as the regulators of 
channel proteins and they have been used to increase the expression of them in 
mammalian cells. For instance, expression of  α  7   nicotinic acetylcholine receptor  
( nAChR ) protein has been attempted in different mammalian cell lines, but unfor-
tunately functional expression has not been achieved. When this protein was 
coexpressed with the  resistant to inhibitors of cholinesterase  ( Ric ) - 3 transmem-
brane chaperone, high protein expression of  α  7  and  α  8  nAChR was detected by 
Western blot  [82 – 87] . Although the exact mechanism of interaction between Ric - 3 
and nAChRs is not known, it can be predicted from the experiments that Ric - 3 
has a specifi c chaperone activity towards nAChRs promoting the proper folding 
and assembly of nAChRs  [82, 84, 87] . 
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 Furthermore, incubation of the mammalian cells with chemical chaperones 
may increase the proteins ’  expression. Na v 1.8 is a voltage - gated channel expressed 
from the dorsal root ganglion neurons and is important for the sensory nerve 
fi bers. TsA201 (HEK - 293 variant) cells were transfected with different sodium 
channels, but unfortunately the detected Na v 1.8 expression was very low. When 
the cells transfected with Na v 1.8 channel were incubated with lidocaine, the 
surface expression of the channel was dramatically increased. Lidocaine, a local 
anesthetic drug that provides loss of nociception, appears to be a chemical chap-
erone of Na v 1.8 expression. Lidocaine prevented the trapping of this membrane 
protein in the ER and provided high expression by demonstrating its chaperone 
activity  [88] .  

   5.3.4 
Membrane Protein Expression in Cancer Cell Lines 

 Membrane proteins, such as those in the ErbB (epidermal growth factor recep-
tors) family, have been targets of anticancer therapy studies. Cancer cells can 
overexpress their ErbB proteins that lead to the uncontrolled tumor growth  [89] . 
The four receptors that comprise the ErbB family have varying specifi city for 
ligand binding  [90] . The ErbB2 receptor tyrosine kinase is overexpressed in 
25% of breast cancer cells  [89] . The mechanisms that cause the ErbB receptors 
to infl uence the malignant cellular processes of cancer have only recently become 
understood  [12] . Cancer therapy has been developed against the overexpression 
of these receptors. The anti - cancer therapy can consist of either antibodies against 
the ligand - binding domain of the receptor or small molecules that limit kinase 
activity  [90] . However, there has been a cardiac side - effect in some of these 
treatments that has limited its use due to the nonspecifi c cytotoxicity. It is unclear 
how the signaling pathway can cause cardiotoxic effects  [89] . The issues with 
unintended side - effects illustrate the importance of continued research on mem-
brane protein expression. Other RTKs can also have an impact on cancer 
progression. These RTK effects can be dependent on cell adhesion and activation 
of the epidermal growth factor receptors  [91] . The phosphorylation of epidermal 
growth factor receptors is increased in attached cells versus cells grown in 
suspension. 

 Membrane proteins have been candidates for biomarker studies as well as 
targets for biotherapeutics due to the increased expression of these proteins in 
cancer cells. Cancer cell lines have been useful tools for studying these membrane 
protein targets. They are easy to culture since they can be grown in a similar 
manner to other mammalian cell lines. Different cancer cell lines will have dif-
ferent molecular properties such as the proteins expressed, the level of expression, 
and degrees of resistance to anticancer agents  [92] . Probes, such as aptamers or 
antibodies, can be used to distinguish between these differences and assist in 
the purifi cation of the desired membrane protein from the cancer cells  [93] ). The 
fi rst step in developing a probe is to determine which membrane protein can be 
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used as a potential biomarker. This requires comparing the cancer cell line of 
interest to noncancerous cells and other cancer cell lines, and evaluating the 
differences in membrane protein expression levels. Once the potential target 
has been identifi ed, the probe has to be developed so that it will have specifi c 
binding to the protein of interest. Testing for specifi city of the probe can be done 
by using immunofl uorescence or fl ow cytometry and comparing the cancer 
cell line and a control cell line  [93] . Once developed, the probes can be used to 
isolate either the protein from the cells or the cells with the protein from a 
mixture of cells. 

 Cancer cells can be transfected with membrane proteins to test for the effect of 
expression on the cells. For example,  [94]  examined the effect of a bound  insulin -
 like growth factor - binding protein  ( IGFBP ) - 3, on the associated receptors ’  function 
in Ishikawa endometrial cancer cells. These cells naturally have between 15 -  and 
20 - fold more binding protein than the receptor  [94] . Increasing the number of 
receptors on the cells through transfection allows functional assays to be com-
pleted more easily. Functional experiments can help illuminate the membrane 
proteins that may be responsible for some of the characteristics of cancer cells. 
The overexpression of some membrane proteins can lead to drug resistance of 
specifi c cancer cell lines  [92] . Therefore, biotherapies that decrease the expression 
of these proteins may assist in increasing the effi ciency of drug treatments. Alter-
natively, cancer cells in some cases may represent alternative systems to be con-
sidered for the overexpression of select membrane proteins that they produce as 
a result of their natural evolution or that can be transfected into the cells for high 
expression as a recombinant target.  

   5.3.5 
Membrane Proteins as Biotherapeutics 

 Membrane proteins help regulate cellular processes necessary for cell survival. 
Abnormalities in membrane protein expression and functionality can affect the 
ability to control these processes and lead to the progression of diseases, including 
neurological disorders and cancer. For this reason, membrane proteins are studied 
as potential drug targets. For instance, blood – brain barrier membrane proteins 
play an important role in the transport and signaling characteristics of the blood –
 brain barrier  [95] . Abnormalities in the functioning of the membrane proteins at 
this location can have an impact on the progression of neurological disorders. 
Understanding how membrane proteins involved in disease progression function 
in healthy individuals can help determine the appropriate targets for drug treat-
ments for those affl icted with the disease. For the therapeutic use of membrane 
proteins, it is necessary to manufacture them in a manner that will create products 
safe for the consumer. In order to increase the biosafety of the production of 
recombinant proteins, it is important to remove the products from animal origin 
such as serum. The undefi ned products from animals found in serum and even 
serum - free media do not meet the stringent regulations. The contaminates that 
may be harmful to the consumers of the product should be reduced in the produc-
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tion process  [96] . Therefore, there is a desire to create animal - free media by sub-
stituting the bovine albumin and other animal byproducts with recombinant 
proteins or chemically defi ned synthetic compounds. Some of these substitutions 
did not give the same level of cell viability due to defi ciencies, such as lower zinc 
levels, in the supplements  [96] . These defi cits require additional supplements to 
supply the missing nutrients. On the other hand, the use of plant - derived hydro-
lyses has been found to allow as much cell growth as media containing serum 
 [68] . The protein hydrolysate can be a cost - effective addition to bioreactor media 
since it has low cost and supplies amino acids and increases cell growth in serum -
 free media  [97] . The hydrolysate addition can serve to increase cell growth and 
viability. 

 Furthermore, mammalian expression systems can be used for tissue engineer-
ing purposes. Immobilization of growth factors may provide a low - cost means to 
stimulate cell proliferation  [98] . The immobilization involves increased stability of 
the growth factors ’  ability to bind to the extracellular portion of the growth factor 
receptors. The differences in degree of immobilization are due to the different 
strengths of the ionic and hydrophobic interactions during their formation  [98] . 
Growth factors that have been immobilized in an oriented manner will lead to a 
stronger and more sustained growth factor receptor autophosyphorylation when 
compared to random immobilization  [99] . The developments in the understanding 
of affi nity of the growth factor family of membrane proteins to their receptors can 
be applied to wound - grafting treatments. Activation of the growth factor receptor 
will signal for the cell to grow and divide, allowing the wound to heal. 

 Membrane proteins have an important role in many cellular processes and an 
impact on diseases when these processes are interrupted. By studying the struc-
ture of membrane proteins it may be possible to determine how they function and 
gain an understanding of the molecular details of the protein ’ s signal transduction 
pathway  [100] . Determining these details of the membrane proteins will help to 
illustrate how they can be used as drug targets.   

   5.4 
Conclusions 

 Mammalian expression systems represent an important host for membrane 
protein production because of established wide applicability to the therapeutic 
protein production processes and because their native intracellular environment 
can be helpful to mammalian protein expression. Furthermore, the capacity of 
mammalian cells to perform complex post - translational modifi cations such as 
glycosylation and lipid addition required for stability and function of some mem-
brane proteins can make them the vehicle of choice for expression of some par-
ticularly complex mammalian membrane proteins. Indeed, many of the most 
relevant post - translational modifi cations critical to protein processing and func-
tion can be performed in mammalian systems, whereas some enzymes for these 
modifi cations are lacking in other organisms such as bacteria or yeast cells. 
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 One of the major pitfalls to using mammalian cells is the high cost associated 
with the production of membrane proteins. Membrane proteins are expressed in 
low amounts within their native environments. The low expression and diffi culties 
in isolating the proteins have made both biophysical and structural studies very 
diffi cult. Therefore, it is desirable to optimize the production process by increasing 
cell viability and protein production. Much future work should be dedicated to 
both lowering the costs of production of mammalian membrane proteins and 
increasing the yields of membrane proteins in mammalian cells. 

 There have been numerous attempts to create systems that will be helpful to 
increase the expression of membrane proteins in mammalian cells. Several of the 
approaches described in this chapter include using viral vectors, transient transfec-
tion, anti - apoptosis genes, chaperones, and using specialized cell lines. Although 
these techniques have been found to increase expression of some membrane 
proteins, the expression is still much lower than that obtained for some other 
secreted proteins. For example, secreted antibodies can reach yields of 10 g/l, while 
the maximum level of the most effi ciently expressed membrane protein remains 
at about 1   mg/l. This illustrates the diffi culties that still exist in expressing and 
studying membrane proteins. Membrane proteins only make up less than 1% of 
the proteins in the Protein Data Bank, illustrating the need to defi ne ways to make 
studying these proteins easier  [101] . In order to study the structures of membrane 
proteins it is essential to design methods that can improve the expression and 
purifi cation of the proteins from the candidate mammalian hosts of choice  [5, 6] . 
There is much work to be done in improving cell lines, expression vectors, and 
culture conditions, but many opportunities exist to make mammalian expression 
more effective and useful for the generation of the numerous membrane targets 
available.  

 Abbreviations 

 BHK     baby hamster kidney 
 CHO     Chinese hamster ovary 
 CMV     cytomegalovirus 
 CrmA     cytokine response modifi er A 
 DHFR     dihydrofolate reductase 
 ECM     extracellular matrix 
 EF - 1 α      elongation factor 1 α  
 ER     endoplasmic reticulum 
 GalNAc      N  - acetylgalactosamine 
 GFP     Green Fluorescent Protein 
 GlcNac      N  - acetylglucosamine 
 GPCR     G - protein - coupled receptor 
 GPI     glycosylphosphatidylinositol 
 GS     glutamine synthetase 
 HEK     human embryonic kidney 
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Membrane Protein Production Using Photosynthetic Bacteria: 
A Practical Guide  
  Philip D.     Laible  ,     Donna L.     Mielke  , and     Deborah K.     Hanson       

    6.1 
Introduction 

   6.1.1 
The Membrane Protein Problem 

 The cell membrane serves as the interface between an organism and its environ-
ment, and internal membranes in eukaryotes separate functional compartments 
within cells. Proteins inserted in these membranes carry out many essential bio-
logical processes, including uptake of nutrients, excretion of wastes, signal trans-
duction, and response to external stimuli. In addition, membrane proteins are 
used in elaborate bioenergetic schemes to fuel all normal cellular activities in 
healthy organisms. In this postgenomic era, about 35% of the genes in  any  
genome encode membrane proteins. The fraction of proteins associated with the 
membrane in eukaryotes may be even higher (up to 40%). Notably, membrane 
proteins constitute the majority of drug targets; thus, knowledge of the structures 
of these proteins would contribute greatly to our understanding of biological proc-
esses. Unfortunately, structural information for membrane proteins is exceedingly 
scarce because it is notoriously diffi cult to purify quantities of native material that 
are suffi cient for crystallization attempts. 

 Almost any viable strategy to obtain structural information for membrane pro-
teins  must  rely on heterologous expression to produce enough of the target mem-
brane protein before undertaking purifi cation and crystallization attempts. 
Milligram quantities of pure membrane proteins are needed because the param-
eter space that must be searched in attempts of both purifi cation and crystalliza-
tion is quite large, much larger than the equivalent for a soluble protein. No 
precedent exists for a single  “ magic bullet ”  set of generic conditions (detergents, 
temperatures, incubation time, protein/surfactant ratios, crystallization - inducing 
agents, crystallization methods, etc.) under which membrane proteins can be 
purifi ed in high yield in functional form and crystallized for structure 
determination. 

Production of Membrane Proteins: Strategies for Expression and Isolation, First Edition. 
Edited by Anne Skaja Robinson.
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 Heterologous expression of a candidate protein in  Escherichia coli  offers many 
advantages such as simplicity, low cost, and rapid growth. Eukaryotic protein 
expression systems offer the capability for post - translational modifi cation of 
expressed proteins. Many have been employed successfully, but they are often 
cumbersome and extremely expensive for the preparation of the quantities of 
membrane proteins that are necessary for structure determination experiments. 
Other limitations of both prokaryotic and eukaryotic host organisms include inad-
equate membrane volume for accommodation of heterologously expressed mem-
brane proteins  [1, 2]  and saturation of the secretory machinery for integration of 
the heterologous protein into the membrane  [3] . Thus, overexpression strategies 
often fail, resulting in cell death or precipitation of aggregates of the heterolo-
gously expressed membrane protein as inclusion bodies. 

 The failure of many such expression systems with membrane proteins occurs 
because the space in the cell ’ s membranes is already occupied by its own mem-
brane proteins. Alternatively, several other expression systems that are tailored to 
the expression of membrane proteins are in use or in development  [1, 2, 4 – 13] . A 
theme common to all of them is a proliferation of membranes that can address 
the problem of compartment space for the incorporation of heterologously 
expressed membrane proteins.  

   6.1.2 
Exploiting the Physiology of Photosynthetic Bacteria 

 Photosynthetic bacteria are particularly capable of addressing the membrane 
protein expression problem since they feature an inducible  intracytoplasmic mem-
brane  ( ICM ). Under conditions of light and/or lowered oxygen tension, the mem-
brane surface in the native organism increases many - fold when the ICM is 
elaborated as invaginations of the cytoplasmic membrane (Figure  6.1 ; reviewed in 
 [14] ). Concomitantly, the same environmental cues induce synthesis of the photo-
synthetic apparatus. The new ICM in the native organism functions to sequester 
these complexes that are composed of transmembrane polypeptides and their 

     Figure 6.1     Under certain growth conditions, 
many new ICM vesicles (a; arrows in electron 
micrograph) are induced in  Rhodobacter . This 
newly elaborated membrane houses the 
transmembrane protein – cofactor complexes 
of the photosynthetic unit (shown schemati-
cally in (b), excerpted from its specialized 
membrane environment in (c)). Aerobic 
conditions repress both the induction of this 
new membrane and synthesis of the 
photosynthetic unit (d). Since pigment 
biosysnthesis is regulated similarly, the color 
of the culture indicates that favorable 
conditions have been achieved for either 

induction (e and f) or repression (g) of 
membrane, protein, and pigment biosysnthe-
sis. Maximal induction of these components 
occurs under anaerobic conditions where the 
organism is growing photosynthetically (h). 
The  Rhodobacter  membrane protein 
expression system takes advantages of key 
features of this physiology. The utility 
afforded by our engineered expression strains 
is that they can provide coordinated 
synthesis of foreign membrane proteins with 
synthesis of new membrane into which the 
nascent polypeptides can be incorporated.  
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associated hydrophobic redox and energy transfer cofactors (Figure  6.1 b and c; 
reviewed in  [15] ). Upon cell disruption, the ICM invaginations break apart from 
the host ’ s cytoplasmic membrane becoming sealed  “ inside - out ”  particles that, by 
virtue of their size, are easily isolated with differential centrifugation. Synthesis of 
the ICM and expression of its associated proteins, while coordinated, are not 
obligatorily linked. Mutant strains lacking some or all of the photosynthetic pro-
teins still elaborate the ICM when induced appropriately.   

 We have exploited this inducible ICM of  Rhodobacter sphaeroides  to develop both  in 

vivo  and cell - free systems for the expression of foreign membrane proteins. We have 
employed the cell - based system for the heterologous expression of membrane proteins 
from a variety of prokaryotes, as well as fungi, plants, and mammals. The essential com-
ponents of the  in vivo  system are summarized below and experimental protocols that 
enable adaptation of the  Rhodobacter  membrane protein expression system to the pro-
duction of any target protein in any laboratory setting are described herein.  

   6.1.3 
Expression Strategies 

 As in any  in vivo  expression strategy, the expression system consists of a host strain 
and an expression plasmid. Several hosts are available that carry deletions of genes 
encoding proteins of the photosynthetic apparatus. Likewise, a suite of plasmid 
vectors featuring cloning sites for insertion of foreign genes has been constructed. 
Heterologous expression is driven by a promoter that normally drives expression 
of genes encoding photosynthetic proteins. With any host/vector combination, 
genes encoding membrane proteins of interest can be induced by the environmen-
tal cues that also induce the ICM, and the overexpressed protein products are then 
incorporated into and purifi ed from the ICM. 

   6.1.3.1    Design of the Expression Plasmids 
 Platform vectors (Figure  6.2 ) are based on the  puf  and  puc  operons that encode 
transmembrane components of the native photosynthetic apparatus. They utilize 

     Figure 6.2     The majority of the structural 
genes for the photosynthetic unit in 
 Rhodobacter  are encoded by the  puf  (a) and 
 puc  (b) operons. These operons have been 
utilized in the construction of platform 
vectors for the  Rhodobacter  expression 
system, based on the broad - host - range 
vector pRK404. Here, native genes are 
removed such that foreign genes can be 
inserted and placed under control of the 
oxygen -  and/or light - regulated  puf  (P puf ) or 
 puc  (P puc ) promoters. In vector (c) and (d), 
foreign genes replace genes encoding the 
core light - harvesting antennae (LHI) or 
reaction center L and M genes in the  puf  
operon. In vector (e), foreign genes replace 

genes encoding the peripheral light -
 harvesting antennae (LHII). While vectors (c) 
(pRKPLHT1), (d) (pRKPLHT4), and (e) 
(pRKPLHT7) use ligation - dependent cloning, 
vector (f) (pRKLICHT1) serves as an analog 
of vector (c) to facilitate  ligation - independent 
cloning  ( LIC ). Vectors encode a C - terminal 
heptahistidine tag (HT) that is fused in frame 
to two stop codons ( * ). Restriction sites in 
bold type are unique. A region of stable RNA 
secondary structure (hairpin) dictates the 
stability of the upstream transcript. Foreign 
genes can be inserted via the  Spe I,  Nde I and 
 Bgl II sites in the  multiple cloning site  ( MCS ) 
of vectors (c, d, and e). Vector (f) carries a 
 Pml I site that enables LIC.  
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either ligation - dependent (Figure  6.2 c – e) or ligation - independent (Figure  6.2 f and 
Figure  6.3 a and b) cloning strategies and are designed to fuse an affi nity tag to 
the target gene such that the foreign gene products can be purifi ed effi ciently by 
affi nity chromatography. The platform vectors are based upon broad - host - range 
vector, pRK404  [16] , which is maintained stably  in trans  in  R. sphaeroides  by selec-
tion for tetracycline resistance.   

 The plasmids shown in Figure  6.2  encode C - terminal heptahistidine tags. The 
inventory of expression vectors also includes plasmids that feature both cleavable 
and uncleavable N - terminal polyhistidine tags, as well as extended N -  and 
C - terminal polyhistidine tags (10    ×    His, 13    ×    His) that enable increased availabil-
ity and/or tighter binding of the tag to chromatography resin during purifi cation 



 172  6 Membrane Protein Production Using Photosynthetic Bacteria: A Practical Guide

by immobilized metal - affi nity chromatography. Other platform vectors were 
developed that utilize the 1D4 epitope from bovine rhodopsin as a C - terminal tag 
or incorporate sequences that append an N - terminal signal peptide or membrane 
anchor domain. Expression plasmids are transferred to  R. sphaeroides  via conjuga-
tion from  E. coli  donor S17 - 1  [17] ; its copy number in  Rhodobacter  strains is 4 – 6 
per cell  [18] .  

   6.1.3.2    Design of Expression Hosts 
 Various strains of  R. sphaeroides  differing in the complement of native proteins 
present in their ICM have been evaluated as hosts for heterologous expression of 
membrane proteins. On the assumption that deletion of native ICM proteins could 
yield a strain that could accommodate more heterologously expressed membrane 
protein, engineered strains lack one or more of the three pigment – protein com-
plexes of the photosynthetic apparatus (Figure  6.4 ). Some of these deletions render 
the organism incapable of photosynthetic growth, but  Rhodobacter  is a versatile 
organism that thrives under various growth regimes.    

     Figure 6.3     (a) LIC strategy employed to 
clone target membrane protein genes into 
pRKLICHT1. This vector is designed to fuse a 
C - terminal, seven - membered histidine tag 
(partially shown). The single - stranded 
overhangs are generated by  Pml I digestion 
followed by 3 ′     →    5 ′  exonuclease activity of T4 
DNA polymerase in the presence of dTTP. 
The  “ linker ”  residues between target gene 
and tag are also shown. (b) LIC overhangs 
for amplifi ed target genes compatible for 
insertion into pRKLICHT1 are generated by 

T4 DNA polymerase in the presence of 
excess dATP. The resulting  T  m s of the 
overhangs are suffi cient to allow the 
transformation of competent  E. coli  to 
tetracycline resistance after a brief annealing 
process at room temperature. The single -
 stranded regions depict the LIC overhangs 
that are generated by T4 DNA polymerase 
digestion; underlined bases denote the RBS; 
and in bold - italic are noncomplementary, 
obligate bases that are necessary for 
generation of the LIC overhang.  

a)

b)
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   6.1.3.3    Autoinduction Conditions 
 Protein expression is controlled easily. By manipulating the culture conditions of 
the organism with regard to the induction cues (i.e., oxygen and/or light), expres-
sion of the desired protein is coordinated with the synthesis of the ICM. Depend-
ing upon the host strain employed, cultures can be grown either photosynthetically 
or chemoheterotrophically in the absence of light. In photosynthetic cultures 
(Figure  6.1 h), anaerobiosis and/or light autoinduce the coupled synthesis. Repres-
sion of the  puf  and  puc  promoters can be achieved under aerobic conditions 
(e.g., with rapid shaking of fl asks carrying a relatively small amount of medium; 
Figure  6.1 g) when expression needs to be controlled tightly, as in the case of 
expression of a toxic protein or incorporation of  selenomethionine  ( SeMet ) or 
other labels into induced proteins  [19] . 

 In chemoheterotrophic cultures (dark, 34    ° C, semi - aerobic; Figure  6.1 e and f ) , 
concomitant synthesis of ICM and heterologous protein is autoinduced when the 
oxygen tension lowers as the cell density increases. No adjustment of culture 

     Figure 6.4     (a) Several strains of  R. 
sphaeroides  that differ in the complement of 
native proteins present in the ICM have been 
evaluated. These strains were either acquired 
or constructed to test whether more foreign 
membrane protein might be incorporated 
into a partially depleted ICM. They range 

from a true wild - type (ATCC 17023) to an 
engineered strain deleted for the three 
pigment - protein complexes of the bacterial 
photosynthetic unit ( Δ  Δ 11). The latter host 
strain is used most extensively in the 
production version of the  Rhodobacter  
membrane protein expression system (b).  

a)

b)
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conditions by the user is required. Protein expression is observed in early log -
 phase cultures and    –    for the majority of target proteins    –    reaches a maximum in 
late log - phase cultures when oxygen becomes limiting. At this point, cultures will 
have become highly pigmented as pigment biosynthesis is induced by the same 
cues (Figure  6.1 e and f ) .   

   6.1.4 
Summary of Success Stories 

 Through extensive testing with foreign genes, the best yields of heterologous 
expression were obtained with plasmid pRKPLHT1 (Figure  6.2 c) where foreign 
genes were inserted in the  puf  operon in place of the structural genes for LHI. 
Synthesis of the foreign protein is directed by the oxygen/light - sensitive  puf  pro-
moter. The analysis has shown clearly that the highest heterologous expression 
was observed when a host strain with a modifi ed ICM (Figure  6.4 b) was employed. 
This host is devoid of the large number of native complexes of the photosynthetic 
apparatus that normally fi lled this membrane space. 

 In an initial case study, genes representing the entire  E. coli  membrane pro-
teome (1030 members, 444 unique representatives chosen) were selected for 
cloning and expression studies. The majority of these targets were unannotated 
or  “ hypothetical ”  membrane proteins. Analysis of more than 400 of the expres-
sion strains has shown that approximately 60% of the  E. coli  membrane proteins 
were expressed in  R. sphaeroides  at levels that exceed 1   mg/l. Proteins that were 
expressed at or above this threshold level encompassed a wide range of size 
(14 – 86   kDa), isoelectric points (5.9 – 11.9), and transmembrane spans (1 – 14). Sub-
cellular fractionation revealed that these expressed  E. coli  membrane proteins 
were localized within the  Rhodobacter  ICM, and many could be purifi ed to yields 
of more than 10   mg/l of culture, rivaling the expression levels of native ICM 
proteins. 

 Subsequently, targets of increasing complexity have been introduced into the 
 Rhodobacter  expression system. This expanded target set included membrane pro-
teins from a variety of functional classes and organisms    –    including eukaryotes. 
Among these targets are  G - protein - coupled receptor s ( GPCR s) and ion channels 
that are of enormous interest in the development of pharmaceuticals and biomi-
metic devices. Success has been achieved in expressing GPCRs in  Rhodobacter , 
including human HIV coreceptors CCR5 and CXCR4.  Rhodobacter  also excels in 
expression of multisubunit complexes, including those requiring protein matura-
tion and attachment of complex cofactors  [5, 6, 10, 20, 21] . 

 Outlined below are the standardized protocols that have been established for 
cloning, expression, and purifi cation of membrane proteins using  R. sphaeroides . 
Details are provided for methods that are specifi c to this prokaryotic host. All 
media and buffer formulations are cataloged in the Appendix.   
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   6.2 
Preparation of Expression Constructs 

 While we realize that many different strategies can be used to perform the DNA 
manipulations that are necessary for the construction of expression plasmids, we 
present here an outline of the protocols that have been successful    –    and, therefore, 
have become standardized    –    in this laboratory. When pertinent, considerations for 
larger - scale experiments or  Rhodobacter  - specifi c considerations are brought to 
attention. 

   6.2.1 
Platform Vector Preparation 

 In order to prepare the platform vectors for ligation - dependent (pRKPLHT1; 
Figure  6.2 c) or ligation - independent (pRKLICHT1; Figure  6.2 f) cloning, the fol-
lowing section outlines steps by which the relatively large vectors are linearized 
and compatible, cohesive ends are generated. The protocols for ligation - dependent 
cloning that use restriction enzymes are outlined separately from the protocols for 
LIC that employ the proofreading exonuclease activity of T4 DNA polymerase. 

   6.2.1.1    Large - Scale Vector Preparation Protocol for Ligation - Dependent Cloning 
 The platform vector, pRKPLHT1, used for ligation - dependent cloning has a simple 
multiple cloning site region with three unique restriction sites ( Spe I,  Nde I, and 
 Bgl II) for target gene insertion (Figure  6.2 c). Routine cloning employs  Spe I and 
 Bgl II, and protocols below are designed and written based on the assumption that 
these restriction endonucleases will be utilized. 

 Set up the following preparative - scale restriction enzyme digestion and allow it 
to incubate at 37    ° C for at least 2   h to ensure complete digestion.

   25    μ l pRKPLHT1 (7.5 – 30    μ g)  
  2.5    μ l  Spe I  
  2.5    μ l  Bgl II  
  8    μ l 10    ×    Promega buffer B  
  42    μ l sterile ddH 2 O  
  For a total volume of 80    μ l    

 Most commercial miniprep kits employ RNase during cell lysis, but RNase should 
be included in this reaction if plasmid DNA is prepared via simple alkaline lysis 
miniprep protocols. 

 When preparing to gel purify the DNA fragments, pour an 0.8% agarose gel 
with wide, preparative - scale lanes. Run the gel for at least 1.5   h at 60   V to help 
determine whether the digestion was complete and to be able to separate linear 
from circular uncut plasmid DNA. Excise the linear fragment. Extract the DNA 
from the excised agarose using a commercially available gel extraction kit. Before 
using the digested vector in an experimental ligation reaction, perform a control 
ligation/transformation experiment to determine the background of colonies in 
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any experimental reaction that result from contamination of the digested vector 
with uncut or singly digested vector. Store the digested vector at 4    ° C (or at  − 80    ° C 
for long - term storage). 

 In the event that large amounts of digested platform vector are desired for the 
cloning of multiple target genes, set up multiple tubes using this protocol to gener-
ate a large supply of digested platform vector. We have found that the conditions 
that work well for small reactions do not scale well to large volumes, thus small 
reactions are preferred to one larger reaction to keep background levels of uncut 
plasmid low.  

   6.2.1.2    Large - Scale Vector Preparation Protocol for  LIC  
 To generate the LIC overhangs, platform vector pRKLICHT1 (Figure  6.2 f) is fi rst 
linearized by digestion with  Pml I and then treated with T4 DNA polymerase in 
the presence of dTTP. The exonuclease activity of the polymerase yields the single -
 stranded overhangs that are shown in red in Figure  6.3 (a). 

  Vector Linearization with   P ml  I      Digest 10    μ l (around 1 – 2    μ g) pRKLICHT1 (1/5 of 
the yield of plasmid DNA from a standard miniprep protocol) with  Pml I in a 70 -  μ l 
reaction volume for 1   h at 37    ° C.  Pml I is an unstable enzyme and retains maximal 
activity when stored at  − 80    ° C in small aliquots. Best results are achieved by adding 
a second aliquot of enzyme half - way through the incubation. Following digestion, 
clean up the reaction with any standard purifi cation kit or method that is suitable 
for plasmids larger than 10   kb.  

  Generation of  LIC  Overhangs     One half of the  Pml I - digested DNA should be 
used in generating the single - stranded overhangs with LIC - qualifi ed T4 DNA 
polymerase.

   pRKLICHT1/ Pml I  
  1    μ l 100   mM dTTP  
  2    μ l 100   mM DTT  
  4    μ l 10    ×    T4 polymerase reaction buffer  
  1 unit T4 DNA polymerase  
  Total volume of 40    μ l    

 Incubate at room temperature for 30   min, then inactivate the polymerase at 75    ° C 
for 20   min. This inactivated mixture can be used directly in annealing reactions or 
it can be cleaned up using a standard purifi cation kit or method that is suitable 
for plasmids larger than 10   kb. 

 Before using the digested vector in an experimental reaction, perform a control 
ligation/transformation experiment to determine the background of colonies 
resulting from contamination of it by undigested vector. Again, since conditions 
that work well for small reactions often do not scale well to large volumes, the best 
results are achieved when multiple small reactions are performed and then com-
bined following enzymatic digestion. Store the digested vector at 4    ° C (long - term 
storage at  − 80    ° C).    
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   6.2.2 
Design of Oligonucleotide Primers for Gene Amplifi cation and Cloning 

 Determine whether the amplicon will be inserted by ligation - dependent cloning 
or LIC methodology. The genomic DNA of  Rhodobacter  is characterized by a high 
GC content (68%), therefore several codons are underutilized  [22] . Therefore, 
another initial consideration is to determine whether there are any codons in the 
fi rst 50 that are extremely rare in  Rhodobacter  (e.g., TTA). If so, one may want to 
consider cloning a paralog or homolog that lacks rare codons. For a higher -
 throughput approach to designing sets of oligonucleotides for the cloning of 
multiple target genes, primer generator tools  [23]  can be used  in lieu  of manual 
design. 

   6.2.2.1    Ligation - Dependent Cloning 
 For ligation - dependent cloning, decide which enzymes will be used to insert the 
gene into the expression vector, choosing those enzymes for which there are no 
sites in the target gene. The  Spe I site in pRKPLHT1 is also compatible with  Xba I 
and  Avr II overhangs. The  Bgl II site in pRKPLHT1 is compatible with  Bam HI and 
 Bcl I. Note that combining the  Bcl I overhang with that of  Bgl II produces an in -
 frame TGA stop codon; this may be desirable if it is preferable to express the target 
protein without the C - terminal polyhistidine tag. 

 Typical 5 ′  -  and 3 ′  - oligonucleotides begin with four to six  “ dummy ”  bases at the 
5 ′  - end of each oligonucleotide to enable effi cient digestion of the amplicon by the 
restriction enzyme. This sequence is followed in the  “ top ”  primer by the restriction 
site sequence and a  ribosome - binding site  ( RBS , for  Rhodobacter     =    GGAGG) 
placed 4 – 12 bases before the start codon; typically, the RBS is placed six bases 
before the start codon. The  “ bottom ”  primer incorporates the sequence for the 
second restriction enzyme site followed by the gene sequence on the complemen-
tary strand. Note that a polyhistidine tag and stop codons are encoded by the 
platform vectors (Figure  6.2 ), thus the native stop codon of the target gene should 
not be included in the amplicon. Oligonucleotides should be designed such that 
they have good GC content at the 3 ′  - ends; at least three contiguous Gs or Cs are 
recommended. 

 Using any standard software, examine the oligonucleotide sequence to deter-
mine the melting temperature of the  complementary  region for use in determining 
annealing temperature for  polymerase chain reaction  ( PCR ) reactions.  T  m s of the 
complementary regions of the primer sets should match within 5    ° C.  

   6.2.2.2     LIC  
 Typical 5 ′  -  and 3 ′  - oligonucleotides for use in LIC of a target gene are shown 
in Figure  6.3 (b). The 5 ′  - end of the top primer begins with the sequence that provides 
a LIC overhang which is complementary to that of the platform vector (Figure 
 6.3 a), followed by the RBS placed 4 – 12 bases before the start codon. The 5 ′  - end of 
the bottom primer begins with the other complementary LIC overhang, followed 
by the gene sequence. Both primers incorporate special noncomplementary bases 
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that are required for proper T4 polymerase processing. Note that a polyhistidine 
tag and stop codons are encoded by the platform vectors, thus the native stop codon 
of the target gene should not be included in the amplicon. Oligonucleotides should 
be designed such that they have good GC content at the 3 ′  - ends; at least three 
contiguous Gs or Cs are recommended. 

 Using any standard software, examine the oligonucleotide sequence to deter-
mine the melting temperature of the  complementary  region and to check for unde-
sirable regions of stable secondary structure.   

   6.2.3 
Target Gene Preparation 

   6.2.3.1     PCR  Amplifi cation of Target Gene 
 Perform a PCR reaction with the designed oligonucleotides to generate an 
amplicon carrying the gene encoding the target protein. Determine the yield of 
amplicon by running 10% of the PCR reaction mixture on an agarose gel. Remove 
salts/enzyme from the remainder of the PCR reaction by using a method or com-
mercial kit of choice. Generate clonable fragments by either of the following 
methods:  

   6.2.3.2    Restriction Enzyme Digestion of  PCR  Amplicon 
 Perform a reaction to digest the amplicon with the enzymes whose restriction 
sites were included in the N - terminal and C - terminal oligonucleotide sequences 
(e.g.,  Spe I,  Xba I, or  Avr II for the 5 ′  - end of the amplicon and  Bgl II,  Bam HI, or 
 Bcl I for the 3 ′  - end of the amplicon). Following the digestion reaction, remove 
enzymes and buffer by using a method or commercial reaction cleanup kit 
of choice.  

   6.2.3.3    Digestion of  PCR  Amplicon to Generate  LIC  Overhangs 
 Set up and perform a reaction to produce single - stranded overhangs (Figure  6.3 b) 
that are complementary to the ones present in the platform vector (Section  6.2.1.2 .). 
Use digestion conditions similar to those used to prepare the LIC platform vector 
(Section  6.2.1.2 ), in this case using dATP with LIC - qualifi ed T4 DNA polymerase 
in the reaction. Remove enzymes and buffer following the digestion reaction by 
using a method or commercial reaction cleanup kit of choice.   

   6.2.4 
Cloning of Digested Amplicons 

   6.2.4.1    Generation of Recombinant Plasmids 
 Recombinant molecules will be constructed by either ligation or annealing of 
LIC overhangs. 

  Ligation of Restriction Enzyme - Digested Amplicon and Platform Vector     Set up a 
reaction to ligate the digested amplicon with the vector prepared according to the 
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protocol in Section  6.2.1.1 . A typical reaction utilizes 1 – 2    μ l (around 50   ng) of the 
prepared vector stock and variable amounts of amplicon, depending on its con-
centration; the typical volume of the ligation reaction is 20    μ l. Ensure that the 
background of colonies obtained following transformation with a control ligation 
of vector with no insert is minimal before using the vector stock for cloning of 
amplicons.  

  Annealing of Complementary  LIC  Platform Vector and Amplicon     Mix the platform 
vector and amplicon to anneal complementary LIC overhangs produced by the 
exonuclease activity of T4 DNA polymerase (Sections  6.2.1.2  and  6.2.3.3 ). Incubate 
the reaction for 5   min at room temperature. A typical reaction utilizes 1 – 2    μ l 
(around 50   ng) of the LIC platform vector and variable amounts of digested ampli-
con, depending on its concentration; the volume of the reaction is typically 20    μ l. 
Again, ensure that the background of colonies obtained following transformation 
with a control reaction using vector with no insert is minimal.   

   6.2.4.2    Transformation of  E. coli  with Ligation or  LIC  Reactions 
 Use 5    μ l of the reaction to transform an  E. coli  strain that is suitable for cloning 
(e.g., DH5 α , XL1 - Blue, etc.) according to any standard protocol, selecting trans-
formants on LB agar containing 15    μ g/ml tetracycline (LB/tet 15 ). Inoculate several 
colonies for overnight growth in 2xTY/tet 15  medium for minipreps to screen for 
successful cloning of the desired insert. The number of colonies to screen is 
determined by knowledge of the background number of colonies obtained in 
transformations of control reactions utilizing vector with no insert.   

   6.2.5 
Screening for Successful Insertion of Target Gene into Platform Vector 

 Enzymes that are conveniently used to screen for cloning of a PCR product into 
either platform vector are  Eco RI and  Cla I. These are unique within both platform 
vectors and fl ank the  Spe I/ Bgl II or LIC sites. In the absence of an insert, digestion 
with these enzymes will produce fragments of 13   116 and 1250   bp. Successful 
cloning of the PCR product will increase the size of the 1250 - bp fragment accord-
ing to the size of the PCR product (in the absence of  Eco RI or  Cla I sites within 
the PCR fragment). The relative positions of these sites are diagramed in Figure 
 6.2 (c) for platform vector pRKPLHT1. It is recommended that the sequence of the 
expression construct be verifi ed by using primers that fl ank the N - terminal ele-
ments and C - terminus of the inserted gene. Oligonucleotides that have yielded 
good - quality sequence data are: N - terminal primer 5 ′  -  GCGGCGGATTAATCG
GG - 3 ′ , whose 3 ′  - end is located 45   bp upstream (5 ′ ) of the  Spe I site in the MCS of 
platform vector pRKPLHT1; and C - terminal primer 5 ′  - TCCCTCTCCGCTTGCA
GT - 3 ′ , whose 3 ′  - end is located 97   bp from the second stop codon following the His 7  
tag of either platform vector.   
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   6.3 
Transfer of Plasmid  DNA  to   R hodobacter  via Conjugal Mating 

  Rhodobacter  is not capable of being transformed with pure, double - stranded DNA 
containing sites for endogenous restriction enzymes. Therefore, the most effi cient 
means for transfer of plasmid DNA to expression hosts is conjugation, whereby 
single - stranded DNA is transferred, thus bypassing the host ’ s restriction system. 
Common  E. coli  strains used as hosts for cloning do not encode components 
necessary for mobilization and transfer of plasmids via conjugal mating. In order 
to enable transfer of the expression vector to  Rhodobacter  hosts, an  E. coli  host 
capable of conjugal mating (e.g., S17 - 1 [Tp r  Sm r   rec A,  thi ,  pro ,  hsd R − M  +  RP4: 
2 - Tc:Mu: Km Tn7]; ATCC 47055) must be utilized. 

   6.3.1 
Transformation of   E . coli   S 17 - 1 

 Prepare competent S17 - 1 cells according to any standard protocol. Transform 
100    μ l competent S17 - 1 with less than 100   ng of expression plasmid DNA accord-
ing to a standard protocol, selecting transformants on LB/tet 15  agar.  

   6.3.2 
Conjugation of   E . coli  with   R . sphaeroides  

 Two days prior to conjugation, inoculate 25   ml of MR26 medium ( +  1    ×    vitamins; 
50 - ml screw - cap Erlenmeyer fl ask) with the recipient strain  Δ  Δ 11 and grow it, with 
shaking at 125   rpm, at 32    ° C. The day before the conjugation, inoculate 3   ml of 
2xTY/tet 15  with the S17 - 1[pXYZ] donor strain; grow overnight at 37    ° C. 

 The morning of the conjugation, dilute the stationary S17 - 1[pXYZ] overnight 
culture 1   :   50 into fresh 2xTY/tet 15  and grow at 37    ° C to early log phase. Prewarm 
a 2xTY plate at 37    ° C; use one plate per conjugation. ( Note : mini Petri dishes work 
well here.) In a sterile microfuge tube, mix 200 – 300    μ l of the  Δ  Δ 11 culture with 
20    μ l of the log - phase S17 - 1[pXYZ] culture and pellet cells in a microfuge. Decant 
the supernatant. Wash the cells two times with 1   ml of 2xTY. To prevent damage 
to pili, mix the cells  gently  by pipetting up and down; do not vortex. After the fi nal 
wash, leave about 50    μ l of supernatant above the pellet. 

 In a sterile hood, place a sterile nitrocellulose fi lter (13 - mm diameter) on the 
surface of the prewarmed 2xTY plate using sterile forceps. Gently resuspend the 
cells in the 50    μ l of remaining medium; fi ltered pipette tips are recommended to 
prevent contamination of one conjugation by another via aerosols. Place the cell 
suspension in one large drop on top of the fi lter and incubate at 37    ° C for around 
2   h. During the incubation period, the liquid will pass through the fi lter and be 
absorbed by the agar, leaving a paste of cells atop the fi lter. 

 At the end of the incubation period, return to the sterile hood and remove the 
fi lter from the plate using sterile forceps. Place it in a sterile snap - cap culture tube 
(e.g., Falcon 2059) with 1   ml of MR26 medium. Vortex to rinse the cell paste from 
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the fi lter. Transfer the suspension to a microfuge tube, pellet the cells, and wash 
twice with 1   ml MR26 medium. Resuspend the fi nal pellet in 1   ml MR26 medium 
and spread onto MR26/vit/tet 0.7  agar (platings of 100 -  and 900 -  μ l aliquots are 
common). Incubate the plates at 32    ° C. 

 After around 3 – 4 days, pigmented colonies (pink/brown/orange) will be visible. 
The S17 - 1 donor strain should not grow on minimal MR26 medium because it 
requires proline. However, this marker reverts with a measurable frequency, so a 
few tan colonies of the revertant S17 - 1 strain will appear. In addition, a virtual 
 “ lawn ”  of the original S17 - 1 strain lies dormant on the MR26 plate and will grow 
easily when transferred to rich medium. To purify the  R. sphaeroides  transconju-
gants from the  E. coli  donor (white/tan or dormant), pick pigmented colonies 
and streak them for single colonies onto YCC/tet 1  agar. Incubate the plates 
at 32    ° C.  R. sphaeroides  transconjugants and contaminating  E. coli  colonies should 
be visible in 1 – 2 days. Repeat as necessary to ensure purity of  R. sphaeroides  
transconjugants. 

 To initiate liquid culture, use a single colony of a pure  R. sphaeroides  transcon-
jugant to inoculate a sterile, plastic, snap - cap culture tube (e.g., Falcon 2058) 
containing 1   ml YCC/tet 1 . Shake at 32    ° C for around 3 days until ready for subcul-
turing and preparation of archival freezer stocks.   

   6.4 
Small - Scale Screening for Expression and Localization of Target Protein 
in   R hodobacter  

 The following protocols (summarized schematically in Figure  6.5 ) describe initial 
experiments to screen for protein expression in small chemoheterotrophic cul-
tures. In these cultures, coordinated synthesis of nascent membrane and target 
membrane protein is autoinduced by decreasing oxygen tension as the cell density 
increases during semi - aerobic culture. The level of oxygenation is determined by 
fl ask size, media volume, shaking speed, and, ultimately, the number of oxygen -
 consuming cells that are present in the culture. While the expression of the major-
ity of target proteins is not highly sensitive to growth phase of the culture, the 
expression levels of some target proteins have been observed to exhibit defi nite 
maxima/minima throughout the culture period. Thus, it is recommended that the 
expression level of the target protein be determined at several different points 
during the maturation of the culture. An example is shown in Figure  6.6 . At the 
extreme, if expression of a particular target proves to peak too early when cell 
density is inferior, alternate induction strategies could be employed. For example, 
culture turbidities could be allowed to increase under conditions that repress 
expression of the target gene (e.g., high oxygen tension), followed by strong induc-
tion once late log phase of the culture has been reached.   

 In initial screening, expression levels and cellular localization of the target 
protein are determined routinely by sodium dodecyl sulfate – polyacrylamide 
gel electrophoresis (  SDS  –   PAGE ) and immunoblotting as neither native 
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photosynthetic proteins nor heterologously expressed membrane proteins are 
always visible in stained gels. This strategy also helps to identify membrane pro-
teins that are characterized by anomalous mobility on SDS gels. In each experi-
ment, signals obtained from cell fractions of expression strains are compared to 
those obtained from a negative control (Figure  6.7 ; expression host carrying an 
 “ empty ”  platform vector) and a positive control (host strain carrying a platform 
vector that expresses a protein at 1   mg/l of culture).   

   6.4.1 
Small - Scale Growth and Preparation of Samples for  SDS  –  PAGE  

   6.4.1.1    Growth and Harvest of Expression Strains 
 Steps in this protocol are diagramed in the fl ow chart shown in Figure  6.5 . Inocu-
late 80   ml of YCC/tet 1  medium in a 125 - ml baffl ed side - arm fl ask (see Figure  6.6 ). 
Incubate at 32 – 34    ° C, shaking at 125   rpm, for 72 – 96   h. 

 Monitor the growth of the culture with regular measurements of turbidity. Side -
 arm fl asks are especially convenient for determinations of culture turbidity with a 

     Figure 6.5     Screening for successful 
 Rhodobacter  expression and ICM insertion 
using 80 - ml cell cultures grown semi -
 aerobically. Whole - cell lysates and membrane 
fractions are extracted and analyzed using 
SDS – PAGE and immunoblotting techniques. 

Overexpressed bands are not always clearly 
visible in Coomassie - stained gels. Therefore, 
immunoblots are used to visualize heterolo-
gously expressed membrane proteins, 
especially those expressed at low levels and 
those with anomalous mobility on gels.  



Klett – Summerson colorimeter, eliminating the need to remove samples of the 
culture for repeated measurements. The equivalent OD 600  may also be used. If 
side - arm fl asks are not used, it is important to note that removal of successive 
aliquots of the culture for turbidity measurements will reduce the 80 - ml culture 
volume signifi cantly. Since media volume is a very important factor in determin-
ing the oxygen tension in shake fl asks, the consequences of repeated sampling 
must be taken into consideration. When the culture reaches the desired turbidity, 
pellet the cells in aliquots of 5 and 75   ml. 

 Discard the supernatant, resuspend and wash the cell pellets with Buffer 1, and 
repellet cells. Following the protocols below for sample preparation for SDS –
 PAGE, the signal obtained for the whole - cell sample (derived from the 5 - ml 
aliquot) will equal the combined signals obtained for the membrane and soluble 
fractions (derived from the 75 - ml aliquot). Process them separately, as follows.  

   6.4.1.2    Preparing Whole - Cell Samples for  SDS  –  PAGE  
 Treat the cell pellet from 5   ml of culture with Sample Quench/Tris - EDTA (  SQ /  TE ) 
 [24] , as follows. 

     Figure 6.6     (a) Small - volume (80 - ml) cultures 
of expression strains of  Rhodobacter  grown 
semi - aerobically are useful for small - scale 
screening to determine expression levels of 
target protein. Side - arm fl asks facilitate 
noninvasive measurement of culture turbidity 
with a Klett – Summerson colorimeter (b). (c) 
Careful examination of the levels of 

expression of some target proteins through-
out various stages of semi - aerobic culture 
suggests that expression levels can peak at 
different stages (GPCR EDG1 shown in this 
immunoblot example). These data, then, 
dictate that harvesting of such autoinduced 
cultures should occur earlier than late log 
phase.  

a) b)

c)
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 Resuspend the cell pellet to homogeneity in 167    μ l 0.1   M Tris, pH 8.5, then add 
167    μ l SQ solution. Vortex for 2   min. Heat at 90    ° C for 10   min. ( Note : heating often 
causes aggregation of membrane proteins, so this step may be omitted in favor of 
incubation at room temperature.) Add 666    μ l TE and vortex 30   s. Heat again at 
90    ° C for 5   min. Further incubation at room temperature is an option if heating is 
not desirable. If necessary to shear remaining DNA, sonicate the solution with a 
microtip. Total sample volume now equals 1   ml. Load 24    μ l per gel lane. If not 
running the gel immediately, store the sample at 4    ° C ( − 80    ° C for long - term 
storage).  

   6.4.1.3    Preparing Membranes and the Soluble Fraction for  SDS  –  PAGE  
 Resuspend the washed cell pellet from 75   ml of culture in 15   ml Buffer 1. Add 300 
units of DNase (Sigma D - 5025; stored as 20 -  μ l aliquots in Buffer 1). Sonicate cells 
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     Figure 6.7     Quantifi cation of heterologous 
expression of membrane in  Rhodobacter . 
With the exception, here, of target APC0821, 
overexpressed proteins are not always clearly 
visible in Coomassie - stained gels (top). 
Immunoblots (bottom) with 
well - characterized controls are employed to 
probe the level of expression of membrane 
proteins from  E. coli  ( “ APC ”  numbers) in 
 Rhodobacter  membranes. Experimental 
membranes from expression strains are 
compared with membranes carrying a tagged 
protein (expressed at 1   mg/l culture;  “  +  ”  
control) and with membranes from a 

recombinant strain lacking a cloned gene 
( “  –  ”  control). Any target protein expressed at 
or above the  “  +  ”  control level is considered a 
target worthy of purifi cation attempts. The 
expression levels of some targets rival those 
of native ICM proteins that can be purifi ed to 
yields of more than 10   mg/l culture. In these 
examples, the target proteins in the left panel 
and the controls were detected with an 
anti - polyhistidine antibody, while the GPCRs 
(CXCR4, CNB1, and EDG1) in the right panel 
were detected with an antibody to an epitope 
tag (1D4 of rhodopsin).  



alternating 5   s on/ 5   s off, for a total of 30   s of sonication time. Lyse cells by passage 
through French press at 18   000   psi. Repeat, if necessary, to increase effi ciency of 
breakage. Pellet cell debris at 16   500    g  for 10   min. Discard the pellet and reserve 
the supernatant. 

 Transfer 1   ml of the supernatant to an ultracentrifuge tube and pellet mem-
branes at 245   000    g  for 90   min. Retain both the pellet and the supernatant. The 
supernatant represents the  “ soluble fraction ”  (total volume    =    1   ml). Treat 24    μ l 
with 6    μ l 5    ×    SDS – PAGE sample buffer (5    ×      SB ) and heat for 15   min at 90    ° C. Load 
30    μ l per gel lane. 

 Treat the membrane pellet as follows. Resuspend the membrane pellet in 167    μ l 
0.1   M Tris, pH 8.5, and transfer the suspension to a 1.5 - ml microfuge tube. 
Add 167    μ l SQ solution and vortex for 2   min. Heat for 10   min at 90    ° C (as men-
tioned above, heating is discretionary). Add 666    μ l TE and vortex for 30   s. Heat 
again for 5   min at 90    ° C or incubate at room temperature if heating is not 
desired. Total volume    =    1   ml. Load 24    μ l per gel lane. If not running gel immedi-
ately, store sample in the short term at 4    ° C. Longer term storage requires freezing 
at  − 80    ° C.   

   6.4.2 
 SDS  –  PAGE  Followed by Electroblotting of Proteins to  PVDF  Membrane 

 For expression screening, replica gels    –    one for staining with Coomassie Brilliant 
Blue and one for immunoblotting    –    should be run in parallel. If heterologously 
expressed target proteins are not well - visualized on the stained gel, then target 
proteins can be detected on an immunoblot following electroblotting of the replica 
gel to  poly(vinylidene fl uoride)  ( PVDF ) membrane. 

 Electroblotting of proteins to PVDF or nitrocellulose membranes can be per-
formed with various apparati according to any one of numerous protocols that are 
generally available. The following methods are used routinely in this laboratory 
and have undergone some optimization for electroblotting of membrane proteins. 
In our experience, the hydrophobicity of PVDF (as compared to nitrocellulose) 
provides superior results, according to methods described below. 

 For gels that are to be electroblotted to PVDF membranes for immunoblots, 
prepare adequate quantities of the TGMS blotting buffer. This buffer contains 10% 
methanol to deter precipitation of hydrophobic membrane proteins in the gel 
before they are transferred onto the PVDF membrane. While the gel is running, 
prepare the PVDF membrane for transfer by fi rst wetting it in a minimal amount 
of methanol, then placing it in 50   ml TGMS for further wetting (with rocking). 
When SDS – PAGE is complete, remove the gel and soak it in 50   ml TGMS for   only   
5   min, with rocking. This short soak ensures that some SDS remains to prevent 
membrane proteins from precipitating in the gel. 

 Assemble the components of the blotting cassette according to directions pro-
vided by the manufacturer, avoiding air bubbles between the gel and the PVDF 
membrane. All components of the cassette should be wetted thoroughly in TGMS 
at the time of assembly. Transfer the blotting cassette assembly to the tank fi lled 
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with TGMS. Place a small stir bar in the bottom of the tank and use an ice reservoir 
to keep the initial transfer cold. Transfer at 300   mA for 1.5   h, initially, then over-
night at 50   mA with slow stirring. 

 Separate the blotting cassette assembly layer by layer, taking care to note the 
orientation of the PVDF membrane, and place it in a container with  protein side 

up . Either proceed immediately to development of the immunoblot or allow the 
PVDF membrane to air dry for later processing. If the PVDF is allowed to dry, it 
must be wetted again in methanol prior to transfer to any aqueous solution for 
further processing. Following transfer, stain the electroblotted gel to determine 
transfer effi ciency.  

   6.4.3 
Immunoblot Development 

 The development of immunoblots has become a standard technique, thus there 
are many choices available for protocols, detection schemes, and reagents. The 
following section outlines methods for chemiluminescent detection of tagged 
proteins that work well and have become routine in this laboratory. The example 
below will focus on detection of his - tagged membrane proteins with a primary 
anti - polyhistidine antibody that is conjugated to horseradish peroxidase (Penta - His 
 HRP  (horseradish peroxidase ) Conjugate Kit; Qiagen 34460). Buffer formulations 
are outlined in the Appendix. 

 The following steps should be performed at room temperature, with gentle 
agitation or rocking during incubations. For the standard 5.5   cm    ×    8.5   cm 
pieces of PVDF that fi t purchased mini - gels, fl at plastic 6.5   cm    ×    9   cm trays are 
used for all incubations. Place the membrane in the tray with the protein side 
up, as determined by marking it or using colored molecular weight standards. 
Larger or smaller membranes (or containers) will require adjustment of the 
volumes. 

 If starting with a dried PVDF membrane, fi rst re - wet it by soaking in methanol. 
Transfer the membrane to 15   ml 1    ×    TBS and perform two washes, each of 10   min. 
Discard the washes and incubate the membrane in 15   ml blocking solution (0.5% 
alkali - soluble casein (Pierce 70955) in 1    ×    TBST) for at least 1   h. 

 Remove 7.5   ml of blocking solution from the tray and save it for later. To the 
remaining 7.5   ml of blocking solution in the tray, add 0.5    μ l of the Penta - His HRP 
conjugate antibody (thus diluted 1   :   15   000) and incubate for 1   h with rocking. 

 Wash 6 times, for 10   min each, with 20   ml 1    ×    TBSTT to remove unbound anti-
body. It is important to wash the membrane thoroughly at this point to achieve 
maximum signal - to - noise ratios. After the fi nal washing step is complete, drain as 
much TBSTT from the membrane as possible. 

 Addition of the substrate: for a typical 5.5   cm    ×    8.5   cm membrane, use 3   ml each 
of Pierce Pico peroxide solution (Pierce 1856135) and Pierce Pico enhancer 
(1856136), and 0.25   ml each of Pierce Dura peroxide solution (1856158) and Pierce 
Dura enhancer (1856157) for a total volume of 6.5   ml. Incubate the membrane in 
the substrate at room temperature for 5   min with rocking. 
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 Remove the membrane from the substrate. Drain any excess substrate from the 
membrane by touching the edge to a paper towel. Place the membrane in a clear 
plastic development folder and fold the plastic over the membrane. Remove any 
bubbles between the plastic and the membrane. Remove any liquid from the 
exterior of the plastic. 

 Use the membrane to expose X - ray fi lm or a digital imaging system for identi-
fi cation of expressed target proteins. Be sure to orient the membrane such that 
the protein side faces the fi lm or detector. 

 Typical results from a screening experiment of this type for  Rhodobacter  mem-
branes derived from expression strains are shown in Figure  6.7 . To determine the 
cellular localization of the expressed target membrane protein in  Rhodobacter  cells, 
expression in whole cells is compared (on an equal volume basis using immuno-
blot analysis) with the supernatant (soluble fraction) and pellet (membrane frac-
tion) obtained from ultracentrifuge separation (245   000    g ) of lysates that are devoid 
of cellular debris. Most of the target membrane proteins that have been studied 
are expressed predominantly in the  Rhodobacter  ICM. Very few target membrane 
proteins show any signifi cant presence in the soluble fraction. An important note 
is that the sum of the signals from the soluble and membrane fractions should 
equal the total expression level observed in the cells. If this is not the case, one 
should investigate the debris pellet obtained from the lysate to test for the presence 
of target protein that may have aggregated as inclusion bodies    –    a phenomenon 
not yet observed with the expression of membrane proteins in  Rhodobacter .   

   6.5 
Large - Scale Culture 

 If small - scale screening has determined that the target protein is expressed at a 
level greater than 0.5   mg protein/l cell culture, then scale - up of target protein 
production is achieved effi ciently by following the protocol below. Again, coordi-
nated synthesis of nascent membrane and target membrane protein is autoin-
duced by decreasing oxygen tension as the cell density increases during 
semi - aerobic culture. 

   6.5.1 
Growth and Harvest of Expression Culture 

 Inoculate 25   ml of YCC/tet 1  medium in a 50 - ml screw - cap Erlenmeyer fl ask with 
the desired heterologous expression strain of  R. sphaeroides . Allow this culture to 
grow overnight in the dark at 32 – 34    ° C while shaking at 125   rpm. 

 Subculture by transferring 0.5 – 25   ml of the 25 - ml culture into 2   l of YCC medium 
containing tet 1 . The volume of inoculum that is used for this subculture should 
be determined at the discretion of the experimenter based on turbidity of the 25 - ml 
culture, the number of 2 - l fl asks that are to be inoculated, and time constraints 
for growth and harvesting. Incubate culture in the dark at 32 – 34    ° C, shaking at 
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125   rpm, until the cell density reaches the desired value (see, e.g., considerations 
discussed in Section  6.4 , Figure  6.6 ). 

 Harvest cells and wash the cell pellet in 500   ml of Buffer 1. Pellet the washed 
cells and resuspend pellet in 35   ml of Buffer 1, yielding a fi nal volume of approxi-
mately 50   ml. Immediately add one crushed tablet of Protease Inhibitor Cocktail 
(e.g., cOmplete ™ , EDTA - free; Roche 1873580) to the resuspended cells and mix 
thoroughly. Cells may be frozen at this time. Add 300 units of DNase, then disrupt 
aggregates by sonicating the cells on ice for 1   min, alternating 5   s on and 5   s off. 
Repeat this 1 - min cycle of sonication after 10   min on ice.  

   6.5.2 
Cell Lysis 

 Lyse the cells mechanically with either a French press or a microfl uidizer at 
18   000   psi. Multiple passes (2 – 3) are recommended. The sample cell should be cold 
at the outset and the sample should be kept on ice throughout the procedure. 
Mechanical lysis (instead of lysozyme/osmotic shock) is necessary for effi cient 
preparation of the membrane fraction. 

 Pellet the cell debris and unbroken cells for 10   min at 12   500    g . (If the volume 
of the pellet of unbroken cells is greater than 10% of the original pellet volume, 
then resuspend in Buffer 1 and repeat cell lysis following sonication to disrupt cell 
aggregates.) The supernatant (or  “ pressate ” ) may be frozen at this step.  

   6.5.3 
Membrane Isolation 

 Transfer the supernatant ( “ pressate ” ) to ultracentrifuge tubes to pellet membranes 
at 240   000    g , 4    ° C, for 1.5   h. The supernatant, which contains soluble proteins, is dis-
carded. Weigh one pellet (as dry as possible) from each sample. Considering the 
mass of all pellets from a given sample to be approximately equal, calculate the total 
pellet weight for each sample. Use 12.5   ml of Buffer 1 to resuspend every 1   g of 
pellet. ( Note : more concentrated membrane suspensions (up to 10 times) can be 
prepared by resuspension in a correspondingly smaller volume of Buffer 1.) Use a 
small - volume homogenizer, which may be connected to an electric tissue grinder to 
speed the process, to resuspend these membrane pellets in the buffer that has been 
added. Downstream processing can benefi t from multiple rounds of washing with 
Buffer 1 and repelleting of the membranes. After fi nal homogenization of the washed 
pellets, the membrane suspension can be stored indefi nitely by freezing at  − 20    ° C. 

 Membrane suspensions prepared in this way are comprised of inside - out vesi-
cles (i.e., the cytoplasmic face of the expressed integral membrane protein is 
presented to the external, aqueous milieu.) These vesicles can be used as is in 
several types of biochemical assays to determine functionality and, with modifi ca-
tion, can be used in others (Section  6.8 ). Proof of activity in membranes provides 
a benchmark to which the activity of detergent - purifi ed forms of the same protein 
can be compared.   
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   6.6 
Detergent Solubilization and Chromatographic Purifi cation of Expressed 
Membrane Proteins 

 For many applications, including crystallization, it is critical to remove  Rhodobacter  -
 expressed, target membrane proteins from the ICM lipid bilayer in functional 
form and isolate them subsequently by chromatographic separation to appropriate 
purity levels. Discovery of conditions that optimize solubilization of membrane 
proteins and stabilization of targets in detergent micelles prior to purifi cation is a 
time - consuming, labor - intensive, and expensive process. Essential for success is 
the use of detergents that not only are gentle to the target membrane protein(s), 
but also are compatible with downstream chromatographic strategies. Rapid, 
effi cient methods are critical for the production of samples that are stable, and 
retain the greatest level of native structural and functional integrity. Often, the 
solubilization step is a stage at which success or failure of a purifi cation experi-
ment is decided. At all stages of the purifi cation process, one must balance the 
desire to increase purity with the time required to achieve such, often at the 
expense of activity for proteins that have very short half - lives when removed from 
the lipid bilayer. 

 Detergent - solubilized, tagged membrane proteins are notorious for exhibiting 
poor binding to affi nity resins, especially metal - based resins. This can be made 
worse by the choice of detergent. In addition, detergent solubilization can be far 
from quantitative. From a survey of a variety of detergents used with a variety of 
different proteins, a set of general strategies has emerged that can be used for 
initial attempts at solubilization and purifi cation of membrane proteins expressed 
heterologously in the  Rhodobacter  ICM. Our ability to generalize is because solu-
bilization proceeds from a common lipid bilayer of defi ned chemical composition 
 [25] . This is a signifi cant advantage of expressing membrane proteins in the  Rho-

dobacter  ICM. Since the solubilization process involves penetration and disassem-
bly of a lipid bilayer, understanding of the requirements for that process will then 
be applicable to the solubilization of most any protein that is contained within that 
bilayer. Subsequent testing for functionality will determine the effectiveness of 
this detergent set in stabilizing membrane proteins. Since the  Rhodobacter  ICM 
can be broken down with detergents that are considered to be fairly  “ gentle ”  (e.g., 
Deriphat 160  [26]  and new tripod amphiphiles  [27, 28] ), these molecules are also 
likely to be effective in maintaining structural and functional integrity of the 
extracted membrane protein. 

 Herein, protocols are outlined specifi cally for purifi cations of target membrane 
proteins in native, functional form. Deriphat 160 has proven to be a workhorse in 
this laboratory as it is very effective, yet very gentle, in solubilizing membrane 
proteins from the  Rhodobacter  ICM. 

  Lauryldimethylamine -  N  - oxide  ( LDAO ) has also been employed extensively but 
tends to be harsher for many proteins. Dodecyl maltoside and lauryl sarcosine 
have been employed successfully for work with expressed eukaryotic target mem-
brane proteins. In the end, however, any detergent that is compatible with affi nity 
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chromatography may be substituted as long as the target membrane protein sur-
vives solubilization conditions. Detergent concentrations between 10 and 20    ×     crit-
ical micelle concentration  ( CMC ) (100    ×    for dodecyl maltoside) are recommended 
for solubilization, followed by concentrations between 1 and 3    ×    CMC during all 
subsequent chromatographic steps. 

 The following illustration of protocols that work well in this laboratory utilizes 
Deriphat 160. 

   6.6.1 
Solubilization of Membrane Proteins 

 Proceed with solubilization  only  if purifi cation will follow immediately thereafter. 
Prewarm the membrane suspension (Section  6.5.3 ) to 23    ° C in a water bath. Begin 
the solubilization of membrane proteins by stirring the mixture while slowly 
adding Deriphat 160 (dodecyliminodipropionate; Anatrace D345) to a fi nal con-
centration of 1% (1   :   10 dilution from 10% stock, pH 7.8). Allow the mixture to 
continue stirring slowly (avoid foam) for 5 – 10   min to ensure homogeneity of the 
mixture. Return the solution to the 23    ° C bath for 1   h with slow agitation. Again, 
avoid conditions that generate foam. 

 Remove membrane debris from the extract with ultracentrifugation at 240   000    g , 
4    ° C, for 2   h. This time the supernatant, which contains solubilized membrane 
proteins, will be used for subsequent chromatographic steps and the pellet will be 
discarded. To assess the effi ciency of solubilization, aliquots of the supernatant 
and resuspended membrane debris pellet may be analyzed by SDS – PAGE. Ideally, 
one would like to see quantitative extraction of the target membrane protein. Since 
the presence of high detergent causes excessive streaking of sample lanes in SDS –
 PAGE, dialysis or treatment of the solution with Biobeads (BioRad 152 - 3920), is 
recommended to ensure optimal separation.  

   6.6.2 
Chromatography 

 Affi nity chromatography has become the standard, primary separation technique 
for purifi cation of proteins. Thus, there are many choices available for protocols, 
chromatography media, and reagents. Choices depend on the scale of the opera-
tion, the availability of equipment, and the requirements for producing a pure, 
functional protein. Semiautomated systems have become popular and more 
readily available, but similar results can be obtained using good chromatographic 
technique at the bench. The following section outlines methods for purifi cation 
of his - tagged proteins that work well and have become routine in this laboratory. 
Buffer formulations are outlined in the Appendix. 

   6.6.2.1    Bench - Top Affi nity Chromatography 
 Whenever possible, keep all solutions on ice or perform some (or all) steps of 
chromatography in a refrigerated environment. 
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 In a 50 - ml Falcon tube, add Ni - NTA resin (e.g., Ni - NTA Superfl ow; Qiagen 
30430) to the membrane extract supernatant from the ultracentrifuge spin follow-
ing detergent extraction. Use 1   ml resin for membranes derived from 2   l of culture. 
Bind solubilized proteins to the resin at 4    ° C, rotating, for at least 1   h and for up 
to 12   h. It is not uncommon to bind overnight. 

 Pack resin/protein suspension into column. Wash column with approximately 
10 column volumes of Deriphat Buffer 2 until the fl ow - through is devoid of protein 
(e.g.,  A  280     ≤    0.05). Elute the His - tagged protein using two column volumes each of 
Deriphat Buffers 3, 4, and 5. For each elution step (i.e., each different buffer), 
collect three fractions. Store fractions at  − 20    ° C.  

   6.6.2.2    Affi nity Chromatography Using an   Ä KTA  -  FPLC  ™  
 To accommodate the specifi c requirements for running membrane protein 
samples through a semi - automated purifi cation system designed for soluble pro-
teins, the  Ä KTA - FPLC in this laboratory has been highly modifi ed  [10] . Specifi c 
features have been incorporated (additional valves, a dedicated, low - head - volume 
sample pump, and a superloop) that accommodate the necessary large sample 
volumes (preserving key protein: detergent concentration ratios) and the slow 
binding characteristics that have been observed with many target membrane 
proteins. 

 To prepare the solubilized membrane protein slurry for the  fast protein liquid 
chromatography  ( FPLC ), decant the membrane extract (supernatant from the 
ultracentrifugation following solubilization; Section  6.1 ) into a precooled beaker. 
Discard the pellet. Filter the membrane extract into a second precooled beaker 
using 0.45 - micron fi lters (Whatman PES fi lter 6904 - 2504; approximately one fi lter 
for each 50   ml of solution) and a 60 - ml disposable syringe. 

 Pour the fi ltered mixture of membrane extract into an appropriate sample con-
tainer. To limit sample aggregation during binding to the affi nity resin, place the 
sample container in a beaker fi lled with wet ice. Binding of most heptahistidine -
 tagged target membrane proteins to Ni - charged columns is slow during the initial 
immobilized metal - affi nity chromatography step, possibly due to restricted acces-
sibility of the tag by the detergent micelle. Thus, the automated routines are set 
up to allow the protein to pass over the column at least twice to increase binding 
effi ciency. Place sample inlet and outlet tubes in the appropriate sample containers 
to allow for one  “ recycle ”  run of the solution through the  Ä KTA - FPLC. Low con-
centrations of imidazole (up to 10   mM) may be introduced during binding to limit 
the potential for copurifi cation of impurities with weak affi nity for the nickel resin. 

 Using standard software routines for affi nity chromatography, modify run 
parameters (e.g., sample volume, recycling, etc.) where appropriate. Flow rates 
during the binding step should be low to facilitate maximum protein – resin interac-
tion. Runs normally last approximately 2 – 3   h and are entirely dependent upon the 
initial sample volume. Detergents used in wash steps do not necessarily need to 
match those of the detergents used for solubilization, but most often they do. 
Detergent exchange during washing is straightforward and quantitative as long as 
wash volumes exceed 10 column volumes. Extra buffer (up to 20 column volumes) 



 192  6 Membrane Protein Production Using Photosynthetic Bacteria: A Practical Guide

must be utilized when the CMC of the new detergent is greater than that of the 
previous detergent. 

 Collect fractions of the desired size. The  Ä KTA - FPLC accommodates 96 - well 
plates or racks for 15 -  or 50 - ml Falcon tubes for larger fractions. Store elution 
fractions at 4    ° C.    

   6.7 
Protein Identifi cation and Assessment of Purity 

 Concentrate elution fractions using centrifugal concentrators that are appropriate 
for the expected molecular weight of the target protein. Be careful to consider the 
consequences of the size of the complete protein-detergent complex (PDC) and 
the potential for concentrating empty detergent micelles at this stage. Determine 
the outcome of each purifi cation experiment by analyzing elution fractions with 
SDS – PAGE and staining with Coomassie Brilliant Blue or silver. If the protein is 
not observed in stained gels of the elution fractions, proceed to protein detection 
via immunoblotting. If the protein purity is not suffi cient for structural/functional 
studies, then additional chromatographic steps may be employed. 

 If the target protein contains a chromophore, UV/VIS spectroscopy can be used 
to compare the absorbance of bands unique to the target protein with that of the 
total protein absorbance at 280   nm.  Circular dichroism  ( CD ) spectroscopy can be 
used to monitor folding of detergent - purifi ed integral membrane proteins  [29] . 
The integrity of the purifi ed protein can be assessed by observing changes in the 
CD spectra upon application of heat or chemical denaturing conditions. 

 The oligomeric state of the purifi ed target protein can be assessed with size -
 exclusion chromatography, analytical ultracentrifugation, or PAGE using mildly 
denaturing conditions. The identity of the protein can be confi rmed with N - terminal 
amino acid sequencing methods. If the protein is suffi ciently pure, it can be 
sequenced as eluted from the column. Alternatively, the target protein can be 
separated by SDS – PAGE. The protein can then be excised from the gel and 
analyzed.  

   6.8 
Preparations of Specialized   R hodobacter  Membranes 

 Several types of membrane fractions can be produced from  Rhodobacter  (Figure 
 6.8 ) and they are ideal subjects for functional assays. The differences in membrane 
type depends not only on methods used to produce them, but in their source    –    several 
engineered strains are available that differ in the amounts of native proteins that 
are produced, which affects membrane morphology (Figure  6.4 ). A notable differ-
ence between these subpopulations is their  “ sidedness ”  and this feature can be 
exploited in the design of functional assays. The three major classes are inside - out 
vesicles, outside - out vesicles, and planar preparations.   
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 Separation of membrane subpopulations via sucrose density gradient centrifu-
gation is a technique that has been used extensively in the preparation of mem-
brane fragments that are enriched in native or foreign membrane proteins or 
membrane protein complexes expressed in  Rhodobacter . Likewise, treatment of 
either inside - out or outside - out vesicles with sub - CMC concentrations of detergent 
(e.g., 0.03% LDAO) leaves the vesicles intact, but permeabilizes them such that 
trapped soluble proteins can diffuse out. These wash steps are a means of condi-
tioning membranes for solubilization and making chromatographic steps  “ cleaner ”  
by removing copurifying soluble components. 

 Mechanical cell lysis produces a membrane fraction that is composed of inside -
 out vesicles. In these membranes, the cytoplasmic domain of the expressed inte-
gral membrane protein is exposed to the external aqueous solution. Membrane 
vesicles oriented with the cytoplasmic face out (outside - out) can be prepared by a 
procedure that generates spheroplasts as a fi rst step. Detergent (e.g., Brij 58) can 
be used to lyse spheroplasts leading to vesicle formation. Alternatively, outside - out 

     Figure 6.8     (a) Protocols exist for the 
preparation of different kinds of vesicles and 
fragments from ICMs in  Rhodobacter  cells. In 
each of these protocols, fractions specifi c to 
these specialized membranes can be isolated 
easily from other cellular components via 
differential centrifugation. As an alternative 
to detergent - purifi ed proteins, these 
approaches provide oriented samples of 
membrane - bound target proteins that have 

proven utility in biochemical assays of 
function. (b) As an example, the right panel 
shows an immunoblot of membrane samples 
containing two  Rhodobacter  - expressed 
muscarinic receptors (M2 and M4; mono-
meric species around 48 – 52   kDa) that are 
oriented with the extracellular ligand - binding 
domains of the receptors displayed on the 
outside surface of the vesicle.  
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vesicles can be prepared without detergent by lysis of spheroplasts with sonication, 
passage through a French press cell at 18   000   psi or 2 - fold dilution of sucrose -
 stabilized spheroplasts with Buffer 1 (Figure  6.8 ). Each type of membrane prepara-
tion can then be pelleted by ultracentrifugation (245   000    g , 1.5   h), washed, and 
resuspended by homogenization in Buffer 1 for biochemical characterization.  

  Appendix: Media and Buffer Formulations 

     Tetracycline  

 Prepare at 15   mg/ml in 70% EtOH and fi lter sterilize. Working concentrations are 
15    μ g/ml for  E. coli , 1    μ g/ml (or 0.7    μ g/ml for agar) for  R. sphaeroides .  

   YCC medium    [30]    (per liter)  

   5   g yeast extract  
  6   g casamino acids  
  5   ml Concentrated Base (see below)  
  adjust pH to 7.2 with NaOH    

   Concentrated Base for YCC (per liter)  

  Na 2 EDTA · 2H 2 O    11.82   g  
  CuSO 4  · 5H 2 O    0.040   g  
  CoCl 2  · 6H 2 O    0.030   g  
  (NH 4 ) 6 Mo 7 O 24  · 4H 2 O    0.020   g  
  MgSO 4     19.53   g  
  FeSO 4  · 7H 2 O    0.75   g  
  H 3 BO 3     0.0125   g  
  Ca(NO 3 ) 2  · 4H 2 O    6.9   g  
 add water to around 950   ml; adjust pH to 7 using 5   N NaOH    

   MR26 medium  

 Modifi ed Hutner ’ s medium  [31] . Use 20   ml of A, B, and C per liter of MR26 
medium; add 1   ml D per liter  after  autoclaving. 

   A.      Potassium phosphate buffer  
   1   M, pH 6.8, adjusted with KOH or H 3 PO 4       
  K 2 HPO 4     115   g/l  
  KH 2 PO 4     44.9   g/l  

  B.      Ammonium succinate  
   1   M, pH 6.8  
  dissolve 118   g succinic acid in 500   ml H 2 O  
  adjust pH to 6.8 with ammonium hydroxide  
  add H 2 O to 1   l    
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  C.      Concentrated base (per liter)  
   add the following in order:  
  Na 2 EDTA · 2H 2 O    11.16   g  
  (NH 4 )  6 Mo 7 O 24  · 4H 2 O    0.0093   g  
  FeSO 4  · 7H 2 O    0.099   g  
   “ Metals 44 ”     50   ml  
  MgSO 4     14.5   g  
  CaCl 2     2.5   g  

   Metals 44 (per liter)  
  FeSO 4  · 7H 2 O    5.0   g  
  Na 2 EDTA · 2H 2 O    6.5   g  
  ZnSO 4  · 7H 2 O    10.9   g  
  MnCl 2  · 4H 2 O    1.3   g  
  CuSO 4  · 5H 2 O    0.392   g  
  CoCl 2  · 6H 2 O    0.200   g  
  H 3 BO 3     0.114   g  

  D.      Vitamins (per liter to prepare 1000    ×    stock solution)  
  nicotinic acid    3.0   g  
  nicotinamide    3.0   g  
  thiamine - HCl    6.0   g  
  biotin    0.12   g  
  fi lter sterilize and store at 4    ° C      

   Buffer 1  
   10   mM Tris, pH 7.8  
  100   mM NaCl    

   Deriphat Buffer 2  
   10   mM Tris, pH 7.8  
  0.1% Deriphat 160    

   Deriphat Buffer 3  
   40   mM imidazole  
  10   mM Tris, pH 7.8  
  0.1% Deriphat 160    

   Deriphat Buffer 4  
   100   mM imidazole  
  10   mM Tris, pH 7.8  
  0.1% Deriphat 160    

   Deriphat Buffer 5  
   1   M imidazole  
  10   mM Tris, pH 7.8  
  0.1% Deriphat 160    
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   SQ    [24]   
   6% SDS  
  0.24   M dithiothreitol  
  0.06% Bromphenol Blue  
  60% glycerol  
  20   mM Tris, pH 6.8  
  H 2 O to 20   ml    

   TE  
   10   mM Tris, pH 7.4  
  1   mM EDTA, pH 8.0    

   10    ×    blotting buffer (per liter)  
   30.3   g Tris  
  144.1   g glycine    

   TGMS (per liter)  
   100   ml 10    ×    blotting buffer  
  200   ml methanol  
  1   ml 20% SDS    

   10    ×    TBS  
   200   mM Tris - Cl, pH 7.5  
  1.5   M NaCl  
  fi lter sterilize    

   10    ×    TBST  
   200   mM Tris - Cl, pH 7.5  
  1.5   M NaCl  
  0.5% Tween 20  
  fi lter sterilize    

   10    ×    TBSTT  
   200   mM Tris - Cl, pH 7.5  
  1.5   M NaCl  
  0.5% Tween 20  
  2% Triton X - 100  
  fi lter sterilize       

 Abbreviations 

 CD     Circular dichroism 
 CMC     critical micelle concentration 
 FPLC     fast protein liquid chromatography 
 GPCR     G - protein - coupled receptor 
 HRP     horseradish peroxidase 
 ICM     intracytoplasmic membrane 
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Peripheral Membrane Protein Production for Structural and 
Functional Studies  
  Brian J.     Bahnson       

    7.1 
Introduction 

 The role that proteins play within and on the surface of membranes has been 
realized ever since the fl uid mosaic model of membranes was presented  [1] . Mem-
brane proteins make up about a third of many genomes  [2]  and have functions 
that range from signal transduction, transport, structural, phospholipid remode-
ling, oxidative stress response, basic metabolic processes, to many yet uncovered 
functions. Some estimates suggest that greater than half of all proteins interact 
with membranes at some point during their functional lifetimes. Transmembrane 
proteins are typically the main focus when considering the challenges of mem-
brane proteins for protein expression, purifi cation, and characterization  [3 – 5] . 
However, many challenges exist for proteins that interact with a membrane surface 
or are just partly imbedded within the membrane, and some of these challenges 
have been discussed in previous reviews  [6, 7] . Three main groups of membrane 
proteins can be defi ned: peripheral, monotopic - integral, and transmembrane -
 integral. Peripheral membrane proteins are defi ned to include proteins that can 
exist in either an aqueous environment or associated to a membrane. Montopic -
 integral proteins face one side of a lipid bilayer and never leave the membrane. 
Transmembrane - integral proteins have hydrophilic domains on each side of a lipid 
bilayer. This chapter will cover the peripheral membrane class of proteins that can 
exist away from the membrane and then direct themselves to the membrane via 
a range of mechanisms as depicted in Figure  7.1 .   

 Peripheral membrane proteins cover a range of protein folds, functions, and 
mediate their association to a membrane surface via a range of interactions. At 
least fi ve separate classes can be defi ned, including: (i) nonspecifi c electrostatic, (ii) 
hydrophobic patch, (iii) covalent lipid anchor, (iv) specifi c lipid - binding domain, 
and (v) protein – protein interactions. Some proteins fall into more than one class 
combining two or more types of interactions in the association with a membrane 
or membrane - like surface. Despite the signifi cance of proteins that interact with 
membranes via protein – protein interactions (class v), this chapter will not include 
a description of these interactions in order to focus on protein interactions with the 
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i) ii) iii) iv)

     Figure 7.1     Peripheral membrane proteins are divided into four classes: (i) nonspecifi c 
electrostatic, (ii) hydrophobic patch, (iii) covalent lipid anchor, and (iv) specifi c lipid binding.  

lipid components of membranes and membrane like particles. 
 Just as with another subset of proteins, peripheral membrane proteins have 

challenges in expression and study that range from disulfi de bonds, glycosylation, 
lipid anchors, protein folding issues, aggregation, and so on. Previous high -
 throughput structural genomics projects like the National Institutes of Health -
 funded Protein Structure Initiative  [8]  mainly focused on aqueous - soluble proteins, 
and unfortunately often failed to troubleshoot challenges or relate the structure to 
the protein ’ s function  [9, 10] . As was true for those initiatives, choices now need 
to be made about what the challenges faced by membrane protein are  [11] , and 
what expression and purifi cation approaches are best suited to give rise to structur-
ally and functionally relevant forms of the protein. Furthermore, the yield and 
quality of the protein samples must satisfy the requirements for the experimental 
approaches that are to be performed. When targeting a larger number of mem-
brane proteins, some will pose little diffi culty, whereas others will require more 
creative approaches to express and study their structure and function. Toward that 
end several new tools exist to go after the  “ high - hanging fruit ”  subset of membrane 
proteins  [3 – 5, 11 – 13] . 

  Escherichia coli  expression is often the system of choice if the protein does not 
require any signifi cant post - translational modifi cations. Some common post -
 translational modifi cations that can be dealt with from  E. coli  expression systems 
include disulfi de bond formation, phosphorylation of specifi c residues, and cova-
lent lipid anchors. Disulfi de bonds can sometimes be successfully made in thiore-
doxin reductase mutant strains of  E. coli  that have an altered redox poise  [14]  or 
periplasmic expression  [15] . Another common approach is to express a disulfi de -
 rich protein in inclusion bodies and refold in a redox buffer that will facilitate 
disulfi de bond formation and proper disulfi de shuffl ing. Later in this chapter 
(Section  7.2.3.1 ) an approach that was used to myristoylate proteins using coex-
pressed yeast myristoyltransferase enzyme will be described. The proper phospho-
rylation of eukaryotic proteins likewise requires the use of the appropriate 
eukaryotic kinases. Occasionally, post - translational modifi cations pose too great a 
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diffi culty and may require moving into eukaryotic cell expression (yeast, Sf9 insect 
cells, mammalian). The choice of expression system comes down to the particular 
challenges of the protein, cost, yield, purity, need for isotopic labeling, and ulti-
mately what experiment the protein is being produced for. 

 The ability to fold a targeted eukaryotic protein and its solubility are critical 
issues to address for structural and functional studies. There are general consid-
erations that apply to each of the classes of peripheral membrane proteins; 
however, the hydrophobic patch proteins, as the name would suggest, pose the 
most signifi cant and frequent diffi culties for protein expression, purifi cation, and 
characterization. The common methods used to reduce folding and solubility 
diffi culties include the use of fusion proteins with affi nity tags, the coexpression 
of chaperones (heat - shock, protein disulfi de isomerase, etc.), the expression of 
the protein as an inclusion body coupled with refolding trials, the use of deter-
gents during all stages of purifi cations for solubilization from the membrane 
fraction, binding to vesicles or micelles,  in vitro  expression systems  [12]  that 
allow detergent, vesicle, or micelle use during protein translation, and a variety 
of other methods. Another approach that is gaining more popularity for the 
design and optimization of protein expression constructs is the expression of 
 Green Fluorescent Protein  ( GFP ) fusions for high - throughput expression and 
monodispersity analysis, where multiple constructs are evaluated in parallel 
and expression levels are qualitatively assessed by fl uorescence comparison of 
the  E. coli  cell  [16] . The modifi cation of protein constructs can be optimized by 
techniques that rapidly defi ne the limits of a protein domain such as protein 
proteolysis or H/D amide exchange coupled with mass spectrometry  [17] . Alter-
natively, if structures of homologous proteins exist in the  Protein Data Bank  
( PDB ), then homology modeling becomes a powerful way to redesign a protein 
construct to optimize for expression and homogeneity qualities  [18] . This com-
parative modeling approach will be described for a couple of systems that have 
a hydrophobic patch. 

 When a suspected peripheral membrane protein target has homology to a 
protein with known structure, then it is feasible to use these comparative models 
to predict the extent of interactions with membranes, as well as their orientation 
within a membrane. Several approaches have been developed  [19 – 21]  that give 
predictions of whether a protein interacts with a membrane and, if so, the orienta-
tion that it adopts. The method by Lomize  et al.  was applied to the peripheral 
membrane class of protein where they targeted 53 proteins from the PDB that are 
known to interact as peripheral membrane proteins  [22] . The predicted interac-
tions of these peripheral membrane proteins, together with integral membrane 
proteins are available in the  Orientations of Proteins in Membranes  ( OPM ) data-
base  [20] . The methods used in the OPM database allow the determination of the 
orientation of proteins in membranes by minimizing their transfer energy from 
water to a lipid bilayer  [19] . The method can distinguish between membrane 
proteins and soluble proteins based on their transfer energy and membrane pen-
etration depths. The OPM database method will be used as a visual tool in fi gures 
presented, and Table  7.1  summarizes the examples chosen to provide a description 
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of strategies used in the expression, purifi cation, and characterization of each of 
the classes of peripheral membrane proteins.    

   7.2 
Case Studies of Peripheral Membrane Proteins 

   7.2.1 
Electrostatic Interactions 

 Peripheral membrane proteins that interact with the interface through a combina-
tion of electrostatic and polar interactions are typically not plagued with the same 

  Table 7.1    Peripheral membrane protein expression strategies. 

   Examples     Expression approach     PDB code  

  Nonspecifi c electrostatic  

     Cytochrome  c  2     expression from  R. sphaeroides  into the 
periplasmic space  [23]   

  1cxa  

     Group IB sPLA 2     expression as inclusion bodies in  E. coli  and 
refolded in the presence of additives  [24]   

  5p2p  

  Hydrophobic patch  

     pPAFAH     E. coli  expression, detergent solubilization of 
N -  and C - terminally truncated enzyme  [25, 26]   

  3d59  

     Human serum PON1    directed evolution to obtain soluble protein from 
 E. coli  expression  [27, 28]   

  1v04  

     Cytochrome P450     E. coli  expressed and detergent extracted from 
the membrane fraction using Cymal - 5  [29]   

  2bdm  

     Group V and X sPLA 2      E. coli  expression into inclusion bodies, 
refolding, purifi cation by size exclusion  [30]   

  2ghn, 
1le6  

  Covalent lipid anchor  

     Recoverin     E. coli  expression with yeast myristoyl transfer 
enzymes coexpressed  [31]   

  1iku, 1jsa  

     PAFAH - II     E. coli  expression with myristoyl group added 
using intein chemistry (unpublished)  

  NA  

  Lipid - binding domain  

     Phospholipase C PH 
domain  δ 1  

   E. coli  expression with PH domain in soluble 
fraction  [32]   

  1mai  

     Protein kinase C C2 
 α  - domain  

   E. coli  expression with Ni - affi nity tag, binding to 
a water - soluble analog of phosphatidylserine  [33]   

  1dsy  
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diffi culties of protein expression and purifi cation that less - soluble membrane 
proteins are faced with. However, this does not mean that many of these systems 
do not have complex issues to resolve. There have been several recent studies 
geared at predicting the signifi cance and magnitude of electrostatic interactions 
of peripheral membrane proteins  [34 – 36] . Frequently, proteins that associate 
through electrostatics require the fl exibility to come and go from a membrane 
when the need arises. Systems that are multiprotein complexes or even multido-
main proteins are beyond the scope of this description. Here, we will focus on a 
few examples of relatively small proteins or protein domains that have been suc-
cessfully expressed and characterized to demonstrate a range of considerations 
and challenges posed by the nonspecifi c electrostatic class of peripheral mem-
brane proteins. 

   7.2.1.1    Case 1: Cytochrome   c   2  
 Within the OPM database there are very few peripheral membrane proteins that 
have been identifi ed to interact with the membrane solely by electrostatic interac-
tions on the basis of structure alone  [22] . Often electrostatic interactions with the 
polar head - groups of a lipid bilayer are an important initial step for membrane 
localization. However, the hydrophobic effect becomes the determining factor for 
each of the other classes discussed below, with the effect mediated by the hydro-
phobic patch provided by a portion of the protein, a covalently attached lipid or a 
specifi cally bound lipid. A notable exception to this comes from the protein cyto-
chrome  c  2 . Due to its functional role of transferring electrons from one complex 
to another during the electron transport chain, it is expected that cytochrome  c  2  
would associate with a membrane surface. Figure  7.2  shows an electrostatic poten-
tial surface view and a cartoon view of the protein relative to the plane of the OPM 
database generated interface of a lipid bilayer. The surface predicted to contact the 
membrane is highly positively charged, whereas the opposite side is highly nega-
tively charged. From an inspection of the structure, together with knowledge of 
the function, the prediction of how this protein contacts a membrane is straight 
forward. The cytochrome  c  2  protein from  Rhodobacter sphaeroides  was obtained 
from an overproducing strain cycA1, harboring the plasmid pC2P404 and purifi ed 
from periplasmic extracts containing cytochrome  c  2   [23] . Peripheral membrane 
proteins of the electrostatic class are typically the easiest to express and character-
ize, as they come closest in solubility behavior to proteins that are cytosolic or 
non - membrane associated.    

   7.2.1.2    Case 2: Group  IB  Secreted Phospholipase  A  2  
 The initial work with the small secreted class of phospholipase A 2  enzyme   ( sPLA 2  ) 
was done with cobra venom sPLA 2 . The paradigm for study of the interfacial nature 
of a peripheral membrane enzyme is the group IB sPLA 2  enzyme. This mamma-
lian enzyme is found in the small intestine and initial work used enzyme purifi ed 
from porcine or bovine sources. The enzyme has also been shown to optimally 
function on anionic interface and is believed to be allosterically activated through 
a combination of charge interactions, together with desolvation of the interface 
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binding region  [37] . The group IB enzyme was one of the fi rst sPLA 2  enzymes to 
be cloned and over - expressed in an  E. coli  system  [24] . The most challenging aspect 
to express homogeneous sPLA 2  enzyme is due to the large number of disulfi de 
bonds for this secreted enzyme. The porcine group IB sPLA 2  enzyme has seven 
disulfi de bonds. The enzyme has been studied extensively in the wild - type form, 
as well as numerous site - directed mutants. The enzyme has been studied on 
interfaces for function with the focus being kinetics and fl uorescence spectros-
copy. Additionally, many of the constructs used for functional studies have been 
used for  nuclear magnetic resonance  ( NMR ) or crystallographic studies. The origi-
nal over - expression approaches have involved  E. coli  expression to inclusion bodies 
and refolding with an optimized balance of reduced to oxidized glutathione or an 

     Figure 7.2     The protein cytochrome  c  2  (PDB 
code 1cxa) is shown relative to its predicted 
membrane - binding orientation  [22] . In each 
view, the plane of gray spheres represents 
the location of the ester carbonyls of lipids at 
the interface between nonpolar alkyl chain 
and polar head groups. (a) The protein is 
shown as a cartoon showing the proximity of 

the heme group relative to the predicted 
bound membrane. (b) Cytochrome  c  2  is 
shown in the same orientation as (a) as an 
electrostatic potential surface. The positively 
charged region is facing the interface. Figures 
 7.2 – 7.6  were made using the program PyMol 
( www.pymol.org ).  

a)

b)
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alternate reduced/oxidized thiol pair. This is still the method of choice for many 
sPLA 2  enzymes expressed and purifi ed  [38] . 

 Other members of the sPLA 2  family behave differently on a membrane interface 
 [39] . Figure  7.3  demonstrate the variation between group X and group IB sPLA 2  
enzymes. The structure of the group X enzyme reveals that its mode of interface 
binding has shifted to be dominated by hydrophobic insertion  [30] . This structural 
difference is correlated to the expected functional differences, along with the altered 
approach required for expression, folding, purifi cation, and characterization  [40] .     

   7.2.2 
Hydrophobic Patch 

 Proteins with a pronounced hydrophobic patch pose the greatest diffi culty of 
the peripheral membrane proteins, yet they are often the easiest to pick out as 

     Figure 7.3     The enzyme sPLA 2  is shown as 
an electrostatic surface potential relative to 
its predicted membrane - binding orientation 
 [22]  (a) The membrane binding of group IB 
sPLA 2  enzyme (PDB code 5p2p) is domi-
nated by electrostatic interactions made up 
of mainly Lys and Arg residues thought to 

interact with phospho head - groups of an 
anionic lipid interface. (b) The group - X sPLA 2  
(PDB code 1le6) is known to interact with 
zwitterionic interfaces  [40] . The increased 
penetration that is predicted for the 
hydrophobic resides of the group X versus 
the group IB enzyme is pronounced.  

a)

b)
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membrane proteins using methods such as those used for the OPM database  [20] . 
Even the mere extent of this patch can often muddle the choice of whether a 
protein should be defi ned as a monotopic - integral protein or a hydrophobic patch 
peripheral membrane protein. The examples described below will give context to 
some of the most popular methods used to reduce folding and solubility diffi cul-
ties. The characterization of monodispersity, ability to pursue structural studies, 
and a demonstration of physiological relevant functions are each critical criteria 
to strive for. 

   7.2.2.1    Case 1: Plasma Platelet - Activating Factor Acetylhydrolase 
 The enzyme  plasma platelet - activating factor acetylhydrolase  ( pPAFAH ) hydro-
lyzes the  sn - 2  ester of oxidatively fragmented phospholipids or the structurally 
similar GPCR ligand platelet - activating factor  [41] . Physiologically, pPAFAH is 
associated to both low -  and high - density lipoprotein particles, and is also referred 
to as lipoprotein - associated PLA 2  or group VIIA PLA 2   [42] . Early work with the 
enzyme  [43]  led to an  E. coli  expression system, and a detailed analysis of the limits 
of N -  and C - terminal truncations. Also, the company ICOS Inc. had optimized the 
production  [44]  in a high - scale batch system. For routine lab analysis the protein 
is a challenging system, with  E. coli  expressions of the 42 – 441 construct on the 
order of 0.5 – 1   mg/l of  E. coli  culture  [25] . 

 Details of the expression and purifi cation of pPAFAH that led to crystallographic 
work on both the ICOS - produced protein and protein produced in our lab have 
been reported previously  [25, 44, 45] . Briefl y summarized, the full - length clone of 
human pPAFAH was purchased from Invitrogen, the cDNA was amplifi ed by 
 polymerase chain reaction  ( PCR ), and subcloned into the expression plasmid 
pGEX - 4T3. The pPAFAH construct included residues 42 – 441 with an N - terminal 
extension of seven additional residues that remained after thrombin cleavage. The 
N - terminus start of pPAFAH found in human blood is heterogeneous, with a 
mixture of N - termini at positions S35, I42, or K55  [43] . The protein was expressed 
as a fusion of  glutathione S - transferase  ( GST ) – pPAFAH and was over - expressed in 
 E. coli  strain BL21. Cell lysis was followed by detergent extraction with 0.2% (w/v) 
Triton DF - 16. The fusion protein was purifi ed by affi nity chromatography using 
glutathione Sepharose, and the GST tag was cleaved from the fusion protein via 
on - column cleavage using thrombin and purifi ed protein was concentrated to a 
fi nal concentrations of 1 – 2   mg/ml, always in the presence of a detergent. 

 Following the crystal structure of pPAFAH  [26] , a pronounced hydrophobic 
patch was fully elucidated fi rst by simple inspection of the fi nal structure, together 
with the OPM methods of Lomize  et al.   [19, 20] . The OPM methods were used to 
predict its association with a membrane surface as shown in Figure  7.4 . The plane 
represents the interface between polar and nonpolar components. The polar head -
 groups of the phospholipids extend approximately 10    Å  above the plane shown in 
Figure  7.4   [22] . Following this observation we compared the predicted membrane -
 binding orientation of pPAFAH by using the MAPAS method  [21] . In contrast to 
the OPM method, MAPAS proposed several potential orientations, with one in 
agreement with the OPM method. In light of the functional data used to validate 



 7.2 Case Studies of Peripheral Membrane Proteins  209

the model of interface binding, it was concluded that the OPM prediction shown 
in Figure  7.4  serves as an initial model to understand and rationalize previously 
published data, as well as to direct future studies. This prediction was used as a 
basis to develop the model of pPAFAH associating with the phospholipid monol-
ayer of low -  and high - density lipoproteins  [41] . The hydrophobic residues on 
helices 114 – 125 and 363 – 369 have been mutated to polar residues, and the lipo-
protein binding properties are reduced. These mutations do not lead to a differ-
ence in catalytic activity judged from enzymatic assay using water - soluble 
substrates. A natural approach to improve expression yields and possibly open up 
certain avenues of investigation is to use a hydrophobic to polar site - directed muta-
tion or even a combination of several mutants to convert pPAFAH into a soluble 
protein that expresses at higher yields. This solubilized protein would be expected 
to allow it to be concentrated to higher levels, to have a decreased need for deter-
gents, and ultimately be a more homogeneous and monodisperse protein form. 
This approach has worked with pPAFAH, where a triple mutant of the hydropho-
bic patch has given a form that expressed with a higher yield and can be concen-
trated to a greater concentration in a monodisperse state (unpublished). Naturally, 
this approach is not recommended if the protein being produced is for functional 
studies related to its membrane bound function.   

     Figure 7.4     The enzyme plasma PAFAH (PDB 
code 3d59) is shown relative to its predicted 
membrane - binding orientation  [22] . Residues 
penetrating into the hydrophobic region 
(yellow) are mainly nonpolar. The active - site 

catalytic triad (green) is poised above this 
plane, thereby providing an explanation of 
the enzymatic selectivity for oxidized and 
fragmented phospholipids  [26] .  
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 The work with pPAFAH has been adapted to a homologous protein, the intracel-
lular human   PAFAH  type II, which shares 42% identity with the plasma enzyme. 
Using the program MODELER, a comparative model of PAFAH - II has allowed us 
to unequivocally identify the hydrophobic patch, which is likely to be at least partly 
responsible for membrane association  [30] . The solubilization of PAFAH - II is 
being pursued as an avenue toward monodisperse protein for crystallographic 
structure analysis.  

   7.2.2.2    Case 2: Human Serum Paraoxonase 1 
 The human serum enzyme  paraoxonase 1  ( PON1 ) is expressed in human liver 
cells, secreted into the blood, and retains its N - terminal signal peptide of 22 amino 
acids. This N - terminal  α  - helix together with other hydrophobic helices direct the 
enzyme to bind to high - density lipoprotein particles. Early work with this enzyme 
has focused on samples obtained from purifi cations from human or rabbit blood 
 [46] . Mammalian cell expression next allowed mutagenesis and other approaches 
to be pursued  [47, 48] . Despite some success in Sf9 insect cell production  [49] , 
structural work required the improvement of the expression of this system.  E. coli  
overexpression using fusions with maltose - binding protein, thioredoxin and GST 
had limited success. Once fusion partners were cleaved, the native PON1 enzyme 
did not stay monodisperse, even in a high concentration of detergents such as 
Triton X - 100. Tawfi k  et al.  at the Weizmann Institute used gene shuffl ing of PON1 
sequences from several mammalian sources  [27] . The gene - shuffl ed PON1 con-
structs were selected initially for increased solubility in  E. coli  expressions. Variants 
were also selected with increased activity and specifi city of organophosphorus 
compound hydrolysis. The directed evolution approach soon led to the successful 
crystal structure determination by Harel  et al.   [28]  of PON1, which had been the 
target of many structural biology labs.   

   7.2.3 
Covalent Lipid Anchor 

 The attachment of a covalent lipid anchor is a common approach to direct particu-
lar proteins to a membrane surface. Covalent modifi cations vary from the myris-
toylation of the N - terminus, palmitoylation at cysteine residues, farnesylation of 
cysteine at the C - terminus of a protein and  glycosyl phosphatidylinositol  ( GPI ) 
anchors at the C - terminus as well. In each case, these particular post -  or cotrans-
lational modifi cations are directed to a particular site by a consensus sequence of 
the protein chain, which directs the auxiliary enzymes to attach these lipids. These 
modifi cations are specifi c to eukaryotic organisms, thereby requiring specialized 
approaches to express peripheral membrane proteins of this class. In the majority 
of cases, this limits the expression of these proteins to eukaryotic expression 
systems. However, in the fi rst example, the protein recoverin was overexpressed 
in  E. coli  with the assistance of a coexpressed myristoyltransferase enzyme from 
yeast. 



 7.2 Case Studies of Peripheral Membrane Proteins  211

   7.2.3.1    Case 1: Recoverin 
 The process of N - terminal myristoylation is a cotranslational process that targets 
the motif MGXXXS at the beginning of a protein chain, cleaves the fi rst methio-
nine, and conjugates a 14 - carbon chain myristoyl group onto the glycine residue 
during protein translation  [50] . Ray  et al.   [31]  were successful at the  E. coli  expres-
sion of a myristoylated form of the bovine protein recoverin. Together with an 
expression vector containing bovine recoverin they coexpressed the  S. cerevisiae N  -
 myristoyltransferase enzyme. This enzyme transfers the C 14  myristoyl group from 
myristoyl - CoA to the N - terminus of a targeted myristoyl site. This approach allowed 
the NMR structure determinations of a calcium bound and calcium free form of 
recoverin  [51] . The protein recoverin is a 23 - kDa protein that regulates the activity of 
guanylate cyclase by sensing calcium levels. In the calcium - free form the myristoyl 
tail is tucked inside a hydrophobic pocket. The NMR structure of Ames  et al.  pro-
vided a explanation of how calcium binding of recoverin causes the ejection of the 
myristoyl tail and thereby directs the protein to a cell membrane  [51] . Figure  7.5  
shows a snapshot from the calcium - free and calcium - bound forms of their respec-
tive NMR structures that demonstrate the basis for the calcium - myristoyl switch.    

     Figure 7.5     NMR structures of the enzyme 
bovine recoverin, which is N - terminally 
myristoylated, are shown in a calcium - free 
(left, PDB code 1iku, model 7) and calcium -

 bound form (right, PDB code 1jsa, model 9). 
The protein acts as a calcium - myristoyl 
switch, directing the calcium - bound form of 
the protein to a membrane surface.  
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   7.2.3.2    Case 2: Intracellular Platelet - Activating Factor Acetylhydrolase Type II 
 The plasma PAFAH enzyme was described above as a protein with a hydrophobic 
patch made up of predominantly two  α  - helices. We have used the pPAFAH struc-
ture to build a comparative model of the homologous (42% identity) intracellular 
enzyme PAFAH - II. From this PAFAH - II model, we have identifi ed a hydrophobic 
patch, which is likely to be at least partly responsible for membrane association 
 [30] . However, unlike pPAFAH, the hydrophobic patch of PAFAH - II is not suffi -
cient to direct the protein to the cell membrane. As described above for recoverin, 
PAFAH - II is a protein that is N - terminally myristoylated. It is hypothesized that 
the myristoyl group of PAFAH - II is critical for the localization of the enzymes to 
the inner leafl et membranes of human liver and kidney cells. Preliminary work 
on PAFAH - II has indicated that it exists in a myristoylated form in Madin - Darby 
bovine kidney cells  [52] , yet the exact role of the myristoyl group has not yet been 
elucidated. We are presently investigating the basis for this myristoyl - switch mech-
anism, which uses both the myristoyl group and a hydrophobic patch to direct the 
enzyme to the membrane surface following oxidative stress (unpublished).   

   7.2.4 
Case 3: Palmitoylation of Human Proteins in Cell Culture 

 The examples of proteins that have been overexpressed for structural characteriza-
tion is expectedly more extensive for proteins with a myristoyl group as discussed 
above. These are simpler systems due to a simple and predictable site of myris-
toylation that is limited to the N - terminus of proteins with a GXXXS consensus 
sequence. Other lipid modifi cations, such as palmitoylation, are harder to predict 
since cysteine residues are targeted. Also, whether a cysteine is palmitoylated is 
partly dependent on the structural context. Recently, a rapid screen of palmitoyla-
tion sites in a human cell line was performed using  “ click ”  chemistry analogs to 
ultimately bind biotin to palmitoylation sites  [53] . The approach introduced into 
cells the compound 17 - octadecynoic acid, which is a commercially available analog 
of palmitic acid. After its incorporation at palmitoylation sites, this compound was 
then readily coupled using click chemistry to biotin, which allowed for the identi-
fi cation of 125 palmitoylated protein sites. As more proteins are identifi ed to have 
covalent lipid anchors, an increased number of structural and functional studies 
describing the membrane associated function will be elucidated.  

   7.2.5 
Lipid - Binding Domain 

 The fi nal group of peripheral membrane - binding proteins discussed includes pro-
teins that are directed to bind a membrane surface through specifi c interactions with 
a highly specifi c lipid component or components of the membrane. Just as with the 
covalent lipid anchor proteins discussed above, the absence of a specifi c lipid in the 
membrane typically prevents any tight binding interaction of these peripheral mem-
brane proteins or protein domains to the membrane. A wide range of lipid - binding 
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domains have been identifi ed in protein systems including: the  pleckstrin homology  
( PH ) domain  [54] , C1 – C4 domains of protein kinase C  [55] , FYVE domains  [56] , PX 
domains  [57]  and others. Generally, these proteins and domains of larger proteins 
are water - soluble and do not pose the same diffi culties as the hydrophobic patch or 
lipid anchored class of peripheral membrane proteins discussed above. Here, we will 
describe two examples of the structural and functional work that has been performed 
with the PH and C2 domains bound to their respective specifi c lipid ligand. In each 
case, the binding interactions to the specifi c lipid are believed to give the majority of 
the thermodynamic driving force for membrane interaction. 

   7.2.5.1    Case 1: Pleckstrin Homology Domain 
 The PH domain is a common motif made of about 120 amino acids with a  β  - sheet 
closed off with a C - terminal  α  - helix. The PH domain has a variable ligand - binding 
pocket that is distinguished by positively charged residues that are largely respon-
sible for the specifi city to bind specifi c anionic charged lipids. Surrounding this 
pocket are other positively charged residues that are believed to bind nonspecifi -
cally to the anionic phospho groups of other lipid components. Sigler  et al.   [58]  
were successful in solving the crystal structure of the PH domain from rat phos-
pholipase C -  δ 1 complexed with the lipid  inositol - 1,4,5 - trisphosphate  ( IP 3  ), as 
shown in Figure  7.6 . The PH domain was expressed in the soluble fraction using 
an  E. coli  overexpression construct  [32] . In addition to the expression of the PH 
domain, Lemmon  et al.   [32]  characterized the specifi city and demonstrated the 
modularity of PH domains in general.   

 The PH domain from the general receptor for  phosphoinositide s (phosphor-
ylated phosphatidylinositols ( PIP s)), isoform 1, was shown  [59]  to specifi cally bind 
the lipid phosphoinositol - 3,4,5 - triphosphate, also known as PIP 3 . This work, done 
in the Falke lab, measured the  K  d  values for a range of PIP lipids to characterize 
their membrane targeting function. The truncated PH domain was also probed 
by protein - to - membrane fl uorescence resonance energy transfer experiment to 
determine the magnitude of nonspecifi c interactions with this domain. Interest-
ingly, phosphatidylserine lipids appear to direct a nonspecifi c electrostatic interac-
tion of the PH domain to the membrane, and this step facilitates the docking of 
the specifi c lipid PIP 3   [59] . This PH domain highlights a general feature that the 
lipid - binding domain proteins fi rst interact with membranes by a combination of 
nonspecifi c polar/electrostatic interactions with lipid head - groups, followed by a 
tight binding interaction with their specifi c lipid ligand.  

   7.2.5.2    Case 2:  C 2 Domain 
 Just as with the previous example described, the expression and purifi cation of the 
C2 domains of many signifi cant proteins are often attainable with a simple  E. coli  
expression and purifi cation facilitated by use of an affi nity tag. Here, the challenge 
is to couple this expressed domain with the relevant experiments that elucidate 
their structure and function. The C2  α  - domain of mammalian protein kinase 
C was expressed with a His tag  [33] . The C2  α  - domain provides the specifi city of 
these protein kinases to target membrane interactions through a cooperative Ca 2 +   



 214  7 Peripheral Membrane Protein Production for Structural and Functional Studies

and phosphatidylserine binding effect. The authors of this study were fi rst able 
to demonstrate signifi cant binding of a water - soluble version of the phosphatidyl-
serine lipids. This  1,2 - dicaproyl -  sn  - phosphatidyl -  l  - serine  ( DCPS ) analog has two 
6 - carbon alkyl chains. The DCPS analog was then used to solve a crystal 
structure that provides a convincing model of how the C2 domain binds phospho-
serine lipid and Ca 2 +  , as well as provides a starting point to understand membrane 
binding  [33] .    

   7.3 
Conclusions 

 In studies that target peripheral membrane proteins, often the primary challenge 
is to identify the mode and signifi cance of a membrane association in order to 
guide the design of the expression construct. Proteins of the nonspecifi c electro-

     Figure 7.6     Phospholipase C -  δ 1 domain bound to the lipid second messenger IP 3  (PDB code 
1mai) and shown relative to its predicted membrane - binding orientation  [22] .  
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static and lipid - binding domain class, in general, pose the least technical chal-
lenges for protein expression and purifi cation. In contrast, hydrophobic patch 
proteins pose the greatest challenges, and these systems have the most to gain 
from recent advances in technologies and strategies to express and characterize 
integral membrane proteins. Likewise, recent advances in the treatment of post -
 translational modifi cations, such as myristoylation and palmitoylation, will open 
up new opportunities to study this important class of lipid anchor proteins.  
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 Abbreviations 

 DCPS     1,2 - dicaproyl -  sn  - phosphatidyl -  l  - serine 
 GFP     Green Fluorescent Protein 
 GPI     glycosyl phosphatidylinositol 
 GST     glutathione S - transferase 
 IP 3      inositol - 1,4,5 - trisphosphate 
 NMR     nuclear magnetic resonance 
 OPM     Orientations of Proteins in Membranes 
 PAFAH     platelet - activating factor acetylhydrolase 
 PCR     polymerase chain reaction 
 PDB     Protein Data Bank 
 PH     pleckstrin homology 
 PIP     phosphoinositide 
 PON1     paraoxonase 1 
 pPAFAH     plasma platelet - activating factor acetylhydrolase 
 sPLA 2      secreted phospholipase A 2  
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Expression of  G  - Protein - Coupled Receptors  
  Alexei     Yeliseev   and     Krishna     Vukoti       

    8.1 
Introduction 

  G - protein - coupled receptor s ( GPCR s) belong to a large class of integral membrane 
proteins found in eukaryotic organisms. GPCRs are localized in the cell membrane 
and transmit extracellular signals to the intracellular response elements. In mamma-
lian cells, GPCRs are involved in a variety of signal transduction pathways. Therefore, 
it is not surprising that they are the targets of numerous pharmaceutical drugs    –    over 
30% of drugs currently on the market, according to various estimates  [1 – 5] . There are 
more than 900 different GPCRs encoded in mammalian genomes, yet structures of 
only a few of them, namely those of bovine and squid rhodopsin,  β  1  -  and  β  2  - adrenergic 
receptors, and adenosine A 2A  receptor, are currently available  [6 – 15] . 

 Much of the progress in the rational design of drugs targeting GPCRs will 
depend on the availability of structural information for various types of these 
receptors. Unlike rhodopsin, which is expressed at high density in the retina and 
can be obtained in signifi cant (milligram) quantities in highly enriched form from 
natural sources, the vast majority of GPCRs are present in mammalian tissues at 
very low levels; therefore, isolation of GPCRs from these tissues in large quantities 
is not practical. A technically feasible alternative is the expression of these proteins 
either in a heterologous host or in a cell - free system. While the availability of 
homogenous preparations of GPCRs in milligram quantities is a prerequisite for 
initiating high - resolution structural studies by X - ray crystallography and  nuclear 
magnetic resonance  ( NMR ), valuable structural information can also be obtained 
by applying a wide range of biochemical and biophysical techniques including 
chemical cross - linking coupled with mass spectrometry  [16] , site - directed muta-
genesis  [17, 18] , fl uorescence spectroscopy  [19 – 21] , atomic force microscopy  [22, 
23] , and circular dichroism spectroscopy  [24] , to name a few. 

 GPCRs perform a wide variety of biological functions and their sequence simi-
larity is relatively low. Nevertheless, there are several important common struc-
tural features; namely, seven  α  - helical transmembrane domains, extracellular 
N - terminal domain, and intracellular C - terminus (Figure  8.1 )  [25] . The heptaheli-
cal transmembrane structure explains the high hydrophobicity of these proteins 

Production of Membrane Proteins: Strategies for Expression and Isolation, First Edition. 
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that can only be solubilized from membranes by the action of certain detergents 
or chaotropic agents.   

 The expression of GPCRs in a heterologous host is generally regarded as a 
complex task requiring careful consideration of several critical parameters. One 
of the most important is the selection of the host, which, in turn, may affect the 
cost of the production, yield, stability of the target protein, its functionality, and 
certain post - translational modifi cations. While many GPCR expression projects 
aim at obtaining large amounts of purifi ed protein suitable for generating well -
 diffracting crystals, an ability to produce a stable isotope - labeled protein is an 
important requirement for studies by NMR and infl uences the choice of the 
expression strategy. Furthermore, the receptors have to be solubilized in detergent 
micelles, purifi ed in order to obtain a homogenous preparation, and may need to 
be reconstituted into the lipid bilayer. Thus, successful GPCR sample preparation 
requires signifi cant investments, labor - intensive technology development, and is 
commonly regarded as a high - risk project. Nevertheless, there are a number of 
recent publications that demonstrate the successful application of existing tech-
nologies and the development of new strategies for GPCR sample preparation, 
thus providing important contributions to this fi eld  [1, 6 – 9, 13, 26 – 32] . The objec-
tive of this chapter is to summarize these recent developments and provide the 
reader with the most up - to - date information available. A representative list of 
heterologously expressed GPCR including expression hosts and fusion tags used 
and expression levels achieved is provided in Table  8.1 .    

   8.2 
Bacterial Expression of  GPCR s 

 The advantages of bacterial expression systems are numerous and have been 
discussed in several reviews  [28, 31, 91 – 93] . They include relatively simple and 
inexpensive cultivation media, (generally) short time of fermentation, the availabil-
ity of numerous (in the case of  Escherichia coli ) host strains and plasmids, and 

     Figure 8.1     Schematic structure of a GPCR.  
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relatively short time required for screening of various expression conditions. The 
possible down sides to these systems include the absence of machinery for some 
post - translational modifi cations, possibility of misfolding of target proteins, and 
risk of the proteolytic degradation. Several approaches have been reported that 
successfully deal with these issues. 

 A robust strategy for the expression in  E. coli  described in a series of publications 
by R. Grisshammer  et al.  focuses on production of functional GPCRs  [42, 93 – 96] . 
Several expression parameters were optimized in order to modulate the rate at 
which the nascent polypeptide chain is synthesized and inserted into the cytoplas-
mic membrane, since the folding of the newly synthesized polypeptide and its 
insertion into the membrane are likely to be important rate - limiting steps affecting 
the overall yield of active receptors. The GPCR gene was cloned into the pBR322 -
 based plasmid and expressed from the weak lactose promoter. Low expression 
temperature (20    ° C) improved the yield of the functional receptor. The correct 
folding and concurrent functionality of the receptor was aided by fusing it with 
the  maltose - binding protein  ( MBP ). The positioning of MBP in the N - terminus of 
the fusion protein directs the nascent polypeptide to the cytoplasmic membrane, 
and facilitates both the correct folding of the hydrophobic domains of GPCR and 
insertion into the membrane. The use of the N - terminal MBP fusion proved to be 
benefi cial for the expression of several GPCRs in a functional form  [30] . 

 As an example of this approach, an N - terminally truncated rat neurotensin 
receptor (NTS1) fused to the MBP (at N - terminus) and to the decahistidine tag (at 
C - terminus) was expressed in a functional form, in milligram quantities in  E. coli  
DH5 α , as confi rmed by ligand - binding studies  [30, 42, 94, 95] . The recombinant 
protein purifi ed on a Ni - NTA resin followed by a neurotensin - affi nity column was 
reconstituted into lipid vesicles and its interaction with the labeled agonist ana-
lyzed by solid - state NMR  [97] . Using the same plasmid construct, 10 - fold improved 
yields of the NTS1 receptor were recently achieved through optimization of the 
expression strain and use of the autoinduction medium  [43] . While the N - terminal 
MBP fusion is important for the correct folding and stability of the receptor, the 
nature of the C - terminal tags may signifi cantly infl uence its levels. Besides  thiore-
doxin  ( TrxA ), biotin tag and a polyhistidine tag, fl uorescent  enhanced Cyan Fluo-
rescent Protein  ( eCFP ) or  enhanced Yellow Fluorescent Protein  ( eYFP ) tags were 
successfully used for expression in order to study the oligomerization state of the 
receptor in the detergent solution and in lipid bilayers  [98] . 

 To aid subsequent crystallization studies of the purifi ed GPCRs, a strategy for 
generating monoclonal antibodies that recognize various epitopes of these recep-
tors including the transmembrane core or the C - terminal domain was developed 
 [99, 100] . Conformation - sensitive antibodies against serotonin 5 - HT 2C  receptor 
were raised and characterized  [100] . Nine monoclonal antibodies have been 
obtained that meet stringent criteria for the specifi city, affi nity, and sensitivity to 
the conformational changes in the receptor, and two of them recognized different 
ligand - bound states of the serotonin receptor. 

 While many GPCR expression projects aim at generating samples for subse-
quent crystallization trials, several recent publications demonstrate that NMR 
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plays an increasingly important role in structural studies of membrane proteins 
 [64, 101 – 105] . Importantly, solid - state NMR spectroscopy allows studies of these 
proteins in their native environment    –    the lipid bilayer. 

 Expression and studies of the secondary structure, dynamics, and topology of a 
heptahelical sensory rhodopsin II in native membranes by solid - state NMR was 
published by Etzkorn  et al.   [106] . The authors expressed the protein from  Natrono-

monas pharaonu s ( Np SRII) in  E. coli  cells grown in medium supplemented with 
 13 C - labeled glucose and  15 NH 4 Cl. The receptor was purifi ed and reconstituted into 
the proteoliposomes for subsequent  1 H,  13 C, and  15 N analysis by solid - state NMR. 
While heptahelical sensory rhodopsin is not a GPCR, the application of a similar 
strategy for the expression and studies of stable isotope - labeled GPCRs can provide 
valuable information about the structural features of these receptors and their 
interaction in a lipid matrix. 

 Our group used the MBP - fusion - assisted strategy to express functional periph-
eral cannabinoid receptor CB2 in the cytoplasmic membranes of  E. coli   [35] . The 
levels of the recombinant receptor expressed in rich 2xYT medium were 15   pmol 
receptor/mg of membrane protein, adequate for preparation of milligram quanti-
ties of CB2 for subsequent structural studies by NMR  [35, 107, 108] . The [ 15 N]
Trp - stable isotope - labeled CB2 was obtained by high - density fermentation of  E. 

coli  in a minimal salt medium, with yield up to 2   mg of receptor from 1   l of culture 
 [36] . Purifi cation of the recombinant receptor was assisted by the two affi nity tags, 
a Strep tag and a polyhistidine tag, placed at the N -  and C - termini, respectively 
 [109] . Circular dichroism spectroscopy of the purifi ed receptor confi rmed a high 
 α  - helical content (at least 54%) in detergent micelles. The purifi ed receptor, recon-
stituted into the lipid matrix at high protein - to - lipid ratio, was functional as con-
fi rmed by the ligand - binding and G - protein activation assays. The addition of the 
cannabinoid agonist CP55940 and the cholesterol analog  cholesteryl hemisucci-
nate  ( CHS ) was critical for preservation of the functional activity of the recom-
binant receptor in detergent micelles. 

 Apart from MBP, other N - terminal fusion partners have been tried with varied 
success for expression of GPCRs in  E. coli   [110] . Synthetic human chemokine 
receptors CCR5, CCR3, CXCR4, and CX3CR1 were produced as fusions with 
N - terminal TrxA tag from the low - copy - number plasmid pBAD. These receptors 
accumulated at high levels (as high as 1 – 3   mg/l for TrxA - hCCR3) in the Top10 
strain of  E. coli  and at least two of these GPCRs were purifi ed in milligram quanti-
ties  [110] . However, their functional activity has not been determined. 

 A strategy to enhance the expression of GPCRs by identifying bacterial host 
genes that favorably affect levels of target protein was reported  [34] . Synthetic 
codon - optimized genes for four different GPCRs were fused to the N - terminal 
FLAG tag, and their expression monitored by fl uorescence of the C - terminal  Green 
Fluorescent Protein  ( GFP ) tag. Coexpression of cytoplasmic molecular chaperones 
DnaK/DnaJ,  peptydyl - prolyl isomerase trigger factor  ( Tig ), and a component of the 
signal recognition particle Ffh resulted in a modest but reproducible increase in 
the accumulation of the central type cannabinoid receptor CB1. A much 
larger (8 - fold) increase in GPCR levels was observed in cells coexpressing the 
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membrane - anchored AAA +  protease FtsH. Coexpression of this protease also 
enhanced bacterial growth. However, only a slight increase in the levels of active 
CB1 receptor was observed, suggesting that proper folding of the receptor was not 
achieved. 

 Among bacterial hosts besides  E. coli , a photosynthetic bacterium  Rhodobacter 

sphaeroides  was used for production of GPCRs  [45] . This organism can provide 
greater membrane surface compared to other hosts, due to its ability to develop, 
under oxygen - limiting conditions, an elaborate intracytoplasmic membrane 
system that houses components of photosynthetic apparatus.  R. sphaeroides  dele-
tion strain DD13 lacking the LH1, LH2, and RC genes was used, and the expres-
sion of the recombinant proteins was conducted from a low - copy - number plasmid 
PRKEH10D under the control of the highly regulated photosynthetic promoter 
 pufQ . This system was tested for the expression of several class A GPCRs, namely 
the human adenosine  A 2A  receptor  ( A 2A R ), the human angiotensin  AT 1  receptor  
( AT 1A R ) and the human bradykinin  B 2  receptor  ( B 2 R ). The best - expressed target, 
the AT 1A R, was produced at levels of 7 – 12   pmol/mg of functional protein. Several 
expression parameters still need to be optimized, the most critical being the devel-
opment of a protease - defi cient  R. sphaeroides  strains to increase yield of the full -
 length recombinant protein.  

   8.3 
Expression of  GPCR s in Inclusion Bodies, and Refolding 

 While heterologous expression is used for preparation of the correctly folded, 
functional GPCRs, an alternative strategy relies on production of target proteins 
accumulated in inclusion bodies. This approach circumvents the toxicity fre-
quently caused by recombinant membrane proteins. Although there have been 
several examples of large - scale expression in  E. coli  of GPCRs as inclusion bodies, 
there is no single strategy that can be successfully applied to every representative 
of this protein family. In some instances, the use of the N - terminal T7 tag resulted 
in effi cient expression  [37, 111] , while in other cases, the fusion of the GPCR to 
the protein partner was more benefi cial, such as fusion to glutathione S - transferase 
 [112]  and ketosteroid isomerase (5 - HT 4A  receptor)  [24] . At the same time, it was 
reported that use of ketosteroid isomerase fusion with other GPCRs did not result 
in high expression levels  [24] . An effi cient refolding of the purifi ed receptors is 
one of the major problems in the production of high - quality homogenous proteins 
 [24, 112 – 114] . In the majority of cases, refolding is performed using materials 
recovered from the inclusion bodies and since there is currently no detailed under-
standing of the various factors that affect this process, the commonly used experi-
mental approach includes screening various refolding conditions  [113] . The overall 
effi ciency is mostly determined by the two competing processes    –    refolding and 
aggregation    –    and a very fi ne balance should be found in establishing conditions 
that favor refolding  [113] . There have been several successes on this path including 
preparation of the leukotriene B 4  receptors (BLT1 and BLT2) and a serotonin 
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5 - HT 4A  receptor  [24, 37, 44, 115, 116] . However, ligand affi nity of the BLT1 receptor 
was somewhat lower than that of the native receptor expressed in mammalian 
tissues. High levels of expression were achieved upon codon optimization of the 
respective genes. Recent attempts to express, solubilize, and purify the receptor 
for neuropeptide Y2 have been reported, yielding large enough quantities of 
protein to initiate some biochemical and biophysical studies  [44] . However, only 
a fraction of the refolded receptor was functional.  

   8.4 
Expression of  GPCRs  in Yeast 

 Ease of genetic manipulation, ability to grow to high density in bioreactors, and 
the presence of eukaryotic secretion machinery make yeast an attractive host for 
expression of recombinant GPCRs. The majority of studies were performed using 
strains of  Saccharomyces cerevisiae  and  Pichia pastoris . While many initial expres-
sion attempts focused on maximizing the yield of the target GPCRs through 
optimization of expression conditions, more recent studies have increasingly 
devoted signifi cant attention to examining factors that affect correct folding and 
functionality of the recombinant GPCRs. We will consider several representative 
works dealing with these expression systems. 

 A series of successful studies on expression of human adenosine A 2A R was 
reported  [77 – 79, 117] . The A 2A R was expressed with a C - terminal GFP fusion tag, 
and the quantifi cation of the expression level was performed by fl uorescence 
measurements, densitometry of the semiquantitative Western blots, and classical 
radioligand - binding assay. Using whole - cell GFP fl uorescence, 340   000 A 2A  - GFP 
molecules per cell were detected; approximately 70% of those were localized in 
plasma membranes. The yield of functional A 2A  - GFP was as high as 4   mg/l of 
culture. The effects of cultivation conditions of  S. cerevisiae  on the total yield versus 
yield of the functional A 2A R were studied  [78] . A signifi cant increase in the total 
levels of A 2A  was achieved by performing induction at lower temperatures and at 
high cell densities. These optimized conditions resulted in the highest reported 
yield of 28   mg of A 2A  per liter of culture. Content of the functional receptor gener-
ally increased with the decrease of the induction temperature. The authors suggest 
that the induction temperature affects the activity of the secretory pathway, causing 
incorrect folding of the target protein. The receptor was further purifi ed in dodecyl 
maltoside detergent supplemented with  CHAPS  ( 3 - (3 - cholamidopropyl) - dimethy-
lammoniopropane sulfonate )/CHS and was shown to retain its fold as measured 
by the content of  α  - helices  [79] . 

 A comparative study of the effects of cellular stress response on translocation, 
traffi cking, expression levels, and functional activity of several GPCRs in  S. cerevi-

siae  was recently reported by the same group  [117] . Twelve class A GPCRs have 
been expressed as fusions with C - terminal GFP followed by the histidine tag, at 
levels at least 1   mg/l or greater. Two of these receptors (i.e., A 2A  and CB2) were 
expressed at close to 10   mg/l levels. High - level expression was reported for such 
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receptors as hA 1 , hA 2B , hA 3 , hCCR5, hCXCR4, and hFSH receptor. However, only 
human adenosine A 2A R located primarily at the plasma membrane was active for 
ligand binding. These fi ndings suggest that membrane translocation is a critical 
limiting step in the production of active mammalian GPCRs in  S. cerevisiae.  

 The C2 subtype of the human  α  2  - adrenergic receptor was successfully expressed 
in  S. cerevisiae  and purifi ed by one - step affi nity chromatography on a monoclonal 
antibody column  [118] . The specifi c antagonist phentolamine stabilized the recep-
tor during purifi cation. However, only 10% of the purifi ed receptor retained 
functionality. 

 Levels of total versus functional GPCRs expressed in  P. pastoris  vary signifi cantly 
and seem to be protein target - dependent. For example, while the functional human 
 μ  - opioid receptor was expressed as a fusion with GFP at a level of 1   pmol/mg 
membrane protein, total levels of this protein determined by fl uorescence were 
as high as 16   pmol/mg, suggesting incorrect folding of the bulk of the receptor 
 [119, 120] . However, in another study, the recombinant human dopamine D 2S  
receptor expressed in  P. pastoris  at 3 – 13   pmol/mg of total protein was fully func-
tional  [121] . 

 In another work, the activity of cannabinoid receptors CB1 and CB2 expressed 
in  P. pastoris  was signifi cantly lower when compared to the native receptors from 
mammalian cells  [84, 85] . The authors suggest that the compromise in the func-
tional activity of these receptors might be due to the different lipid/sterol composi-
tion of mammalian and yeast cell membranes. Hence, it may be possible to 
increase the specifi c activity of the recombinant receptors by adding cholesterol/
cholesterol derivatives during their solubilization and purifi cation in detergent 
micelles  [122] . 

 In this respect, of interest is a thorough selection and optimization of the condi-
tions for production of functional GPCRs in  P. pastoris  using a single expression 
screen  [123] . An impact of several parameters affecting protein expression: tem-
perature of expression, addition of  dimethyl sulfoxide  ( DMSO ), stabilizing ligands, 
and histidine, was examined. Among the factors benefi cial for the expression of 
functional receptors were: (i) lowering of the temperature from 30 to 20    ° C; (ii) 
supplementing the medium with a specifi c ligand at a concentration close to 100 -
 fold  K  d , (iii) addition of 2.5% DMSO, or (iv) 0.04   mg/ml histidine. For 10 GPCR 
targets, including human ADA1B, OPRK, and D2DR, up to a 6 - fold increase in 
the expression of the functional receptor was observed at low induction tempera-
ture. Likewise, for most of the 20 receptors tested, the addition of the specifi c 
ligands to the medium resulted in increased production of functional receptors. 

 In another study from the same laboratory  [124] , the evaluation of expression 
levels of different GPCRs in  P. pastoris  was performed by quantitative dot - blot 
detection. Ten human and one mouse GPCR were expressed as fusions with the 
FLAG tag and a decahistidine tag (at the N - terminus), and biotin tag (at the 
C - terminus). The detection of as low as 100   pg of the recombinant GPCR was 
performed by the dot - blot using anti - FLAG M2 antibody. This semiquantitative 
protocol was also used to analyze the solubilization effi ciency by using a panel of 
16 different detergents. 
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 Expression levels of the wild - type and truncated human adenosine  A2A  receptor 
in  P. pastoris  cultivated either in shake fl asks or in a bioreactor were compared 
 [82] . Cell density of OD 600  around 75 was achieved in the bioreactor, 5 - fold more 
than in the shake fl asks, while the levels of the functional protein per mg of mem-
brane protein were increased by 2 - fold. Additionally, a stabilized and truncated 
version of the receptor V334 A 2A R was expressed under similar conditions with 
yield of 200   pmol/mg of membrane protein. 

 Successful attempts to increase levels of functional human A 2A R were made by 
coexpressing a transcriptional transactivator protein, addition of galactose, and 
introduction of a specifi c ligand into the yeast growth medium  [125, 126] . However, 
when a similar approach was used to express the human D 2S  dopamine receptor, 
no signifi cant increase in yield was observed  [127] . 

 In some cases, the temperature shifts and pH variations have been used to 
increase the yield of the functional receptor. The increase in the pH values from 
5.5 to 7.0 during the fermentation resulted in a 2 -  to 3 - fold increase in expression 
levels of the human  β  2  -  and  α  2 C - adrenergic receptors  [128] . Likewise, the yield of 
the functional mouse 5 - HT 5A  serotonin receptor was doubled when the cells were 
subjected to a heat shock at 42    ° C. This probably induced synthesis of the stress 
proteins acting as molecular chaperones  [129] . On the other hand, lowering of the 
expression temperature may also assist in yielding high levels of the functional 
receptor, as was demonstrated by performing galactose induction of the VPAC1 
and I7 olfactory receptors in  S. cerevisiae  at 15    ° C  [81, 130, 131] . In the latter case, 
fermentation was performed at 15    ° C and protein levels were as high as 327   pmol/
mg of membrane protein    –    one of the highest ever achieved for any GPCR expres-
sion in yeast. 

 Attempts have been made to solve the problem of the  in vivo  receptor degrada-
tion by expressing GPCRs in protease - defi cient yeast strains  [127, 132] . However, 
while there were seemingly positive effects such as decreased levels of degradation 
products and increased cellular levels of the full - length receptor, no signifi cant 
increase in the amount of functional receptors in the plasma membranes was 
detected, suggesting that other factors involved in protein synthesis, folding, mem-
brane targeting, and insertion play greater role in determining levels of functional 
receptor.  

   8.5 
Expression of  GPCR s in Insect Cells 

 Expression in insect cells has been a very popular approach for production of 
functional GPCRs  [1, 46, 51, 133, 134] . It often yields high levels of receptors, 
although the proportion of active protein varies signifi cantly depending on the 
individual GPCR. This expression system also allows, unlike a bacterial host, 
certain types of post - translational modifi cations of the recombinant proteins. 
However, the type and specifi city of these post - translational modifi cations may 
not be exactly the same as in mammalian cells and this sometimes results in 
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nonhomogenous receptor preparations. While there are a growing number of 
reports of the successful expression of homogenous and structurally intact recep-
tors in insect cells, it appears that some caution has to be exercised when choosing 
this expression host. Depending on a goal of a particular project, different 
approaches have been tried with varied success: (i) expression in different cell lines 
and optimization of induction conditions; (ii) introduction of various N -  and 
C - terminal tags; (iii) truncation of the target protein and introduction of stabilizing 
mutations; and (iv) coexpression with cognate G - proteins. 

 Coexpression with the cognate G - proteins was reported to aid production of 
some mammalian GPCRs. For example, the expression of two human olfactory 
receptors OR17 - 209 and OR17 - 210 in baculovirus Sf9 insect cells was performed 
by Matarazzo  et al   [133] . These proteins were coproduced with either G  α off  -  or 
G  α 16  - proteins, taking advantage of the designed cassette baculovirus vectors con-
taining FLAG/HA - tagged OR gene fused to an insect signal sequence. The leader 
sequence was used in order to target the recombinant protein to the secretory 
pathway. Each receptor was found to accumulate in a functional form at the cell 
surface and colocalized with both G  α   - proteins. However, in the case of mouse  δ  -
 opioid receptor expressed in lepidopteran cell line Bm5, coexpression of exoge-
nous G  α 16  did not improve levels of functional receptor and reached only 1.2   pmol/
mg membrane protein  [134] . 

 In several studies, the N - terminal tag was shown to signifi cantly affect both the 
expression levels and functionality of the target receptor. The human peripheral 
type cannabinoid receptor CB2 was expressed in Sf21 cells with levels of functional 
protein 9.3   pmol/mg protein  [61] . The addition of the N - terminal FLAG tag resulted 
in an approximately 30 - fold decrease in the protein expression levels. In another 
publication from the same group an expression of the central - type cannabinoid 
receptor CB1 in Sf21 cells was achieved at levels as high as 24.5   pmol/mg protein 
in constructs carrying a N - terminal hexahistidine tag  [60] . Its replacement with a 
FLAG tag resulted in a decrease of the  B  max  value by about 7 - fold. Interestingly, 
the His - tagged protein was expressed at about the same level as the recombinant 
receptor without any tag. 

 The infl uence of the C - terminal tag on the expression level appears to be less 
crucial and a C - terminal polyhistidine tag has been frequently used for expression 
and purifi cation of mammalian GPCRs. The large - scale production of the 
functional human histamine H 1  receptor was recently published by the W.J. 
DeGrip group  [51] . The functional H 1  - His - tagged receptor was accumulated at 
high levels (30 – 40   pmol/10 6  cells) in Sf9 cells. Scaling up to the 10 - l bioreactor 
level resulted in 5 – 7   mg/l of functional receptor. Earlier, expression levels of up to 
4   mg of the bovine rhodopsin per liter of the Sf9 cell culture were reported by the 
same group  [55] . The C - terminal polyhistidine tag was used for the purifi cation of 
the receptor and this rhodopsin preparation was successfully reconstituted into 
the lipid matrix. 

 Signifi cant progress in structural studies of GPCRs was made in the past 
several years by several groups that succeeded in generating well - diffracting crys-
tals of the recombinant proteins produced in insect cell systems  [135 – 138] . The 
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partial C - terminal deletion mutant of the  β  2  - adrenergic receptor, in fusion with 
HA and FLAG tags at the N - terminus, was effi ciently expressed in Sf9 cells and 
purifi ed by sequential antibody -  and ligand - affi nity chromatography  [135] . In 
order to enhance conformational stability and increase the polar surface for the 
crystal contacts, crystallization was performed in the presence of monoclonal 
antibodies that bind to the intracytoplasmic loop 3 of the native  β  2  - adrenergic 
receptor  [139] . 

 In an effort to overcome the structural fl exibility of the  β  2  - adrenergic receptor 
and to facilitate its crystallization, the same group has engineered the  β  2  - adrenergic 
receptor fusion protein in which T4 lysozyme replaces most of the third intracy-
toplasmic loop of the receptor. The  β  2  - adrenergic receptor – T4 lysozyme fusion 
protein was crystallized in the presence of the partial inverse agonist carazolol, in 
the cholesterol - doped lipidic cubic phase  [6, 140, 141] . Both the T4 lysozyme fusion 
strategy and lipidic cubic phase crystallization were subsequently used to solve the 
structure of A 2A R  [13] . 

 Introduction of stabilizing mutations greatly improved effi ciency of crystalliza-
tion of the turkey  β  1  - adrenergic receptor produced in the presence of the strong 
antagonist cyanopindolol  [12, 142] . Likewise, thermostabilizing mutations were 
introduced into A 2A R  [143] . Thermostabilization of the neurotensin receptor NTS1 
in detergent micelles in ligand - free as well as in neurotensin - bound form was 
achieved by combining four point mutations; only one of these was predicted to 
be localized in the transmembrane helix  [144] . The mutated receptor bound neu-
rotensin with an affi nity similar to the wild - type receptor; however, agonist dis-
sociation was slower and the receptor activated G - proteins poorly. 

 A recently published report described expression of three subtypes of human 
 α  2  - adrenergic receptor, including the truncated  α  2B  - adrenergic receptor carrying a 
deletion in the third intracellular loop, at levels between 11 and 64   pmol/mg of 
membrane protein  [48] . The expressed receptor was localized in intracellular 
organelles, and the truncated form of  α  2B  - adrenergic receptor exhibited unaltered 
ligand affi nities and enhanced stability. 

 Choice of a cell line is of particular importance in expressing GPCRs. In a 
study published by M. Akermoun  et al   [46] , 16 human receptors, including A 2A , 
A 1A ,  α  2A  - adrenergic,  α  2B  - adrenergic,  α  1B  - adrenergic,  α  1D  - adrenergic,  β  1  - adrenergic, 
 β  2  - adrenergic, 5 - HT 1A , 5 - HT 2B , BK 2 , CB1, H 1 , D 2 , M 1 , and  μ  - opioid, were expressed 
in three insect cell lines: Sf9 and Sf21 (derived from  Spodoptera frugiperda ) and 
High Five (derived from  Trichoplusia ni ) at levels ranging from 1   pmol/mg 
protein to 250   pmol/mg. No single set of expression conditions was found to be 
suitable for all GPCRs and signifi cant differences were observed for individual 
GPCRs in different cell lines. Surprisingly, several closely related receptors did 
not share similar expression profi les. Remarkably, high levels (over 20   pmol/mg 
protein) were achieved for more than half of the GPCRs tested in the study. 
Generally, the best yield for all receptors was obtained at either 38 or 72 h 
postinfection.  
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   8.6 
Expression of  GPCR s in Mammalian Cell Lines 

 While the expression in mammalian cell lines has been a method of choice 
for production of functional GPCRs, until recently it has not been widely used 
for high - level expression due to the high cost of the cultivation media and rela-
tively low protein yields. Nevertheless, several studies have demonstrated the 
potential applicability of this host for generating large - scale protein samples 
suitable for structural investigations. High - level expression of the codon - optimized 
hamster  β  2  - adrenergic receptor gene in a functional form at levels 220  ±  40   pmol/
mg in COS - 1 cell line was reported  [64] . Upon solubilization of  β  2  - adrenergic 
receptor in 1% (w/v) in decyl maltoside and purifi cation on 1D4 - 
Sepharose affi nity column, about 70% of ligand - binding - competent receptor 
was obtained. 

 Successful GPCR production was also reported in the  human embryonic kidney  
 HEK  - 293 cell lines. A synthetic gene encoding human OR17 - 4 was expressed in 
adherent HEK - 293 cells at levels of 30   mg per 150 - mm tissue culture plate  [145] . 
Scaling - up the suspension HEK - 293S cells in a bioreactor yielded up to 3   mg/l of 
the receptor  [146] . Functional activity of the recombinant receptor was confi rmed 
by surface plasmon resonance experiments. 

 Opsin was expressed in a suspension culture of HEK - 293S cells in a defi ned 
media containing [6 -  15 N]lysine and [2 -  13 C]glycine  [147] . The authors reported a 
yield of 1.5 – 1.8   mg/l of culture. The functional rhodopsin was subsequently 
formed by binding to 11 -  cis  - retinal and reconstituted into 1,2 - dioleoyl -  sn  - glycero -
 3 - phosphocholine proteoliposomes. It was estimated that expression in the HEK -
 293S cells resulted in as much as 50% of the amino acid residues in rhodopsin 
labeled with  15 N and  13 C, and the yield of the labeled receptor was as high as 1 – 2   mg 
of the purifi ed protein per liter of culture  [74] . 

 Other examples of medium - to - high levels of production of GPCRs expressed in 
mammalian cell lines include functional yeast Ste2  [71, 148] , a class B GPCR, 
human parathyroid hormone - 1 receptor  [149] , human bradykinin B 2   [72] , human 
adenosine A 1  and A 2A   [47]  (all in HEK - 293), and thromboxane A 2  receptor (in 
COS - 7 cells)  [67] .  

   8.7 
Expression of  GPCR s in Retina Rod Cells 

 Expression of functional GPCRs in retinal rod cells (rod outer segments) of trans-
genic animals has a potential of producing homogenous, highly concentrated 
preparations of these receptors. This approach was fi rst applied to the production 
of metabotropic glutamate receptor ( Dm GluRA) in photoreceptor cells of a trans-
genic fruit fl y,  Drosophila melanogaster , where its expression levels were at least 
30 - fold higher than in the conventional baculovirus expression system, primarily 
due to the higher membrane content of the photoreceptor cells  [90] . 
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 A further development of this strategy was reported by K. Palczewski  et al.  
 [88]  who used retina rod cells of transgenic  Xenopus laevis  for production of 
20 different GPCRs. All recombinant proteins contained a C - terminal tag cor-
responding to 15 C - terminal amino acids of mouse rhodopsin that is required 
for vectorial transport of rhodopsin to rod outer segments. The receptors 
were accumulated in rod cells and homogeneously glycosylated. A C - terminal 
  eGFP  tag was used to demonstrate consistent expression of the target proteins 
across the entire retina. Fusion proteins were not detected in the endoplasmic 
reticulum or Golgi apparatus, suggesting that they were properly folded and 
transported to the rod cell disk membranes. The disadvantage of this 
expression system is that it is currently capable of producing only about 1 – 5   ng 
of fusion protein per transgenic tadpole and scaling - up is technically 
challenging.  

   8.8 
Expression of  GPCR s in a Cell - Free System 

 Application of the cell - free translational systems for the production of proteins for 
structural studies has become increasingly attractive, in particular to produce 
integral membrane proteins including GPCRs (see Table  8.2 ). The cell - free system 
allows production of stable isotope - labeled proteins  [158 – 160]  suitable for NMR 
structural studies and for protein engineering  [161] . Detailed protocols for prepara-
tion of milligram quantities of membrane proteins of prokaryotic and eukaryotic 
origin using  E. coli  extracts in less than 24 h were described in  [162] . Among the 
potential advantages of the cell - free expression are:

   i)     High specifi city (the target protein is predominantly synthesized during the 
reaction).    

  ii)     Short duration of the reaction, advantageous for preventing proteolytic deg-
radation of the target protein.  

  iii)     Small volume of the reaction and consequently low cost of isotope - labeled 
precursors.  

  iv)     Possibility of using labeled precursors without inhibiting cell growth.    

 There are disadvantages of the cell - free system, such as relatively low expression 
levels and aberrant protein folding as compared to that of the native protein. Until 
recently, this has precluded its broader application for generating protein samples 
suitable for structural determination. The productivity of the cell - free translation 
system, in particular when applied to the synthesis of membrane proteins, was 
improved through optimization of the cell - free extracts and their supplementation 
with molecular chaperones that may be required to ensure correct folding of the 
nascent polypeptide chain  [163, 164] , addition of factors for membrane integration 
and translocation  [165] , as well as detergents and lipids that allow incorporation 
of newly synthesized polypeptides directly into preformed micelles  [150, 151, 154, 
166, 167] . 
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 Examples of production of integral membrane proteins using an  E. coli  cell - free 
coupled transcription – translation system include the fully functional multidrug trans-
porters EmrE and SugE from  E. coli  as well as the larger transporter TehA and cysteine 
transporter Yfi K  [151] . Production in  E. coli  cell - free system of several GPCRs, including 
the  β  2  - adrenergic receptor, the muscarinic acetylcholine receptor M 2 , and the neuro-
tensin receptor fused to TrxA was reported (Table  8.2 )  [150, 151, 154, 168] . 

 The reaction mixture often needs to be supplemented with either detergents or 
lipids to maintain solubility of the target membrane proteins. Of interest is the 
study in which suitability of several detergents supplemented in concentrations 
above their critical micellar concentrations for soluble expression of  α  - helical and 
 β  - barrel - type integral membrane proteins was evaluated  [150] . The following 
parameters were assessed: (i) impact on productivity of the cell - free system, (ii) 
their effi ciency in solubilizing newly synthesized membrane proteins, and (iii) 
their effect on the activity of the solubilized membrane proteins. It was found that 
both the type and concentration of a detergent have a profound impact on the 
yield, solubility, structural properties, and activity of the newly produced mem-
brane proteins. Hence, the negative infl uence of detergents (particularly when 
used in high concentrations) on the reaction may limit their application. Of imme-
diate practical interest, though, is that the long - chain polyoxyethylene derivatives 
Brij35, Brij58, Brij78, and Brij98 were found especially suitable for the high - level 
production of at least several different GPCRs  [153] . 

 While remarkable progress was achieved in high level (up to several milligrams 
per milliliter of reaction) cell - free production of several membrane receptors, 
including seven - transmembrane receptors, there are still signifi cant diffi culties in 
ensuring their functional activity. A few potentially useful approaches have been 
reported recently. One example is the production of the odorant receptor OR5 
without the use of detergents  [152] . The receptor was expressed as a fusion with 
a small  vesicular stomatitis virus  ( VSV ) affi nity tag and incorporated into the 
tethered lipid matrix consisting of  phosphocholine  ( PC ) and  1,2 - dimyristoyl -  sn  -
 glycero - 3 - phosphoethanolamine  ( DMPE ). While the receptor appeared to be func-
tionally active, its density in the lipid bilayer was rather small, varying from 20 – 100 
molecules per  μ l of the reaction mixture. 

 A combination of the  E. coli  - based cell - free expression of bacteriorhodopsin and 
its rapid self - assembly into diskoidal nanolipoprotein particles was reported  [155] . 
The coexpressed apolipoproteins sequestered lipid bilayer patches, solubilizing 
bacteriorhodopsin in the course of a single reaction. Addition of all -  trans  - retinal 
and 1,2 - dimyristoyl -  sn  - glycero - 3 - phosphocholine (DMPC) to the reaction mixture 
resulted in a production of functional receptor. 

 Another group has synthesized bacteriorhodopsin integrated into liposomes 
using an  E. coli  cell - free system in a dialysis mode  [156] . Supplementation of the 
reaction mixture with a combination of a detergent and phospholipid yielded up 
to 0.3 – 0.7   mg/ml of protein. The bacteriorhodopsin was shown to integrate into 
liposomes upon removal of detergents by dialysis. 

 A functional histamine H 1  receptor (hH 1 R) was produced using  E. coli  cell - free 
expression system from Roche (Nutley, NJ), at levels of 3 – 5   mg/ml of reaction 
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mixture  [169] . Following immobilized - metal affi nity chromatography purifi cation, 
0.2 – 0.7   mg of functional hH 1 R was obtained and reconstituted into asolectin 
liposomes. 

 Use of a wheat germ extract for production of a functional human olfactory 
receptor 17 - 4 (hOR17 - 4) and two mouse olfactory receptors (mOR23 and MS51) 
was reported very recently  [157] . Addition of digitonin in concentrations of 0.2% 
and 0.6% to the reaction mixture was optimal for production of hOR17 - 4 and 
mOR23, respectively, while 0.1% Brij58 was found better suited for production of 
the mS51 receptor.  

   8.9 
Stabilization of  GPCR s during Solubilization and Purifi cation 

 It is crucial that the structure and activity of the recombinant receptors are pre-
served upon solubilization in the presence of detergents and during purifi cation. 
An excellent review dealing with the latter issue was published not long ago  [28] . 
It appears that the effects of a particular detergent or mixture of detergents on 
solubilization, purifi cation and reconstitution of GPCR are highly receptor - specifi c. 
Therefore, solubilization conditions in most cases have to be determined empiri-
cally. Apart from comparing solubilization effi ciency of various detergents, the 
effects of these detergents on the functionality of the target protein have to be 
taken into consideration  [28, 29, 170] . 

 For example, in the case of the  μ  - opioid receptor it was demonstrated that only 
a small number of detergents are suitable for both solubilization and preservation 
of its function  [170] . A combination of 0.5% (w/v) CHAPS and 0.1% (w/v) CHS 
was found to be optimal for effi cient extraction from cellular membranes and for 
preservation of activity in a micellar state. Likewise, CHS was found extremely 
benefi cial for preservation of functional activity of other GPCRs  [109, 122] . 

 The use of specifi c ligands during receptor solubilization and purifi cation has 
benefi cial effects on increasing the yield of functionally active and structurally 
unperturbed protein as was reported for the dopamine D 4  receptor  [171] , vasopres-
sion V 2  receptor  [172] , rhodopsin  [173] ,  δ  - opioid receptor  [174] , human chemokine 
receptor CXCR4  [59] , and  α  2  - adrenergic receptor  [118] , to name just a few.  

   8.10 
Conclusions 

 The development of a robust technology for the production of structurally unper-
turbed, functional GPCRs, in quantities suffi cient for structural investigations, is 
prerequisite for understanding their structural features and mechanisms of action. 
Choice of the expression strategy is infl uenced by many factors such as yield of 
the target receptor, availability of post - translational modifi cations, and require-
ments of the particular biophysical technique utilized in subsequent structural 
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characterization. One of the approaches focuses on achieving high yields rather 
than production of a functional and correctly folded receptor, and relies on expres-
sion of the recombinant protein as inclusion bodies in bacterial cells. Subsequent 
solubilization, refolding, and purifi cation of the recombinant receptors are neces-
sary to produce correctly folded homogenous samples suitable for structural 
investigations. 

 Expression of GPCRs in mammalian and insect cell lines or in rod outer seg-
ments of transgenic animals, on the other hand, takes advantage of adequate 
machinery for synthesis, membrane insertion, and post - translational modifi ca-
tions of the membrane receptors that is offered by these systems. Performance of 
these heterologous hosts is, however, receptor -  and cell line - specifi c, and the 
protein yield is sometimes quite low. Yet another strategy takes advantage of the 
bacterial expression of GPCRs as fusions with MBPs that allows production of 
receptors in a functional form. Bacterial systems offer the potential for high 
expression levels of the recombinant GPCRs, and are well suited for production 
of stable isotope - labeled proteins, which is prerequisite for subsequent NMR 
studies. Several research groups have demonstrated its potential for generating 
protein samples suitable for the large - scale structural characterization. Likewise, 
several class A GPCRs have been produced in large quantities using yeast expres-
sion systems. 

 One of the promising novel approaches to production of GPCRs utilizes cell - free 
systems that offer such advantages as high specifi city of protein synthesis and 
opportunity to use labeled precursors in small reaction volume. This technology 
can potentially be well adapted to the preparation of labeled proteins for high -
 resolution studies and currently experiences rapid growth. 

 Although it is evident that expression method is extremely important, the 
success of the particular strategy in application to a particular GPCR cannot be 
reliably forecast at present. The studies discussed here demonstrate rapid progress 
in the fi eld of GPCR production. It is likely to result in the development of more 
reliable and effi cient technologies, allowing for production of large quantities of 
receptors suitable for structural investigations that would, in turn, provide the 
basis for further improvement in rational drug design.  
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 Abbreviations 

 A 2A R     A 2A  receptor 
 AT 1A R     AT 1  receptor 
 B 2 R     B 2  receptor 
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 CHAPS     3 - (3 - cholamidopropyl) - dimethylammoniopropane sulfonate 
 CHS     cholesteryl hemisuccinate 
 DMPE     1,2 - dimyristoyl -  sn  - glycero - 3 - phosphoethanolamine 
 DMSO     dimethyl sulfoxide 
 eCFP     enhanced Cyan Fluorescent Protein 
 eGFP     enhanced Green Fluorescent Protein 
 eYFP     enhanced Yellow Fluorescent Protein 
 GFP     Green Fluorescent Protein 
 GPCR     G - protein - coupled receptor 
 HEK     human embryonic kidney 
 MBP     maltose - binding protein 
 NMR     nuclear magnetic resonance 
 PC     phosphocholine 
 Tig     peptydyl - prolyl isomerase trigger factor 
 TrxA     thioredoxin 
 VSV     vesicular stomatitis virus 
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Structural Biology of Membrane Proteins  
  David     Salom   and     Krzysztof     Palczewski       

    9.1 
Introduction 

 Membrane proteins represent about a third of the proteins in living organisms  [1] , 
but knowledge of their various functions is hampered by the scarcity of structural 
information. Owing to their central role in basically all physiological processes, 
membrane proteins constitute around 60% of approved drug targets  [2]  and, there-
fore, their experimentally determined three - dimensional structures are eagerly 
sought to assist in structure - based drug design. Fortunately, the number of high -
 resolution membrane protein structures has grown exponentially since the fi rst 
membrane protein crystal structure was solved  [3] , although most membrane 
protein crystal structures solved to date are from bacteria. To explain this bias one 
might assume that eukaryotic membrane proteins are just more diffi cult to crystal-
lize. However, the fact that half of all eukaryotic membrane proteins crystallized 
were purifi ed from native sources speaks of diffi culties encountered with their 
heterologous expression. Of those eukaryotic membrane proteins expressed het-
erologously, less than one - quarter were expressed in  Escherichia coli   [4] . By contrast, 
the vast majority of soluble proteins and prokaryotic membrane proteins crystallized 
thus far were produced as recombinant proteins in bacterial systems  [4, 5] .  

   9.2 
Folding and Structural Analysis of Membrane Proteins 

   9.2.1 
Folding 

 The hydrophobic effect is a dominant contributor to the structural stabilization of 
soluble proteins and extramembranous regions of membrane proteins, but water 
is essentially absent in the hydrocarbon core of lipid bilayers. Consequently, the 
relative importance of other forces, such as van der Waals packing and hydrogen 
bonding, increase in the apolar environment of the membrane core. There are 
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virtually no unfolded segments in transmembrane domains of membrane proteins 
because of the high thermodynamic cost of burying polar peptide bonds in a 
membrane, which also explains why the membrane interface is a potent catalyst 
of secondary structure formation. To date, two structural motifs    –     α  - helices and 
 β  - barrels    –    have been found in membrane proteins (Figure  9.1 ).  β  - Barrels, made 
up of  β  - strands, are found in Gram - negative bacterial outer membranes as well as 
in mitochondrial and chloroplast membranes, and these structures function as 
channels or transporters for nutrients, proteins, hydrophobic toxic substances, and 
other molecules.  α  - Helical bundles are structurally and functionally more versa-
tile, serving as receptors, channels, transporters, electron transporters, and redox 
facilitators.   

 Owing to their quasi - two - dimensional environment, the conformational space 
of membrane proteins is severely restricted. Over the past few years, the steady 
increase of published membrane protein structures has turned up numerous 
examples of structural similarities among apparently unrelated protein families. 
For example, structural similarity was found between the short acid transporter 
FocA and aquaporins  [6] , and between the transmembrane domain of the iono-
tropic glutamate receptor (iGluR) and bacterial K  +   channels  [7] . However, it is still 
unclear whether these structural similarities refl ect a divergence from common 
ancestral proteins so ancient that sequence similarities have been erased by genetic 
drift or whether they just represent a manifestation of the restricted folding space 
available to membrane proteins  [8] .  

     Figure 9.1     Examples of the two structural 
motives found in membrane proteins: the 
 α  - helical bundle (a, bovine rhodopsin) and a 
 β  - barrel protein (b, human mitochondrial 
voltage - dependent anion channel), in their 

approximate positions in the membrane 
bilayer. Retinal, carbohydrates, and palmitoyl 
chains are also shown in the rhodopsin 
illustration.  

a) b)
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   9.2.2 
Prediction Methods 

 Early methods for predicting transmembrane helices were based on the premise 
that a protein segment would partition into a membrane if it was suffi ciently 
hydrophobic and long enough to cross it. Starting with the method of Kyte and 
Doolittle  [9] , various algorithms for detecting transmembrane segments were 
proposed from experimental and computational data. These relied on an amino 
acid hydrophobicity scale based on the free energy needed to transfer them from 
hydrophilic to hydrophobic media. Typically, the algorithms searched for stretches 
of around 20 amino acid residues that could cross the roughly 30 -  Å  hydrophobic 
core of a membrane. Sequence stretches scoring above a certain propensity thresh-
old would be predicted to constitute transmembrane helices. However, these 
methods and others developed in the 1990s that relied on statistical inference 
provide only moderate success rates, and are unable to identify  “ irregular ”  struc-
tures, such as half helices and re - entrant loops found in the K  +   channel and 
aquaporins  [10] . More sequences and structures then provided new insights, such 
as: aromatic Trp and Tyr residues tend to cluster near the ends of transmembrane 
segments; loops connecting transmembrane helices have different amino acid 
compositions depending on whether they face the inside or outside of the cell; and 
certain sequence motifs in transmembrane segments exhibit a higher - than - ran-
dom occurrence  [11] . Recently, von Heijne  et al.  proposed two methods based on 
fi rst principles that employ an experimental scale of position - specifi c amino acid 
contributions to the free energy of membrane insertion; when coupled with the 
 “ positive - inside ”  rule  [12] , this combination predicts the topology of  α  - helical 
membrane proteins with performance levels rivaling the best machine learning 
methods  [13] . Finally, a computational approach for optimizing the spatial arrange-
ment of protein structures in lipid bilayers has been developed by minimizing 
their transfer energies from water to the lipid bilayer. The last method has been 
applied to all unique transmembrane domains and hundreds of peripheral pro-
teins in the  Protein Data Bank  ( PDB ), and the results are available online  [14] . 

 Prediction of  β  - barrel motifs from primary sequences is still diffi cult because of 
the presence of short transmembrane stretches. Furthermore, the interior of the 
barrel is not always hydrophilic. Therefore, searching for alternating polar and 
nonpolar residues is not a promising approach. The C -  and N - terminal  β  - barrel 
signature sequences are only moderately successful in identifying proteins with 
 β  - barrel motifs  [15] .  

   9.2.3 
Membrane Insertion 

 With few exceptions, membrane protein synthesis on ribosomes and their mem-
brane insertion, led by a signal sequence, are concerted steps. In many cases the 
signal sequence of eukaryotic membrane proteins is removed in the endoplasmic 
reticulum where their maturation is completed by different post - translational 
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modifi cations before export to their fi nal cellular destinations. By contrast, the fold 
of soluble proteins is normally defi ned entirely within the sequence itself. It is 
now clear that the translocon complex itself plays an important role in determining 
the fi nal membrane protein topology. von Heijne ’ s group developed an experi-
mental method for quantifying sequence - dependent translocon selection of trans-
membrane helices, which allows us to determine the membrane insertion 
effi ciency of suspected transmembrane sequences  [16] . The fact that important 
charged residues are not conserved among translocons of different species could 
be one of the reasons why it is so diffi cult to express eukaryotic membrane proteins 
in heterologous systems  [17] .  

   9.2.4 
Estimating the Molecular Weight of Membrane Proteins 

 Most methods for protein structural characterization were fi rst developed for 
soluble proteins and then adapted to membrane proteins. Thus, in many cases, 
cautious interpretation of experimental results is advisable when a membrane 
protein is investigated. For example, one of the most used biophysical methods 
for protein isolation is sodium dodecyl sulfate – polyacrylamide gel electrophoresis 
(  SDS  –   PAGE ), which generally provides useful information about protein purity 
and molecular weight. However, this method often provides misleading informa-
tion when used to analyze membrane proteins. In contrast to the relatively 
unstructured SDS - induced unfolded states of most water - soluble proteins, 
unfolded states of membrane proteins contain a signifi cant percentage of second-
ary structure  [18] . In addition, native (e.g., glycophorin A) or irreversible (e.g., 
 G - protein - coupled receptor s ( GPCR s)) oligomerization may occur in SDS micelles. 
Also, if not boiled prior to electrophoresis, OmpA migrates to different positions 
on SDS – PAGE depending on the compactness of its structure. Native OmpA 
migrates with an apparent molecular weight of around 30   kDa, whereas completely 
unfolded OmpA migrates as an around 35 - kDa protein  [19] . In some cases, dif-
ferential binding of SDS to membrane proteins during electrophoresis has been 
suggested to cause deviations up to  ± 50% in their apparent molecular weights  [20] . 
Similar artifacts can arise when  size - exclusion chromatography  ( SEC ) is used to 
separate membrane proteins.  

   9.2.5 
Amino Acid Composition 

 From the fi rst crystal structure of a membrane protein  [21]  it was clear that the 
distribution of protein residues along the lipid bilayer depended on their depth in 
the membrane. Leu, Ile, and Phe residues were the most abundant in the acyl 
chain areas of membrane lipids, Trp and Tyr residues in the interface, and polar 
residues in the aqueous zone. A decade later, analysis of available membrane 
protein crystal structures, as well as work with model peptides, confi rmed these 
results  [22, 23] . This observed hydrophobic distribution applies only to those resi-
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dues facing the lipid acyl chains, because the interiors of  α  - helix membrane pro-
teins are not signifi cantly more hydrophobic than those of soluble proteins, 
although transmembrane domains bury smaller residues on average  [24] . 

 Trp and Tyr residues have such a marked tendency to locate in the interfacial 
area that most membrane proteins have what is known as an  “ aromatic belt. ”  
Whenever a hydrophobic mismatch occurs, the protein and/or the membrane can 
change their structures in order to match the length of their respective hydropho-
bic areas  [25 – 28] . Lys and Arg residues, with their long and fl exible side - chains, 
can  “ snorkel ”  towards the lipid/water interface region, where their positive charge 
can interact with the negatively charged phosphate groups of phospholipid  [23] . 
Similarly, lipid molecules located close to a transmembrane helix can adapt to the 
presence of polar residues and water molecules can help solvate polar groups 
located well within the bilayer plane  [29 – 32] .  

   9.2.6 
Transmembrane Helix Association Motifs and Membrane Protein Oligomerization 

 Consideration of individual transmembrane  α  - helices as independent folding 
units has facilitated a  “ divide - and - conquer ”  approach to the study of membrane 
protein assembly, where interactions between peptides recapitulate membrane -
 embedded portions of helical membrane proteins  [33] . The utility of peptides as 
tools for investigating membrane protein folding originates from a series of early 
experiments that revealed that the native protein fold of bacteriorhodopsin could 
be regenerated from various fragments    –    an indication that transmembrane helix –
 helix interactions alone have suffi cient specifi city to generate tertiary and quater-
nary structures  [34, 35] . The  “ divide - and - conquer ”  strategy has been successfully 
applied to the structural analysis of transmembrane segments of a number of 
membrane proteins  [36, 37] , such as the structural determination of the M2 proton 
channel from infl uenza A virus  [38] . In addition, valuable structural information 
can be obtained in some instances from small transmembrane peptides or mem-
brane protein fragments in organic solvents. 

 Work with model peptides has allowed investigating the thermodynamics and 
sequence dependence of transmembrane helix – helix association, for example, 
showing that polar residues can drive oligomerization of transmembrane helices 
 [39 – 41] . Classic work by Engelman ’ s group with glycophorin A showed that the 
GX 3 G sequence also drives the association of transmembrane helices  [42] ; subse-
quently, this motif was found in both water - soluble  [43]  and membrane proteins 
 [44] . In glycophorin the helices cross with a right - handed crossing angle of around 
40 ° . Since then, a number of transmembrane helix self - association motifs have 
been determined experimentally  [36]  and an exhaustive analysis of helix - packing 
motifs in membrane proteins was published in 2006  [45] . The later study revealed 
that the most frequent association motifs showed a tendency to segregate small 
residues to the helix – helix interface every seven or four residues in the sequence, 
driving tight helix – helix associations. Thus, the universe of common transmem-
brane helix - pairing motifs is relatively simple  [46] . 
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 Crystallographic and functional studies have demonstrated that a large number 
of membrane proteins can form homo -  and hetero - oligomeric structures or even 
may require oligomerization for function. Some cases are obvious, such as tetra-
meric or pentameric ion channels where the pore runs through the symmetry axis 
of the helix bundle. In extreme cases, such as the photosystem II/light harvesting 
complex II in grana membranes, bacteriorhodopsin in purple membranes, and 
rhodopsin in  rod outer segments  ( ROS ), membrane proteins can be packed at high 
density in para - crystalline arrays, in order to increase the surface area capable of 
harvesting photons. There is mounting evidence for many GPCRs that homo -  and 
heterodimers (and even larger oligomers) play an important role in the GPCR 
activity cycle. In some cases, GPCR hetero - oligomers give rise to pharmacological 
properties that differ from those of their individual GPCR components. 

 In the case of rhodopsin, the size of the minimum  in vivo  functional unit is still 
a matter of debate. Our laboratory, using transmission electron microscopy to 
study the effect of  n  - alkyl -  β  -  d  - maltoside (C  n  M) chain length on the oligomerization 
state of rhodopsin, found that in micelles containing C 12 M, rhodopsin exists as a 
mixture of monomers and dimers in equilibrium depending on the protein/
detergent ratio. In C 14 M and C 16 M rhodopsin forms higher - ordered structures and, 
especially in C 16 M, most of the particles are present in tightly packed rows of 
dimers similar to those seen in ROS membranes. The fact that the activity of 
rhodopsin increased with its oligomerization state in detergents suggests that 
oligomerization of GPCRs may be crucial for signal transduction  [47] . However, 
in subsequent experiments we reconstituted monomeric bovine rhodopsin into 
an apolipoprotein A - I phospholipid particle derived from high - density lipoprotein. 
Photoactivation of rhodopsin in these particles resulted in rapid activation of 
transducin at a rate comparable with that found in native ROS and 20 - fold faster 
than rhodopsin in detergent micelles. These data suggest that monomeric rho-
dopsin is the minimal functional unit for G - protein activation and that oligomeri-
zation is not absolutely required for this process  [48] . Two points about these 
studies with nanoparticles, however: (i) they do not answer the real question (i.e., 
how does rhodopsin activate transducin in its native para - crystalline arrangement) 
and (ii) the structures of these nanoparticles are much more complex than initially 
thought  [49] .  

   9.2.7 
Post - Translational Modifi cations 

 There are more than 150 known post - translational modifi cations in proteins  [50] . 
Reversible and regulated post - translational modifi cations include phosphoryla-
tion, acetylation,  S  - palmitoylation, and ubiquitination. Prokaryotic systems lack 
the cellular machinery needed for post - translational modifi cations. Heterogeneous 
modifi cation is a potential problem because the protein may run as several bands 
or a smear during electrophoresis, making it diffi cult to assess its identity, molecu-
lar weight and purity. In addition, heterogeneous modifi cations may inhibit the 
growth of protein crystals. For example, heterogeneous glycosylation would 
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prevent growth of crystal lattices involving specifi c carbohydrate – carbohydrate 
contacts, as was the case for two rhodopsin crystal forms grown in our laboratory 
(Figure 3 in  [51] ). 

   9.2.7.1    Glycosylation 
 The most prevalent post - translational modifi cation of plasma membrane and 
secretory proteins is  N  - linked glycosylation  [52] . This linkage participates in many 
important biological processes such as protein folding, intracellular targeting, 
immune responses, cell adhesion, and protease resistance. However, such glyco-
sylation is also the most frequent source of heterogeneity in membrane proteins 
heterologously expressed in eukaryotic systems. In our laboratory, many GPCRs 
have been stably expressed in HEK - 293 cells, but all, with the exception of the CB2 
cannabinoid receptor, exhibited markedly heterogeneous (hyper)glycosylation 
(unpublished results). 

 Several strategies have been used to minimize or avoid heterogeneous glycosyla-
tion, the most common being enzymatic or mutational removal of the carbohy-
drates, or prior addition of the glycosylation inhibitor, tunicamycin. However, 
although many successful experiments have been performed with deglycosylated 
proteins, deglycosylation may negatively affect the expression, stability, folding, 
and/or and function of membrane proteins. 

 Several glycosylation - defi cient expression systems also have been developed to 
address this problem  [53] . Our laboratory developed a GPCR expression system 
that produces homogeneous glycosylated GPCRs by expressing them in mouse 
rod cells under the infl uence of the rhodopsin promoter  [54, 55] . 

 Rhodopsin ’ s glycosylation pattern in rod cells is exquisitely homogeneous 
(Figure  9.2 ). However, when rhodopsin was heterologously expressed in liver  [55] , 
yeast  [56] , or mammalian cell cultures  [57] , heterogeneous glycosylation was 
observed. Rhodopsin in bovine retina is glycosylated at residues N2 and N15  [58] . 
Mutations of these residues or their surroundings (especially T4 and T17) can 
cause different degrees of retinal degeneration. Disruption of the normal 
N - terminal structure could result in loss of disk structure, potentially attributable 
to poor packing effi ciency of rhodopsin within these membranes or decreased 
ability of rhodopsin to self - associate  [52] .    

   9.2.7.2    Palmitoylation 
 Palmitoylation consists of the reversible addition of a 16 - carbon saturated fatty acyl 
chain, usually to cytoplasmic Cys residues via a thioester linkage ( S  - palmitoylation). 
Many other acyl lipids can be added to proteins as well  [59] . 

 Palmitoylation of soluble cytoplasmic proteins has been well documented to 
regulate their interaction with specifi c membranes or membrane domains. Less 
is known about the consequences of palmitoylation in transmembrane proteins, 
because of the diffi culty of working with membrane proteins and the complexity 
of palmitoylation - induced behavior. Palmitoylation has been reported to be 
involved in regulation of membrane protein folding and targeting, traffi cking, and 
protein – protein interactions  [60] . It also has been suggested that palmitoylation 
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determines the orientation of the transmembrane domain with respect to the 
plane of lipid bilayers  [59] . 

 Many GPCRs have been experimentally shown to be mono - , bi - , or tripalmi-
toylated at conserved C - terminal Cys residues  [59] . This trend indicates that these 
residues and post - translational modifi cation are important for GPCR function 
and/or traffi cking, but there is no consistency among GPCRs about the role that 
palmitoylation plays in receptor structure and function. We analyzed engineered 
mice lacking both C - terminal palmitoylated Cys residues of rhodopsin (Cys322 
and Cys323) and found that absence of palmitoylation generally only had minor 
effects  [61] . Not surprisingly, the palmitoyl chains adopted different conformations 
in the seven crystal structures of bovine rhodopsin solved so far.   

   9.2.8 
Sequence Modifi cations 

 Most eukaryotic membrane proteins crystallized so far were purifi ed from native 
sources  [4] . However, heterologous expression of membrane proteins is some-
times needed or preferable because of their low expression levels in native sources, 
instability, diffi culties with purifi cation, and so on. As membrane proteins are 
translocated into membranes starting with their N - terminus during translation, 
modifi cations and additions to the C - terminus are in general less dysfunctional 
than those at the N - terminus. For example, placing a polyhistidine tag at the 
N - terminus adds several positive charges that may adversely affect membrane 

     Figure 9.2     Bovine rhodopsin purifi ed with immobi-
lized 1D4 antibody. Lane 1: immunoblot with 1D4 
used as the primary antibody followed by an alkaline 
phosphatase - conjugated secondary antibody. Signals 
were visualized by treatment with BCIP/NBT Color 
Development Substrate (Promega). Lane 2: silver -
 stained SDS – PAGE gel of purifi ed rhodopsin. Arrow 
shows the position of rhodopsin. Mobility and 
molecular weight (MW) of markers (SeeBlue  ®   Plus2; 
Invitrogen) are shown at the left.  
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insertion. This said, modifi cations of the N - terminus constitute a common strategy 
to improve expression levels. Also, C - terminal length variants such as splicing 
variants are common and these do not seem to affect function in many cases. This 
is why the C - terminus is generally preferred over the N - terminus to add tags and 
fusion proteins for different purposes (e.g., to facilitate purifi cation, detection, 
crystallization, etc.). 

 We successfully expressed many different GPCRs in rod cells of  Xenopus  under 
the rhodopsin promoter with  Green Fluorescent Protein  ( GFP ) fused to their 
C - terminal for easy detection  [62] . Recently we also expressed a 5 - HT 4R  – DsRed 
fusion protein in a  Sf  9/baculovirus system and found, despite a reasonable expres-
sion level, that most of the fusion protein was degraded by cleavage between its 
two protein components (unpublished results). 

 Fluorescence - activated cell sorting has been used to sort and enrich the best cell 
lines expressing membrane protein – GFP fusions  [63] . The Gouaux group has used 
GFP fusions combined with fl uorescence - detection SEC quite successfully to 
rapidly evaluate the expression level, stability, optimal detergent composition, and 
monodispersity of a number of membrane proteins expressed in HEK - 293 cells 
 [64] . Before crystallization trials, these constructs are cleaved with a specifi c pro-
tease and the GFP removed by SEC. 

 One strategy designed to enhance plasma membrane expression of GPCRs in 
heterologous cells consists of adding leader sequences to these receptors. The fi rst 
example of this approach was the engineering of an artifi cial signal sequence onto 
the N - terminus of the  β  2  - adrenoceptor  [65] , that resulted in a several - fold increase 
in insertion of this receptor into the plasma membrane. Similarly, the addition of 
an N - terminal signal peptide or the partial truncation of the exceptionally long 
N - terminus of the cannabinoid CB1 receptor increased its expression level, with 
no effect on ligand binding. In the same line, truncation of 79 amino acids from 
the N - terminus of the  α  1D  - adrenergic receptor enhanced its expression. By con-
trast, grafting of the  α  1D  - adrenergic receptor N - terminus onto  α  1A  - adrenergic 
receptor or  α  1B  - adrenergic receptor reduced surface expression of these receptors 
in heterologous cells  [66] . However, addition of a signal sequence provides no 
assurance that the protein will be expressed correctly and targeted to the plasma 
membrane  [67] . In summary, N -  and C - terminal modifi cations can be neutral in 
terms of membrane protein folding and function, but N - terminal modifi cations 
generally have the highest impact on membrane protein expression. 

 A more important and underappreciated problem occurs when researchers 
introduce sequence modifi cations in a membrane protein to stabilize it, reduce 
polydispersity, and eliminate heterogeneity as a strategy to increase the probability 
of obtaining crystals. Although important structural information can be gained 
from such engineered membrane proteins, caution should be exercised in extrapo-
lating it to the wild - type protein. For example, a truncated, minimally functional 
acid - sensing ion channel ASIC1 was recently crystallized that provided more 
information about this channel ’ s gating and ion selectivity properties than a previ-
ous structure of an inactive, more truncated version of ASIC1  [68] . In the case 
of GPCRs, thermostabilizing mutations, deletions, chemical modifi cations, 
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deglycosylation, and/or substitution of a loop with a soluble protein have allowed 
the crystallization of  β  - adrenergic receptors and adenosine A 2A  receptors at the cost 
of losing their native - like ligand - binding properties  [69 – 71] .  

   9.2.9 
Lipids and Water 

 It is generally known that addition of lipids is sometimes necessary for proper 
functioning of detergent - solubilized membrane proteins. For example, we have 
found that phospholipids are needed for the proper formation, stability, and func-
tion of the photoactivated rhodopsin – transducin complex  [72] . Nevertheless, mem-
brane protein crystallographers had initially assumed that lipids were a detrimental 
contaminant that should be removed as completely as possible before crystalliza-
tion trials. However, it is now becoming clear that some proteins crystallize 
more readily in the presence of a number of specifi cally bound lipids, whereas 
others, such as the porins, only crystallize after delipidation  [73] . For example, 
well - diffracting crystals of cytochrome  b  6  f  can be obtained only by adding phos-
pholipids that stabilize the intact complex  [74] . Successful crystallization of a 
heterologously expressed rabbit sarcoplasmic – endoplasmic reticulum Ca 2 +   - ATPase 
isoform also required addition of native phospholipid  [75] . Moreover, we obtained 
the fi rst high - resolution crystals of rhodopsin in mixed phospholipid/detergent 
micelles  [76] . 

 However, excess lipid may be detrimental for crystal growth. Therefore, purifi ca-
tion procedures leading to crystallization need to include optimization of the 
detergent   :   lipid   :   protein ratio. Examples of lipids found in crystal structures 
include those in photosystem I and II, bacteriorhodopsin, archaerhodopsin - 2, 
spinach major light harvesting complex, ATP - binding cassette transporter, cyto-
chrome  b  6  f  and  bc  1  complexes ( [77]  and references therein) and rhodopsin  [78] . In 
addition, two crystal structures of the  β  2  - adrenergic receptor bound to cholesterol 
along with a sequence analysis have led to the hypothesis that most family A 
GPCRs have a cholesterol - binding motif  [69, 79] . 

 This is why it is hardly surprising that addition of lipids during or after chro-
matographic purifi cation of membrane proteins is sometimes necessary or helpful 
in order to maintain their function and/or grow crystals. In the case of glycerol - 3 -
 phosphate transporter (GlpT) from  E.   coli , the extent of delipidation, that increases 
with successive purifi cation steps, is critical for its crystallization. Two chromatog-
raphy steps were found to be optimal wherein GlpT was found to copurify with 
about equal amounts of phosphatidylethanolamine, phosphatidylglycerol, and car-
diolipin, at a total phospholipid/protein molar ratio of around 23  [80] . 

 A systematic study of the effect of phospholipids on crystallization of lactose 
permease (LacY) resulted in three different crystal forms that diffracted to increas-
ingly better resolution in a manner that correlated with the concentration of copu-
rifi ed phospholipid. Consistently, progressive addition of  E.   coli  phospholipids to 
delipidated LacY led to different crystal forms. Tetragonal crystals were obtained 
with improved diffraction quality for a stable mutant by carefully adjusting phos-
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pholipid content. Furthermore, crystals of good quality from wild - type LacY, a 
particularly diffi cult protein to crystallize, were also obtained by using the same 
approach  [81, 82] . Thus, proper adjustment of the phospholipid environment is a 
good strategy for crystallizing membrane proteins. 

 Comparisons of high - resolution crystals of bacterial and mammalian cyto-
chrome  c  oxidases have revealed that the positions occupied by native membrane 
lipids and detergent substitutes are highly conserved, along with amino acid resi-
dues in their vicinity. Well - defi ned detergent head - groups (maltose) were found 
associated with aromatic residues in a manner similar to phospholipid head 
groups, and this likely contributes to the success of alkyl - glycoside detergents in 
supporting membrane protein activity and crystallization  [83] . 

 Especially interesting are structures obtained by electron diffraction of two -
 dimensional crystals, which are grown in phospholipid planar bilayers faithfully 
mimicking cell membranes. Although technical diffi culties usually prevent the 
high resolution expected for three - dimensional crystals, it has been possible to 
solve the structure of lens - specifi c aquaporin - 0 (AQP0) at 1.9 -  Å  resolution. This 
allowed atomic modeling of the lipid bilayer surrounding AQP0 tetramers and a 
description of the lipid – protein interactions. Indeed, close inspection of this model 
revealed that lipids bridge all the contacts between AQP0 tetramers within a layer 
and that these tetramers have virtually no direct lateral interaction  [84] . 

 Finally, an alternative to crystallization  in surfo  (in surfactant micelles) is to 
crystallize membrane proteins in bicelles (diskoidal phospholipid/detergent 
micelles) or to use  in cubo  methods wherein the protein is purifi ed in detergent 
micelles and then embedded into a lipidic cubic phase  [85] . However, the last 
method has the disadvantage of a high viscosity that makes crystal detection and 
collection challenging. 

 On the other side of the polarity spectrum, water is basically absent from the 
hydrophobic interior of phospholipid bilayers and also until recently was believed 
to be absent from the interior of membrane proteins, with the obvious exception 
of channel lumens. However, high - resolution crystal structures of a number of 
membrane proteins clearly show electron densities corresponding to water mol-
ecules that can act as cofactors or prosthetic groups. 

 High - resolution crystals of bacteriorhodopsin in different signaling states 
along with spectroscopic studies have provided information about the cofactor role 
of several water molecules in this light - activated proton pump  [86] . We analyzed 
the distribution of water molecules in the transmembrane region of all available 
GPCR structures and found conserved contacts with microdomains shown to be 
involved in receptor activation  [87] . Armed with this knowledge, we used radiolytic 
labeling to identify structural water molecules in different GPCRs. Radiolytic 
labeling (or footprinting) involves generating hydroxyl radicals with synchrotron 
X - ray white light and then using liquid chromatography coupled to mass spec-
trometry to identify which residues react with those radicals. This method also can 
provide valuable information about the role of structural water in different con-
formational states of a membrane protein, either in bilayers or membrane mimetic 
systems  [88] .  
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   9.2.10 
Purity and Contaminants 

 Common experience dictates that proteins need to be purifi ed to homogeneity for 
their crystallization in the presence of maximally purifi ed chemicals. However, 
several exceptions to this precept exist wherein impurities not only do not seem 
to affect crystal growth, but may even be essential for it. 

 For the crystallization of urea transporter at 3.8    Å , the last purifi cation step 
consists of gel fi ltration on a Superdex 200 10/300 (GE Health Sciences) while 
changing the detergent to 40   mM low - purity C 8 M (Sol - Grade from Anatrace). Curi-
ously, crystals grown from protein purifi ed in high - purity C 8 M (AnaGrade) failed 
to diffract to better than 4.5 – 5    Å   [89] . 

 As noted below with retinal pigmented epithelium - specifi c protein 65 kDa 
(RPE65), high protein purity is not always essential for growth of high - resolution 
crystals. Obtaining high - purity preparations can be especially diffi cult when the 
protein is obtained from native sources and purifi ed by nonaffi nity chromato-
graphic methods. In a systematic study it was found that the photosynthetic reac-
tion center was able to form crystals at 75% purity by using the vapor diffusion 
method (and just 50% purity for lipid cubic phase crystallization)  [90] . 

 Finally, gramicidin (gA ′  or gD) is commercially available as a mixture of gA (Trp 
in position 11) and a small amount of gB (Phe11) and gC (Tyr11). Analysis of a 
high - resolution crystal structure of gA suggested that a small percentage of gC 
present in the sample acted as a nucleation agent for gA crystallization  [91] .  

   9.2.11 
Current Trends in the Crystallization of  α  - Helical Membrane Proteins 

 In 2008, Iwata ’ s group published an exhaustive study on the detergents and condi-
tions used for crystallization of  α  - helical  [92]  and  β  - barrel  [93]  membrane proteins. 
The most successful detergents for  α  - helical membrane protein crystallization 
were, in this order,  n  - alkyl -  β  -  d  - maltosides (C 12 M and C 10 M),  n  - alkyl -  β  -  d  - glucosides 
(C 8 G and C 9 G),  lauryldimethylamine -  N  - oxide  ( LDAO ), and polyoxyethylene glycol 
detergents (C 12 E 8  and C 12 E 9 ). This statistical analysis was facilitated by the Mem-
brane Protein Data Bank  [94]  and Stephen White ’ s data base of membrane 
proteins of known three - dimensional structure  [3] , both available online. High -
 resolution structures of native human membrane proteins in particular are 
intensely pursued because of their potential to serve as templates for structure -
 based drug design. Unfortunately, vertebrate proteins in general seem especially 
diffi cult to overexpress and crystallize  [95] . Here, we describe a minisurvey per-
formed to discern the latest trends in crystallizing vertebrate  α  - helical membrane 
proteins, including only those  unique  structures published in 2008 and 2009. In 
this order, the most successful detergents for crystallization (usually exchanged 
during purifi cation) were C 12 M (three structures), C 9 G (two structures), plus C 8 G, 
C 11 M, C 11  - thio - M, and C 12 E 8  with one structure. Several of these crystals were 
grown with variable amounts of phospholipids; C 12 M includes one GPCR structure 
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crystallized in lipidic cubic phase. The most used expression systems were  Sf  9 
 (four)  cells,  Pichia pastoris   (three) , plus  E.   coli  and native tissue each with one 
structure. In conclusion, alkyl - glycosides are still the most successful detergents, 
and insect cells and yeast are being increasingly successful as expression system 
for the crystallization of vertebrate membrane proteins.   

   9.3 
Test Cases 

   9.3.1 
Rhodopsin 

     Protocol 1    

  Protein type    seven - transmembrane, family A GPCR  
  Crystal space group    tetragonal P4 1   
  Source    native (bovine retina)  
  Purifi cation steps    organelle (ROS) fractionation, zinc acetate precipitation of 

apoprotein  
  Detergent     n  - nonyl -  β  -  d  - glucoside (C 9 G)  

 Rhodopsin is a photoreceptor membrane protein responsible for visual signal 
transduction  [96] . As such, it is also the pharmacological target for drugs used to 
treat certain retinal diseases and age - related visual dysfunction. Notably, rho-
dopsin is a prototypical GPCR  [97] , by far the most important family of pharma-
cological receptors because about half of the therapeutic drugs in the market today 
target GPCRs  [98] . 

 Rhodopsin is glycosylated at Asn2 and Asn15 residues  [99] , palmitoylated at 
Cys322 and Cys323 residues  [100] , and acetylated at the N - terminal Met. It also 
contains eight Ser and Thr residues that are partially phosphorylated in a light -
 dependent manner  [101] . These post - translational modifi cations are not com-
pletely homogeneous, so it was feared that they would negatively affect 
crystallization of this membrane protein. We addressed this challenge by purifying 
bovine rhodopsin from native sources without including a chromatographic step. 
The fi rst and most important purifi cation step was actually accomplished by the 
cow, because only properly folded rhodopsin is transported from the rod cell ’ s 
endoplasmic reticulum to ROS where it forms para - crystalline arrays at millimolar 
concentrations  [102] . Once in the laboratory, ROS were mechanically separated 
from bovine retinas in phosphate buffer (67   mM KP i , pH   7.0, 1   mM Mg(OAc) 2 , 
0.1   mM EDTA, 1   mM  dithiothreitol  ( DTT )). Then a stepwise sucrose gradient 
centrifugation allowed enrichment of the ROS at the interface between densities 
1.11 and 1.13   g/ml (method adapted from  [103] ). The ROS suspension was washed 
several times with water to remove loosely attached proteins. Then, ROS were 
solubilized with C 9 G to yield a fi nal concentration of around 10   mg rhodopsin/ml, 
50   mM  2 - ( N -  morpholino)ethanesulfonic acid  ( MES ), pH   6.3, and around 100   mM 
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Zn(OAc) 2 . After 5 – 10 h incubation at room temperature, solubilized rhodopsin 
was separated from insoluble Zn 2 +   - opsin complexes by centrifugation. Solubiliza-
tion of rhodopsin was optimal at a detergent/rhodopsin ratio of around 2.2 (w/w) 
and, after centrifugation, the sample of rhodopsin in its ground state was pure 
enough (around 98%) to grow diffracting crystals  [104] , which led to solving the 
three - dimensional structure of a GPCR for the fi rst time  [76] . All experimental 
procedures were done in the dark or under dim red light because these crystals 
were unstable under white light. Such instability most probably occurs because 
conformational changes upon photoactivation involve areas of rhodopsin engaged 
in protein – protein contacts that stabilize the crystalline array. Addition of hepta-
netriol, one of the most used additives for membrane protein crystallization, 
helped improve the resolution to 2.8    Å . Resolution was later enhanced to 2.2    Å  by 
switching the detergent from C 9 G to C 7  - thio - G  [105] .  

  Protocol 2    

  Crystal space group    hexagonal P6 4   
  Source    native (bovine retina) and COS - 1 cells  
  Purifi cation steps    organelle (ROS) fractionation, and affi nity (concanavalin 

A), gel - fi ltration, and anion - exchange chromatographies  
  Detergent     n  - octyltetraoxyethylene (C 8 E 4 ), LDAO  

 After our initial structure was published, the Schertler group independently solved 
the ground - state rhodopsin structure by using a different purifi cation strategy and 
crystallization conditions  [106, 107] . ROS membranes were solubilized in LDAO 
and the protein was purifi ed by successive lectin - affi nity, SEC and anion - exchange 
chromatographic steps, while the detergent was partially exchanged to C 8 E 4 . Fur-
thermore, heterologous expression in COS - 1 cells of a thermostable rhodopsin 
mutant and a similar purifi cation scheme also yielded well - diffracting crystals  [108] . 
In the last case, the cofactor, 11 -  cis  - retinal, had to be added at the fi rst step of purifi ca-
tion. The space group was reinterpreted from trigonal P3 1  to hexagonal P6 4   [109] .  

  Protocol 3    

  Crystal space group    trigonal P3 1 12 and rhombohedral R32  

  Source    native (bovine retina)  

  Purifi cation steps    organelle (ROS) fractionation, zinc acetate precipitation of 
apoprotein, affi nity (antibody) chromatography, NH 4 SO 4  -
 induced phase separation  

  Detergent     n  - nonyl -  β  -  d  - glucoside (C 9 G)  

 We designed a new purifi cation scheme with the hope of solving the structure of 
photoactivated rhodopsin. C 9 G/Zn(OAc) 2  extraction of rhodopsin from ROS mem-
branes, as described above, was initially omitted, but was added later as an initial 
purifi cation step in an attempt to improve crystal resolution. 



 9.3 Test Cases  263

 An affi nity chromatographic support was prepared by immobilizing 1D4 anti-
body, which recognizes rhodopsin ’ s C - terminus  [110] , in CNBr - activated Sepha-
rose  [111] . A detergent - solubilized ROS sample was loaded onto this affi nity 
column at a ratio of about 0.6   mg rhodopsin/ml 1D4 gel. Then, the column was 
washed at a linear fl ow rate of around 18   cm/h with 10 column volumes of 50   mM 
Tris, pH   7.4, 280   mM NaCl, and 6   mM KCl containing 50   mM C 9 G, and eluted with 
0.75   mg/ml of a competing peptide (TETSQVAPA) at 7   cm/h (Figure  9.3 ). The 
rhodopsin concentration in each fraction was determined by diluting an aliquot 
into 10   mM Tris, pH   7.2, 1   mM C 12 M, and 10   mM NH 4 OH, and measuring the 
absorbance at 500   nm. Peak fractions reached around 5   mg/ml and the  A  280 nm / A  500 

nm  ratio of the fractions containing ground - state rhodopsin was 1.58  ±  0.2 (Figure 
 9.3 , inset), indicating a purity of around 99% in agreement with electrophoresis 
results (Figure  9.2 ).   

 The most highly purifi ed fractions were pooled together to achieve 1 – 2   mg/ml 
rhodopsin. Then, 0.25 volumes of 0.5   M MES, pH   6.3, were added and 0.69   g solid 
(NH 4 ) 2 SO 4 /ml of total solution was dissolved by stirring at room temperature. 
Addition of a high concentration of (NH 4 ) 2 SO 4  induces phase separation in many 
detergent solutions, yielding a top phase rich in detergent where nearly all the 
rhodopsin partitioned. Treatment of purifi ed rhodopsin with solid (NH 4 ) 2 SO 4  
resulted in a 12 -  to 15 - fold increase in the concentration of this protein. A typical 
fi nal yield was 0.2 – 0.3   mg of purifi ed ground - state rhodopsin per bovine retina. 

     Figure 9.3     Chromatographic purifi cation of bovine rhodopsin on a 2.5 - cm    ×    20 - cm column 
fi lled with 95   ml of Sepharose - immobilized 1D4 antibody. Inset: absorption spectrum of 
purifi ed rhodopsin.  
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 Crystals obtained from this purifi cation scheme diffracted up to around 4    Å , 
allowing us to solve the structure of both the ground - state and photoactivated 
states of rhodopsin in a putatively physiological, parallel dimer orientation  [51] . 
Crystals grown without the (NH 4 ) 2 SO 4  - induced phase separation step were larger, 
but diffracted poorly and lost integrity after photo - activation, much like our previ-
ous tetragonal crystals  [104] .    

   9.3.2 
 RPE 65 

  Protein type    monotopic enzyme, seven - bladed  β  - propeller  
  Crystal space group    hexagonal P6 5   
  Source    native (bovine RPE); crystallization from heterologous 

expression systems failed  
  Purifi cation steps    differential centrifugation and anion - exchange 

chromatography  
  Detergent     n  - octyltetraoxyethylene (C 8 E 4 )  

 Vertebrate vision is maintained by a complex cyclic enzymatic pathway that con-
tinuously operates in the retina to regenerate the visual chromophore, 11 -  cis  - reti-
nal. A key enzyme in this pathway is the microsomal membrane protein RPE65, 
which catalyzes the conversion of all -  trans  - retinyl esters to 11 -  cis  - retinol in the 
 retinal pigmented epithelium  ( RPE ). Mutations in RPE65 are known to be respon-
sible of a subset of cases of the most common form of childhood blindness, Leber 
congenital amaurosis. Like other enzymes with hydrophobic substrates, RPE65 
was suspected to be associated with the membrane, but the strength of this asso-
ciation was a matter of debate  [112, 113] . 

   9.3.2.1    Expression in   E.   coli   
 RPE65 was expressed as a fusion protein with maltose - binding protein and puri-
fi ed by metal - affi nity chromatography. However, crystals obtained by this method 
corresponded to GroEL, which copurifi ed with the RPE65 construct  [114] .  

   9.3.2.2    Expression in  S  f  9 Cells 
 RPE65 was purifi ed by metal - affi nity chromatography and, although the protein 
was more than 99% pure after gel - fi ltration chromatography, crystal trials failed 
to produce diffracting crystals.  

   9.3.2.3    Purifi cation from Native Sources 
 Bovine RPE microsomes were solubilized for 1 h in 10   mM Tris acetate, pH   7.0, 
containing 1   mM DTT and 24   mM C 8 E 4 . The mixture was centrifuged at 100   000  g  
for 1 h to pellet insoluble material. RPE65 was purifi ed from the supernatant by 
anion - exchange chromatography on a DEAE - Macroprep column (Bio - Rad) eluted 
with a 0 – 500   mM linear NaCl gradient. The pooled RPE65 sample was dialyzed 
against 10   mM Tris acetate, pH   7.0, containing 1   mM DTT and 19.2   mM C 8 E 4 . The 
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resulting protein preparation was used directly for crystallization trials and bio-
chemical experiments. On average, 150    μ l of protein solution was obtained at a 
concentration of 10 – 15   mg/ml and a purity of around 90%, as judged by Coomassie -
 stained gels (Figure  9.4 ) from 300 bovine eyes. Crystals, obtained by a vapor dif-
fusion method, diffracted to less than 2    Å . The structure of RPE65 revealed a 
 β  - propeller architecture, the membrane - binding domain  [115] , and bound product 
in the active site.     

   9.3.3 
Transmembrane Domain of  M 2 Protein from Infl uenza  A  Virus 

  Protein type    proton channel, four - helix bundle  
  Crystal space group    primitive monoclinic and orthorhombic, P2 1  and P2 1 2 1 2  
  Source    chemical synthesis  
  Purifi cation steps    C 4  reverse - phase chromatography  
  Detergent     n  - octyl -  β  -  d  - glucoside (C 8 G)  

 Flu virus kills hundreds of thousands of people in nonpandemic years 
worldwide and millions in pandemic years. M2, a proton channel essential for 

     Figure 9.4     Coomassie - stained SDS – PAGE of 
purifi ed RPE65 used for crystallization trials. Arrow 
shows the position of RPE65. Lane 1: molecular 
weight (MW) standards; lane 2: RPE65 sample.  
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viral replication, is the target for the related drugs, amantadine and rimantadine, 
although resistance to these drugs is now generalized. Both the 97 - residue M2 
protein (prepared by native chemical ligation of two synthetic peptide segments) 
and a synthetic 50 - residue variant (representing a stable tryptic digest of M2)  [116]  
failed to grow crystals. 

 Then, we attempted the crystallization of a 25 - residue peptide containing the 
only  transmembrane helix of M2  ( M2TM ) able to recapitulate the tetramerization, 
drug binding/resistance, low - pH activation, gating, and proton transport proper-
ties of the full - length protein  [116 – 118] . Udorn strain wild - type plus multiple 
natural and artifi cial single - point mutants of M2TM were prepared by solid - phase 
peptide synthesis with standard Fmoc chemistry. Purifi cation proceeded by 
reverse - phase  high - performance liquid chromatography  ( HPLC ) with a prepara-
tive C 4  column (Vydac) and gradients of buffer B (6   :   3   :   1 2 - propanol/acetonitrile/
H 2 O containing 0.1%  trifl uoroacetic acid  ( TFA )) versus 0.1% aqueous TFA. Most 
peptide variants eluted at 80 – 84% buffer B. M2TM purity was around 99%, as 
assessed by analytical HPLC on a C 4  column (Figure  9.5 ) and its molecular mass 
was confi rmed by matrix - assisted laser desorption/ionization - time of fl ight mass 
spectrometry. Purifi ed peptide fractions were lyophilized and the peptide powder 
was stored at  − 20    ° C or in organic solvent at  − 80    ° C. To prepare samples for bio-
physical studies, an aliquot of M2TM stock in methanol, ethanol, or trifl uoroetha-
nol was transferred to a glass vial, and the organic solvent was evaporated under 
a N 2  stream and overnight under high vacuum. Finally, a detergent solution in the 
appropriate buffer (typically 50   mM C 8 G in water for crystal trials, to achieve a fi nal 
peptide concentration of around 1   mM) was added and the sample was vortexed 
vigorously  [38, 116] . Crystals grew robustly from C 8 G - solublized samples under 
different conditions. Crystals of M2TM, free and bound to amantadine, diffracted 

     Figure 9.5     Analytical HPLC of purifi ed M2TM on a reverse - phase C 4  column. Elution occurred 
in a nonlinear gradient of 60 – 100% buffer B, at 1   ml/min (see text).  
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at 2.0 and 3.5    Å , respectively, revealing the 4 - helix bundle structure of the proton 
channel and the amantadine - binding site  [38] .     
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 DTT     dithiothreitol 
 GFP     Green Fluorescent Protein 
 GPCR     G - protein - coupled receptor 
 HPLC     high - performance liquid chromatography 
 LDAO     lauryldimethylamine -  N  - oxide 
 M2TM     transmembrane helix of M2 
 MES     2 - ( N  - morpholino)ethanesulfonic acid 
 PAGE     polyacrylamide gel electrophoresis 
 PDB     Protein Data Bank 
 ROS     rod outer segments 
 RPE     retinal pigmented epithelium 
 SDS     sodium dodecyl sulfate 
 SEC     size - exclusion chromatography 
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Engineering Integral Membrane Proteins for Expression 
and Stability  
  Igor     Dodevski   and     Andreas     Pl ü ckthun       

    10.1 
Introduction 

 Natural evolution provides  integral membrane protein s ( IMP s) with the necessary 
structural and biophysical properties to fulfi ll their function in the lipid bilayer of 
the cell. However, having evolved under the selective pressures of the cell and 
organism, IMPs have not been particularly adapted for high - level overproduction 
in laboratory expression hosts, let alone for high stability in detergent - solubilized 
form. These properties, as important as they appear in the daily work of the bio-
chemist, have no relevance in the natural context of cellular function. These proper-
ties may be irrelevant for IMPs and they may even be selected against  –  some 
IMPs might need to be degraded and thus a limited stability might even be a 
desired natural trait. 

 To improve the process of producing a membrane protein at suffi cient amounts 
and quality for structural studies, an ever - growing number of techniques for 
screening, selecting, and generating variations and mutations are being developed 
and implemented. The high pace of methodological developments refl ects the 
observation that most wild - type IMPs are diffi cult to study structurally and bio-
physically    –    sometimes it is virtually impossible. 

 Currently, there are two different experimental strategies that are routinely used 
for increasing the chances of producing a well - expressed, soluble, and active 
membrane protein. The fi rst strategy, which is the most intuitive    –    and probably 
part of every structure determination effort    –    relies on the extensive screening of 
a large number of experimental conditions for expression and solubilization of a 
given construct. Typically, many experimental parameters such as plasmid design, 
expression host, expression media, and temperatures, detergent, and buffer for 
solubilization have to be empirically optimized for any given target protein. These 
 “ classical ”  alterations may also include changes of fused tags, domains, or trunca-
tions and the use of a host of natural ligands binding to the protein. Nonetheless, 
it is frequently found that  none  of these conditions achieves the desired goal, as 
the protein itself is the limiting factor. In other words, for some proteins simply 
no conditions might exist in which this particular protein with its given sequence 

Production of Membrane Proteins: Strategies for Expression and Isolation, First Edition. 
Edited by Anne Skaja Robinson.
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2011 by Wiley-VCH Verlag GmbH & Co. KGaA.

  10 



 278  10 Engineering Integral Membrane Proteins for Expression and Stability 

would show the required characteristics that would allow it to be studied in a puri-
fi ed, detergent - solubilized state. 

 The second strategy thus relies on changing the protein under study. Most 
popular has been the screening of protein homologs of a given target protein in 
order to identify a homolog that shows favorable biophysical properties. The 
homologs are usually screened in the context of a few globally optimized condi-
tions for expression and solubilization. The most promising candidates for this 
strategy are proteins of prokaryotic origin, because the source of homologous 
sequences is large and diverse. Interestingly, many homolog screens tend to con-
verge to sequences that derive from a small number of extremophile organisms, 
such as  Ralstonia metallidurans ,  Pyrococcus horikoshii , or  Thermus thermophilus . 
Clearly, extremophile organisms have evolved their protein repertoire to sustain 
extreme conditions (such as high temperature in the case of the thermophiles). 
Therefore, these proteins naturally show higher stability. The crystal structures of 
IMPs that derive from extremophile origin are over - represented among the set of 
solved atomic - resolution structures ( http://blanco.biomol.uci.edu/Membrane_
Proteins_xtal.html ). However, for many eukaryotic IMPs, including proteins of 
special medical relevance, such as the  G - protein - coupled receptor s ( GPCR s), the 
strategy of homolog screening is not very useful, because there simply are no 
homologous sequences found in prokaryotic organisms. 

 Despite the strong research efforts put into these two strategies, they still often 
fail to establish appropriate conditions for expression and solubilization of a given 
IMP. Thus, the structural or biophysical characterization of many biologically 
relevant IMPs has remained a formidable challenge. 

 In such cases, the techniques of protein engineering can offer an alternative, 
third strategy. Protein engineering allows one to alter the biophysical properties of a 
given IMP itself, in order to increase its expression, solubility, stability, or crystal -
 forming propensity. It puts the focus on the protein sequence itself as an experi-
mental parameter to be optimized. It is, in essence, a much  “ milder ”  approach than 
the search for homologs from thermophilic bacteria, but follows the same logic: 
protein engineering seeks to fi nd a sequence  as close as possible  to the given starting 
sequence that bestows the desired properties on the IMP of interest. 

 By a process consisting of modifying the underlying amino acid sequence of a 
protein and screening or selecting by evolutionary strategies for improved protein 
versions, many roadblocks inherent to the production of IMPs can be removed. 
In this chapter we review the current experimental approaches for improving the 
biophysical properties of IMPs by protein engineering to produce better expressed 
and more stable IMPs.  

   10.2 
Engineering Higher Expression 

 There are basically two ways of improving the biophysical properties of a given 
target protein by protein engineering. The fi rst relies on modifying the amino acid 
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sequence of a protein by rational design. This approach usually requires a detailed 
structural description as well as a mechanistic understanding of the protein to be 
engineered. For many if not most IMPs, however, this information is not available. 
Almost by defi nition, a protein that is to be engineered in order to make it stable 
enough to have its structure determined will not have such information 
available. 

 However, even if a good structural model and a general mechanistic understand-
ing of the protein was available, the sequence modifi cations required to rationally 
design better biophysical properties and higher stability are too complex to be 
predicted. Especially in IMPs, the detailed understanding of mutations that infl u-
ence biosynthesis, folding, and aggregation is almost completely lacking. 

 The second protein engineering approach relies on a combination of random 
mutagenesis and selection or screening (see below for a defi nition of both terms 
and their distinction). This at fi rst seemingly  “ irrational ”  approach is very power-
ful, provided sampling is very wide, and selection or screening is effi cient and 
accurate. In other words, mutations tested must really include those that make 
the decisive difference, and selection or screening must be powerful enough to 
discern small improvements and to handle the commensurate number of mutants 
to be tested. 

 This strategy exploits the evolutionary principle of nature (i.e., random muta-
genesis and selection, ideally in an iterative fashion) to generate a desired molecu-
lar property. This concept is known as directed protein evolution. Its strength lies 
in the fact that a desired molecular property can be obtained based on very low 
input information, provided the generation of diversity and the selection of the 
desired protein mutants is effi cient. Since the iteration between diversifi cation and 
selection allows one to explore the evolutionary potential of a protein in a combi-
natorial fashion, it is possible to evolve rather complex biophysical properties, such 
as the ones defi ning protein biosynthesis, membrane insertion, and folding in the 
membrane, usually summarized under the heading  “ expression. ”  

 The process of evolving such properties of a given IMP thus involves two experi-
mental steps. In the fi rst step, a diverse set of protein variants (a library) is gener-
ated by introducing mutations in the gene coding for the membrane protein of 
interest. Mutations can in principle comprise point mutations, insertions, or dele-
tions. There are many standard molecular biology techniques by which such 
mutations can be introduced  [1, 2]  and those will not be reviewed here. Genetic 
diversity can be either concentrated to particular regions of the protein, to particu-
lar amino acid types  [3]  or the gene can be mutagenized randomly at a predefi ned 
error rate. Clearly, a strategy different from a random mutagenesis of the whole 
gene will require that additional information is available that justifi es focusing of 
the efforts to particular regions. 

 In the second step, the library of mutant protein variants is analyzed with a 
functional assay in order to identify candidates showing the desired molecular 
property (e.g., higher expression and/or stability), termed  “ selection ”  or  “ screen-
ing. ”  A technical distinction can be made between these two terms.  Screening  
defi nes the analysis of individual mutants, which are kept separately, and whose 
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sequence identity is usually known before the experiment. As samples need to be 
handled in parallel, screening is restricted to cases where the number of mutant 
protein variants in the library is relatively small (in the range of hundreds). While 
several parameters can be determined in each sample, the challenges of sample 
handling puts a practical limit on sample numbers. Furthermore, individual 
samples of mutants will inevitably have some error in amounts, media, and con-
centrations, limiting the possibility of reliably identifying small differences. 

 If the sequence space that needs to be analyzed is much larger (e.g., in an 
attempt to evolve a particular protein), with no structural insight which regions to 
mutagenize preferentially, a screening of individually grown mutants is no more 
practical. With a library of millions of randomly mutagenized protein variants, it 
is simply not possible to screen each variant individually even with robotics equip-
ment. In this case the methods of directed evolution, which are based on  selection  
rather than screening, are more appropriate. The term  “ selection ”  defi nes methods 
in which all mutants are handled as a pool, in a single tube, and either a genetic 
selection (e.g., based on growth characteristics) or a physical selection (e.g., based 
on a direct measurement of receptor levels in an individual cell) is used to identify 
the clones with improved characteristics. In a  genetic  selection, the desired mutants 
have a growth advantage; in a  physical  selection, they are sorted or enriched by 
some physical separation. 

 Increasing the expression level of a target IMP represents a highly complex 
design task. We will not concentrate on promoter, transcription, or tags    –    even 
though they could in principle also be subjected to directed evolution    –    since they 
can usually be taken from other well - characterized working systems as a reason-
able starting point. We will concentrate on the protein sequence itself. The protein 
sequence itself infl uences all the steps along the biosynthesis of an IMP: its trans-
lation rate (which might be infl uenced by the chosen codons), its incorporation 
into the membrane, its misfolding and aggregation in -  and outside of the mem-
brane during biosynthesis, as well as its susceptibility to aggregation or degrada-
tion after successful membrane insertion. All these steps infl uence the steady - state 
 “ expression level ”  of native protein. At the current state of knowledge, it is close 
to impossible to predict which mutations in a given amino acid sequence would 
infl uence any of these steps. We are therefore not able to engineer a molecular 
property called  “ functional expression level ”  by a rational, structure - based approach. 

 In the absence of such information it is necessary to include in the screening 
or selection as many mutants as possible to identify the ones that increase expres-
sion. In recent years two different approaches have been published that have 
proven to be very effective in evolving well - expressed IMPs starting from weakly 
expressed wild - type protein templates  [4, 5] . 

   10.2.1 
Directed Evolution of a  GPCR  for Higher Expression 

 To directly address the importance of the protein sequence as an experimental 
parameter in IMP expression, we have developed a selection method in our labora-
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tory based on the principles of directed evolution  [5] . The method allows one to 
isolate well - expressed and functional GPCRs from libraries as big as 10 7  – 10 8  indi-
vidual mutants, and it involves an iteration between diversifi cation and selection. 
To demonstrate the power of the method we chose as the fi rst example the neu-
rotensin receptor NTR1, which expresses at about 800 functional receptors per 
 Escherichia coli  cell  [6] . After several rounds of random mutagenesis and selection 
a receptor variant could be isolated that expresses about 10 - fold more functional 
protein, and it also turned out to be more stable in detergents. 

  E.   coli  is the most convenient expression host for such experiments, since the 
transformation of large libraries is straightforward. As in the directed evolution 
approach, a diversifi ed library will have to be brought into cells repeatedly; this 
ease of transformation is a very important consideration. Additionally, the han-
dling of  E.   coli  is very convenient on a large scale such that the fi nal purifi cation 
of the GPCR from  E.   coli  is more easily implemented than with many other hosts. 

 The general method is schematically shown in Figure  10.1  for NTR1. (1) The 
wild - type NTR1 cDNA is randomly mutagenized by  error - prone PCR  ( epPCR ) to 
generate a library of NTR1 mutants. The mutant DNA is cloned into an expression 
vector, which previously had been optimized for the functional expression of NTR1 
in  E.   coli   [6] . The GPCR sequence is genetically fused to an N - terminal  maltose -
 binding protein  ( MBP ) and a C - terminal  thioredoxin A  ( TrxA ). The MBP, whose 
signal sequence will direct it to the Sec pathway, may enforce a periplasmic locali-
zation of the N - terminus of the GPCR, while the C - terminal TrxA may enforce a 
cytoplasmic localization of the C - terminus. (2)  E.   coli  is transformed with the gene 
library and the proteins are expressed in the inner membrane of  E.   coli  in liquid 
culture. Expression takes place at 20    ° C for 20   h. (3) The cells are incubated with 
fl uorescently labeled ligand  BODIPY - neurotensin  ( BODIPY - NT ), which shows 
high specifi city and affi nity for the neurotensin receptor. To allow binding of the 
fl uorescent ligand to the receptors expressed in the inner membrane of  E.   coli , the 
outer membrane has to be partially permeabilized by an appropriate permeabiliza-
tion buffer. (4) The cells expressing the highest number of functional receptors, 
which therefore exhibit the greatest fl uorescence, are sorted by  fl uorescence acti-
vated cell sorting  ( FACS ). The cells are sorted directly into growth medium and 
can directly be cultivated for a next round of sorting of the highest expressing 
mutants. By repeating the cycle of receptor expression and sorting, the highest 
expressing mutants can be strongly enriched from the large pool of initial mutants. 
Since all mutants are in the same test tube, any small variation in permeabilization 
effi ciency of the buffer or other variations in concentrations and times will affect 
all mutants equally. Therefore, this approach can be thought of as a competitive 
experiment between different cells, amplifying small differences by serial 
repetition.   

 Whenever additional genetic diversity is desired after any FACS round, the 
plasmid DNA of the selected mutants is isolated and the GPCR sequence is further 
randomized by epPCR. The FACS selection is then repeated. 

 The procedure for evolving the expression level of NTR1 is outlined in Figure 
 10.2 . The initial randomized NTR1 library was subjected to four rounds of FACS. 
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     Figure 10.1     General selection scheme for increasing expression level (steps 1, 2, 3a, 4, back 
to 2) or altering ligand selectivity (steps 1, 2, 3b, 4, back to 2).  

In each round, only the most fl uorescent 0.1 – 1% of the cells were collected. None-
theless, after these rounds, the evolved pool had a  mean fl uorescence intensity  
( MFI ) no greater than that of the wild - type sequence. epPCR was used to overlay 
another set of random mutations on top of those that were enriched after the fi rst 
four rounds of FACS and this rerandomized library was again subjected to four 
rounds of sorting. In this second set of sorts, the MFI of the pool overtook that of 
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wild - type NTR1. After a third randomization step followed by four more rounds 
of FACS, the evolved pool was split into two. One half was randomized by epPCR 
a fourth time and the other half was subjected to DNA shuffl ing, using the stag-
gered extension process  [7] . After these selections, the MFI was approximately 5 
times that of wild - type NTR1.   

 From the enriched  “ error - prone ”  pool (4EP03 pool), 48 single clones were ana-
lyzed for receptor expression level. Figure  10.3  shows that the clone with the best 
functional receptor expression level per cell, D03, exhibited approximately a 10 - fold 
increase in specifi c signal, as assayed by [ 3 H]neurotensin binding. This shows that 
the receptor has not  “ adapted ”  to the fl uorescent dye, as binding was assessed with 
unmodifi ed ligand. The receptor shows nine amino acid mutations compared to 
wild - type NTR1. Analysis of the expression level of D03 in eukaryotic expression 
hosts shows that it also expressed about 12 - fold better in  Pichia pastoris  and 3 - fold 
better in HEK293T cells. These increased expression levels show that the receptor 
has also not  “ adapted ”  to a prokaryotic expression host. With respect to protein 
purifi cation, D03 can functionally and quantitatively be solubilized in detergent 
micelles from the inner membrane of  E.   coli  and yields about 0.5   mg of solubilized 
and functional GPCR per liter of shaking fl ask expression culture (around 4 – 5   g 
cells wet weight). Therefore, the increased functional level seen in whole cells is 
maintained after solubilization and purifi cation.   

     Figure 10.2     Flowchart for selections of NTR1 variants leading to increased expression level or 
altered ligand selectivity. WT    =    wild - type.  
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 The evolved receptor D03 also retains the biochemical and pharmacological 
properties of wild - type NTR1. As D03 had been evolved under selective pressure 
to conserve a functional ligand - binding site, it retains the same affi nity for the 
high - affi nity agonist neurotensin as wild - type NTR1 ( K  d   ∼  0.1   nM in intact  E.   coli  
cells). Note that selection also has not improved the affi nity. This can be explained: 
since the fl uorescent dye was present at 50   nM during the selection, the receptor 
should be essentially saturated such that higher affi nity mutants would not be 
rewarded. Neurotensin binding can also be competed by a molar excess of the 
antagonist SR48692, indicating that the ligand - binding site has indeed been con-
served during the selections. 

 In addition to the selections performed for increasing the expression level, the 
selection method has also been applied to altering the binding selectivity of wild -
 type NTR1 (Figure  10.2 ). A motivation for such an experiment can be to favor one 
conformation of the GPCR over others. These selections were done by incubating 
a mutant library with a 100 - fold excess of unlabeled antagonist SR48692, in addi-
tion to the labeled agonist BODIPY - NT, and selecting the cells showing the highest 
fl uorescence. Those receptor mutants are thus expected to still bind the labeled 
agonist, but not the antagonist competitor. The selected mutants showed one 
strong consensus mutation in TM7 (F358S). The effects of mutation at Phe358 

     Figure 10.3     Radioligand binding analysis of 
48 clones isolated from selections for 
maximum receptor expression level (4EP03 
pool, four rounds of epPCR, each followed by 
three to four rounds of sorting by FACS). The 

bars represent receptor expression level per 
cell, relative to wild - type NTR1 expression 
level. D03 (black bar) is the clone showing 
the highest expression level (10 - fold that of 
wild - type NTR1).  
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had been studied by others  [8, 9]  and reveal that a substitution to alanine at this 
position results not only in decreased antagonist affi nity, but also in spontaneous 
basal inositol phosphate production in a receptor - dependent manner. Thus, more 
generally, the selection method by FACS has the ability to rapidly isolate mutations 
that may trap receptors in the active or inactive state. This approach is thus com-
plementary to the engineering of GPCR stability, reviewed in Section  10.3.2 . 

 There are several technical advantages inherent to this FACS - based selection 
method. Most importantly, for the fi rst time IMPs can be evolved under laboratory 
conditions by harnessing the full power of the natural selection process. By physi-
cally linking the genotype to the phenotype    –    by containing the gene encoding the 
corresponding receptor in an  E.   coli  cell    –    it is possible to move from a low -
 throughput  screening  set - up to a high - throughput  selection  setup. This allows one 
to sample a much larger sequence space in the range of 10 7  – 10 8  individual mutants 
per selection round as opposed to only thousands of mutants, when they have to 
be screened one - by - one. Being able to sample the largest sequence space possible 
strongly increases the probability of fi nding rare expression enhancing mutations. 
Moreover, since directed evolution is an iterative process, selection is clearly 
advantageous over screening. The selection from a large pool has to be done after 
each library diversifi cation    –    a prohibitive amount of work when screening single 
mutants. 

 A second advantage, which makes the application of the selection method very 
appealing, is that there is a strong selection pressure for correctly folded, func-
tional receptors inherent in the selection for the number of active receptors. Well -
 expressing receptor variants are selected only if the ligand - binding site remains 
conserved throughout the evolutionary process, because in order to be selected the 
receptor variants must bind the fl uorescent ligand. Receptor variants adopting 
non - native receptor folds are selected against, even if they are well expressed. For 
GPCRs, ligand binding is a very strong indicator of a correctly folded protein. The 
ligand - binding sites of GPCRs recognizing small ligands are mostly contributed 
by several amino acids located on different transmembrane helices. These differ-
ent helices must therefore be in a wild - type - like conformation to provide a func-
tional high - affi nity ligand - binding site. 

 The third advantage in implementing this method relies on the fact that the 
expression level of a given IMP can be improved without having to make assump-
tions about the mechanism of the expression process or about the amino acid 
substitutions that might infl uence it, or even the regions in the sequence that 
would affect it. The combinatorial approach inherent in the method allows evolv-
ing the desired property in a nearly assumption - free manner. This is a very impor-
tant consideration, as many sequence correlations probably have yet to be 
discovered and others may be incomplete or even incorrect. 

 The method ’ s potential to select for functional receptors by using fl uorescent 
ligands is    –    at the moment    –    compromised by the fact that fl uorescent ligands are 
not yet available for every GPCR. To date, the chemical synthesis of fl uorescent 
ligands has been described in the literature for maybe 30 GPCRs or so  [10, 11] . 
Fortunately, the ever - increasing research activity in the fi eld of GPCRs and IMP 



 286  10 Engineering Integral Membrane Proteins for Expression and Stability 

biochemistry in general makes it very likely that new fl uorescently labeled ligands 
will be developed as powerful tools in membrane protein research. Moreover, 
many GPCR ligands do not require complicated chemistry for their derivatization 
with fl uorophores. Some can be synthesized in any laboratory that is equipped 
with a basic equipment for chemical synthesis; this is especially true for peptide 
ligands, which provide a variety of possibilities for chemical derivatization. The 
N - terminal amino groups,  ε  - amino groups of lysine residues, thiol groups of 
cysteine residues, or the C - terminal carboxyl groups can often be coupled to 
fl uorophores without considerably compromising the binding affi nity of the 
peptide ligand. 

 While the selection method by FACS is able to evolve well - expressed GPCRs 
that conserve their functional ligand - binding site (a very strong criterion for a 
correctly folded GPCR), other functional characteristics of these proteins are more 
diffi cult to enforce to be conserved during the directed evolution process. Most 
importantly, the ability to transmit binding signals (i.e., to couple to G - proteins) 
is very diffi cult to select as a property to be retained, as the selection process takes 
place in  E.   coli . Nevertheless, in the example of the NTR1 receptor studied, the 
ability to signal via G - protein  was  retained  [5] . This was determined experimentally 
by recloning the selected mutants to mammalian cells and measure the ability to 
signal via G - proteins directly. Thus, it is important to characterize evolved mutants 
very carefully after the selection experiment, as is generally the case for every 
protein engineering method presented in this chapter. 

 To prove the usefulness of evolved mutants for structural studies their pheno-
types should be carefully compared to their wild - type progenitor. When we per-
formed this analysis for D03, we found that the signaling capability was retained, 
but somewhat more agonist was needed, compared to wild - type NTR1. This was 
found in mammalian cells by measuring Ca 2 +   mobilization via coupling to G q/11 . 
When one of the evolved mutations in D03 (R167L in the conserved (D/E)R(W/Y) 
motif in TM3) was reverted to wild - type Arg167, D03 would show a similar signal-
ing behavior as wild - type NTR1  [5] . This analysis underlines the importance of 
performing a careful functional characterization of evolved mutants. Nonetheless, 
it also emphasizes that the basic functions, such as agonist binding, antagonist 
binding, and signaling via the G - proteins, can be maintained in these evolved 
GPCRs.  

   10.2.2 
Increasing Expression by Random Mutagenesis and Dot - Blot Based Screening 

 A second screening method for increasing expression levels of IMPs has been 
developed by the Nordlund lab  [4] . The  colony fi ltration  ( CoFi ) blot method is well 
suited to screen somewhat smaller mutant libraries for expression, since thou-
sands of single mutants can be screened simultaneously. However, since single 
colonies must be discernable on plates, it is diffi cult to extend this to very large 
libraries. By applying the CoFi blot method to several membrane proteins their 
expression level could be increased. After one round of random mutagenesis and 
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screening, mutants could be identifi ed that express 1.5 -  to 40 - fold better than the 
corresponding wild - type protein, depending on the protein under study and the 
initial expression level. 

 The CoFi blot has originally been developed for screening the expression level 
of soluble proteins in  E.   coli   [12] . It has proven very effi cient in identifying mutants 
of eukaryotic proteins that show higher soluble expression yields than the wild -
 type proteins. Recently, the method has been adapted to allow screening of mutant 
libraries of membrane proteins  [4] . The strategy consists of four steps:

   i)     A library of mutants is generated by random mutagenesis of the wild - type 
open reading frame used as template DNA, cloning the library into an expres-
sion vector (containing an N - terminal FLAG tag and a C - terminal His 6  tag), 
and transforming  E.   coli  cells. The cells are plated onto an LB - agar plate and 
grown until medium - sized colonies are visible.  

  ii)     The colonies are picked up onto a Durapore fi lter membrane by overlaying 
the colonies with the membrane and peeling them off the agar, as they will 
stick to the membrane. Expression is then induced by placing the membrane 
onto an LB - agar plate containing isopropyl -  β  -  d  - thiogalactopyranoside.  

  iii)     The membrane is placed on top of a nitrocellulose membrane and a Whatman 
3MM paper soaked in lysis buffer containing detergents. Solubilized mem-
brane proteins will diffuse through the fi lter membrane (Durapore) and are 
captured on the nitrocellulose membrane.  

  iv)     The amount of expressed and solubilized membrane protein is quantifi ed by 
probing the nitrocellulose membrane with a His - tag - specifi c reagent using 
standard equipment for Western blotting. The mutant colonies ’  expression 
level can easily be compared to a wild - type reference and the best - expressing 
mutants can be identifi ed.    

 The method was benchmarked by subjecting nine membrane proteins to one 
round of random mutagenesis and screening the mutant libraries for expression. 
The set of target proteins consisted of eight prokaryotic proteins and one human 
protein, and they were from different functional classes. They were classifi ed as 
showing either no, low - , or medium - level expression. For fi ve of the nine target 
proteins (all classifi ed as low or medium expressing proteins) the method was able 
to identify better expressing mutants. For an  E.   coli  glycosyl transferase the expres-
sion yield was improved by an impressive 40 - fold over the wild - type level (from 
about 25    μ g/l to 1   mg/l of purifi ed protein) as a result of three amino acid muta-
tions. For the human microsomal glutathione S - transferase 2, several single amino 
acid mutations could be identifi ed that increase the expression level 2 - fold. These 
results are very encouraging because they are based on only one round of muta-
genesis and screening. 

 The ability to apply the method to nine different proteins from different func-
tional classes in a benchmark test exemplifi es the biggest advantage of the CoFi 
blot method    –    its generality. In principle, it can be applied to any membrane 
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protein with no prior structural or functional information about the target protein. 
Moreover, the method is easy to implement and the costs are low. However, the 
biggest strength of the method    –    its simplicity and generality    –    represents at the 
same time its greatest potential weakness. Random mutagenesis of a target gene 
is expected to generate mostly misfolded and nonfunctional protein mutants. As 
the C - terminal His 6  tag is used as the sole indicator of expression, the structural 
and functional state of the protein mutants is completely neglected in the screen. 
Reducing the screening criteria to His 6  tag detection entails a considerable risk of 
identifying well - expressed, but misfolded proteins. Since there is no functional 
screening criterion directly implemented into the method, it is crucial to carefully 
characterize the functional state of improved mutants after the screen. With regard 
to this risk, the developers of the CoFi blot analyzed the catalytic activity of selected 
mutants of one of their target proteins    –    the human microsomal glutathione 
S - transferase 2. The two analyzed mutants both showed only one amino acid 
mutation and their catalytic activities were comparable to the wild - type protein. 
Despite the encouraging results on these single - amino - acid mutants of one mem-
brane protein, the risk of losing functionality, when proteins are evolved in the 
absence of selective pressure for functionality, remains considerably high. It is 
very likely that this risk increases when multiple mutations start to accumulate 
in experiments in which several rounds of mutagenesis and selection are 
performed.   

   10.3 
Engineering Higher Stability 

 Establishing high expression levels of correctly folded IMPs is only the fi rst critical 
step in the process of producing suffi cient amounts of functional protein for bio-
physical and structural studies. Equally critical is the protein purifi cation process 
as well as the stability of the purifi ed protein in the solubilized state, for example, 
for structural studies, where the detergent - solubilized protein will be studied at 
high concentrations for extended times. Even though stability and functional 
expression yield show some correlation (Schlinkmann  et al. , unpublished; Dodevski 
 et al. , unpublished), the properties are not identical and, thus, stability must be 
tested separately. 

 Unlike soluble globular proteins, the purifi cation process of IMPs and most 
methods of biophysical analysis absolutely require the help of detergent molecules 
to extract them from their natural physical environment    –    the phospholipid mem-
brane    –    and to transfer them into an isotropic solution, established by detergent 
micelles. This process is problematic from a thermodynamic point of view because 
the physical environment provided by the detergent micelle is very different from 
the phospholipid membrane. Membrane protein solubilization by detergents 
therefore frequently leads to protein unfolding, aggregation, and loss of function. 

 For GPCRs, for example, the solubilization process turns out to be particularly 
destructive because of their marginal biophysical stability. GPCRs naturally exist 
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as structurally fl exible molecules, as conformational changes are required to exert 
their function in transducing extracellular signals across the phospholipid bilayer. 
The observation that GPCRs can activate G - proteins even in the absence of an 
activating agonist ligand  –  a phenomenon called basal activity  –  implies that the 
receptors can continuously adopt different receptor conformations that are of 
similar thermodynamic energy and separated by rather small energetic barriers. 
This structural and thermodynamic heterogeneity is most likely responsible for 
the rapid receptor unfolding observed upon receptor solubilization with deter-
gents. The marginal stability of GPCRs in detergent micelles represents the rule 
for IMPs, rather than the exception. In fact, the activity of most IMPs is linked to 
conformational fl exibility in certain regions of the proteins. Most IMPs tend to 
quickly lose their activity when solubilized in detergent micelles, because of 
limited biophysical stability. 

 The protein engineer ’ s contribution to solve this problem is to identify stability -
 enhancing mutations in the amino acid sequence of a target protein. Here, we 
defi ne  “ stability ”  as the molecular property of the protein to maintain a correctly 
folded and active conformation in detergent - solubilized form. We therefore set out 
to identify mutations that increase the half - life of a protein in detergent micelles. 
At the current state of knowledge and in the absence of high - resolution structural 
information for the great majority of IMPs, it is close to impossible to predict in 
advance what mutations will improve the stability of a given protein target. Stated 
more practically, the identifi cation of stability - enhancing mutants relies on setting 
up appropriate screening experiments for rapidly and reliably analyzing collections 
of many mutants. 

   10.3.1 
Stabilizing a Prokaryotic  IMP  by Cysteine - Scanning, Random Mutagenesis, and 
Screening in a 96 - Well Assay Format 

 The approach of using protein engineering for stabilizing IMPs in detergent 
micelles gained momentum with the fi ndings by the Bowie lab published in 1999, 
namely that stability - enhancing mutations were not rare at all in IMPs  [13] . In the 
analysis of 20 single cysteine - substituted mutants of the  E.   coli   diacylglycerol kinase  
( DGK ), two mutants showed signifi cantly higher resistance to thermal inactivation. 
Combining the two mutations in a single protein revealed a partly additive effect 
and the stability was further increased. Strikingly, while the half - life of the double 
mutant at 70    ° C is 51   min, the half - life of wild - type DGK is less than 1 min. In a 
follow - up study on DGK, a collection of 1560 random mutants was screened for 
thermal stability  [14] . Twelve different single mutants of DGK showed higher stabil-
ity in detergent solution. The four most stabilizing mutations were combined to 
construct the quadruple mutant CLLD - DGK, which showed a half - life of 35   min at 
80    ° C. This is about 18 times that of the most stable single DGK mutant. Most 
importantly, the stabilized mutant showed similar catalytic activity as the wild - type. 

 How were the 1560 single clones screened to identify stability - enhancing muta-
tions? The screening setup is relatively simple. The mutants were expressed in 
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96 - deep - well plates and the protein was solubilized with detergents. In a 96 - well 
format an aliquot was directly assayed for DGK enzymatic activity in a colorimetric 
assay. A second aliquot was assayed after it had been exposed to heat for a defi ned 
time period to inactivate the protein. Mutants showing higher activity than wild -
 type after the inactivation step were selected and further characterized. The fi nding 
that stability - enhancing mutations in IMPs may be identifi ed relatively easily has 
inspired other research groups, including our own, to explore the potential of 
protein engineering for improving the biophysical properties of IMPs, and to 
devise additional methods to screen for stability for IMPs without enzymatic activ-
ity. In this respect, GPCRs have been of special interest.  

   10.3.2 
Stabilizing  GPCR s by Alanine - Scanning and Single - Clone Screening 

 The Tate lab has applied an alanine - scan to identify mutants of GPCRs showing 
increased thermal stability in detergent solution. This strategy has successfully 
been implemented for three different GPCRs  [15 – 17]   –  a class of membrane pro-
teins that is notoriously unstable in detergent solution. The most signifi cant 
example of their work is the engineering of a  β  1  - adrenergic receptor mutant, which 
is highly stable in the detergent octylglucoside. The combination of alanine muta-
tions rendered the receptor stable enough to be crystallized and to determine its 
atomic resolution structure  [18] . 

 Their strategy for identifying stability - enhancing mutations in a GPCR is based 
on a relatively simple methodology. A collection of mutants was prepared by 
mutating each position in a receptor to an alanine residue. If the wild - type residue 
was already alanine, leucine was introduced, as this is a helix - forming residue 
compatible with a membrane location. The single - point mutants were then ana-
lyzed for their potential to increase thermal stability of the receptor in detergent 
solution. The thermal stability of individual receptor mutants was determined on 
unpurifi ed samples after detergent solubilization of whole cells. To measure the 
stability of each mutant, one receptor aliquot was heated for a fi xed period of time, 
a second aliquot was kept on ice. Both of the samples were then assayed for their 
content of folded receptor by a  radioligand binding assay  ( LBA ). The best single 
mutants were then combined to test for additivity and to produce more stabilized 
receptor variants. 

 The alanine - screening methodology was successfully applied to three different 
GPCRs. In the case of the adenosine receptor A 2A , two different thermostabilized 
mutants were constructed  [17] . For the mutant A2a - rant21, the melting tempera-
ture ( T  m ) was 17    ° C higher than that of the wild - type, for the mutant A2a - rag23 the 
improvement was 9    ° C. Each receptor shows four mutations. Interestingly, the two 
mutants seem to be stabilized in different conformations: A2a - rant21 preferen-
tially adopts an antagonist - binding state, A2a - rag23 prefers an agonist - binding 
state. As a second receptor, NTR1 was stabilized as a result of four mutations  [15] . 
The NTR1 mutant termed  “ NTS1 - 7m ”  was 17    ° C more stable than wild - type NTR1. 
Lastly, the turkey  β  1  - adrenergic receptor was stabilized by combining six mutations 
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 [16] . The mutant b 1 AR - m23 was 23    ° C more stable than the wild - type protein. This 
mutant was then crystallized in octylglucoside and its atomic resolution structure 
was determined in the presence of the antagonist cyanopindolol. 

 The high success rate of identifying stabilizing mutations in both scanning 
mutagenesis strategies, with alanine scanning or cysteine scanning, are encourag-
ing in that stabilizing mutations appear to be very frequent. However, both strate-
gies suffer form a basic limitation. Their application is limited to those membrane 
proteins that show a relatively high wild - type expression level. This excludes many 
membrane proteins that fail to be expressed above a certain threshold level. Fur-
thermore, the linear scanning against one type of amino acid will only detect 
positions where an unfavorable amino acid needs to be removed. Since a full 
screen is not carried out against all substitutions, amino acids able to make a new 
interaction, or those fi lling out a cavity better, would not be discovered. Since 
these methods are screening methods where each mutant is expressed and solu-
bilized separately, it would hardly be feasible to increase the throughput to the 
required scale.  

   10.3.3 
Stabilizing  GPCR  s  by Random Mutagenesis and Screening in a 96 - Well 
Assay Format 

 In Section  10.2.1  we described a high - throughput selection method with the main 
goal of identifying  expression  - enhancing mutations in GPCRs. An advantage of this 
strategy is that it generates large sets of well - expressing and functional mutants. We 
wondered if there was a quick and reliable way of screening these collections of 
mutants for their potential of increasing thermal stability in addition to increasing 
expression. As we wanted to perform the stability screen on as many receptor 
mutants as possible, we had to revise the LBA, which is the rate - limiting step of the 
conventional stability screening method for GPCRs (which had conventionally 
been employed in the alanine - scanning method by Tate  [15 – 17]  and previously by 
us  [5] ). In the conventional LBA method, each sample has to be processed by a small 
size - exclusion column (typically a spin column) to separate bound from unbound 
ligand and assess the ligand - binding signal, since solubilized receptor cannot be 
quantitatively bound to fi lters. This spin - column step cannot be performed in a 96 -
 well assay format and therefore strongly limits the assay throughput. The key 
feature of the newly developed method  [19]  presented below is the immobilization 
of biotinylated receptor on streptavidin - coated paramagnetic beads. By immobiliz-
ing the receptor, all essential experimental steps of the stability screen    –    purifi ca-
tion, exposure to heat, and LBA    –    can be performed with small receptor amounts 
and in a highly parallelized 96 - well format. Immobilized receptor can easily be sep-
arated from detergent - solubilized lysates of whole cells by magnetic force, which 
yields highly concentrated and purifi ed receptor preparations. Most importantly, 
magnetic capturing also allows for a convenient separation of bound from unbound 
ligand in the LBA, which avoids the handling of size exclusion spin columns. All 
essential steps can therefore be performed in a 96 - well assay format  [19] . 
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 The method for screening thermal stability of GPCRs in a 96 - well assay format 
 [19]  consists of four steps. (i) The receptor mutants are expressed in  E.   coli  and 
biotinylated  in vivo . (ii) The receptors are solubilized and partially purifi ed by 
immobilization on streptavidin - coated paramagnetic beads. (iii) The receptors are 
exposed to stability screening conditions that induce receptor unfolding (e.g., heat, 
detergent, buffer). (iv) The amount of residual folded receptor is determined by a 
LBA after exposing the receptor to the stability screening conditions. Comparison 
of the amount of correctly folded receptor before and after heat treatment yields 
a stability index for each mutant. The stability index is calculated by dividing the 
residual amount of receptor that has been exposed to the harsh conditions (e.g., 
high temperature or specifi c detergent) by the initial amount that is determined 
from an aliquot of nonexposed beads. 

 We applied this method to 96 randomly picked clones of a library of NTR1 
mutants, which had been evolved for higher expression by FACS  [5] . The mutants 
had gone through four rounds of random mutagenesis and after each round they 
had been sorted for highest expression by FACS for three to four rounds. The 
selected mutants showed on average a 5 - fold higher functional expression level 
than wild - type NTR1 as a result of an average of nine amino acid mutations per 
receptor. For screening their stability, the mutants were expressed in 24 - well  
plates, solubilized in the presence of a detergent mixture containing  dodecyl mal-
toside  ( DDM ),  3 - (3 - cholamidopropyl) - dimethylammoniopropane sulfonate  
( CHAPS ), and  cholesteryl hemisuccinate  ( CHS ), and immobilized on streptavidin -
 coated magnetic beads in a 96 - well plate. After washing the beads with the help 
of magnetic capturing, equal amounts of beads of each purifi ed mutant were 
dispensed into two 96 - well thermocycler plates. One plate was kept on ice. The 
second plate was placed in a thermocycler and exposed to 37    ° C for 20 min to 
induce receptor inactivation. After cooling the heated plate on ice, a radioligand 
binding assay was performed on both plates to determine the amount of correctly 
folded receptor for each mutant before and after the heat inactivation step. After 
incubation with radioligand, unbound radioligand can be separated from bound 
ligand by magnetic capturing of the beads. A major advantage of this new screen-
ing method is that the LBA is performed directly in the wells of a thermocycler 
plate. For measuring the radioactivity the beads are simply transferred to a 96 - well 
plate containing liquid scintillation cocktail. 

 Two screens were performed on the 96 mutants to identify the most stable 
mutants in either of the detergents, DDM or  decyl maltoside  ( DM ). Sixteen 
mutants showed higher thermostability than wild - type NTR1 in both detergents. 
Figure  10.4  shows that the difference in stability between the mutants and wild -
 type NTR1 was more pronounced in DM (Figure  10.4 b) than in DDM (Figure 
 10.4 a). The two clones that performed best in the screens (clones 70 and 73) were 
further characterized to get a better picture of the stability improvement. Melting 
curves in Figure  10.4 (c) were recorded by exposing the mutants in DM, CHAPS, 
and CHS to different temperatures for 20 min. For both mutants the melting 
temperature  T  m  was increased by 6    ° C compared to wild - type NTR1. The relatively 
moderate increase in stability most probably refl ects the fact that the original pool 
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a)

b)

        Figure 10.4     Thermal stability analysis of 96 
clones isolated from selections for maximum 
receptor expression level (4EP03 pool, four 
rounds of epPCR, each followed by three to 
four rounds of sorting by FACS). (a and b) 
To identify the most thermostable clones, the 
stability index was measured at 37    ° C in (a) 
DDM, CHAPS, and CHS or (b) DM, CHAPS, 
and CHS. The stability index indicates the 
fraction of receptors that retain the ability to 
bind ligand after exposure at 37    ° C for 20 min 
(relative to receptors which are kept on ice). 
The open bars at positions 95 and 96 
indicate duplicate measurements of the 
stability index of wild - type NTR1. The two 

black bars indicate the stability index of clone 
70 and clone 73, which have been character-
ized in more detail. (c) The results from the 
screen were confi rmed by reanalyzing the 
stability of clone 70 and clone 73 in more 
detail. Receptor aliquots (in DM, CHAPS, 
and CHS) were exposed to increasing 
temperatures and the fraction of intact 
receptors, which still binds radioligand, was 
measured. The resulting stability curves show 
that the evolved clone 70 (open triangles) 
and clone 73 (open circles) show a  T  m  
(temperature at which 50% of the receptors 
retain ligand binding) that is 6    ° C higher than 
for wild - type NTR1 (fi lled circles).  
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c)

Figure 10.4 (Continued)

of selected mutants was strongly evolved for higher expression and not stability 
 per se . In the meantime, however, from additional rounds of random mutagenesis 
and selection for functional expression, much higher stability increases have been 
found than described above or elsewhere  [15]  (Schlinkmann  et al. , unpublished), 
suggesting that functional expression levels of GPCRs and their stability are 
coupled.   

 The principal advantage of this stability screening method based on immobi-
lized receptors on paramagnetic beads is its high throughput. This allows for the 
parallelization of the rate - limiting steps in stability testing in a 96 - well format, 
such as the LBA. Moreover, the immobilized receptors can easily be purifi ed and 
exchanging detergents is straightforward, when mutants need to be screened in 
different detergents.   

   10.4 
Conclusions 

 The presented methods for engineering the properties of IMPs all follow the same 
idea, namely that small changes to the amino acid sequence of a diffi cult - to - handle 
IMP can have major favorable effects. Functional expression as well as thermal 
stability can be increased by relatively few mutations, and can be screened and 
selected by comparatively simple methods. The ability to evolve functional expres-
sion level for IMPs that are very diffi cult to express removes one of the biggest 
roadblocks in IMP structural studies. Similarly, the possibility to generate IMP 
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variants that are more stable in a variety of detergents will be important for the 
future structural biology of IMPs. Two results give reason for optimism: (i) stabi-
lizing mutations do not seem to be rare, and (ii) functional expression and stability 
seem to be correlated to some extent. Nonetheless, the long - term goal from apply-
ing these methods is not only to use these methods for solving the practical 
problem of generating IMPs that can be studied structurally more effi ciently, but 
also apply them to understand the rules that make membrane proteins well 
expressed and more stable.  

 Abbreviations 

 BODIPY - NT     BODIPY - neurotensin 
 CHAPS     3 - (3 - cholamidopropyl) - dimethylammoniopropane sulfonate 
 CHS     cholesteryl hemisuccinate 
 CoFi     colony fi ltration 
 DDM     dodecyl maltoside 
 DGK     diacylglycerol kinase 
 DM     decyl maltoside 
 epPCR     error - prone PCR 
 FACS     fl orescence activated cell sorting 
 GPCR     G - protein - coupled receptor 
 IMP     integral membrane protein 
 LBA     radioligand binding assay 
 MBP     maltose - binding protein 
 MFI     mean fl uorescence intensity 
 TrxA     thioredoxin A 
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Expression and Purifi cation of  G  - Protein - Coupled Receptors 
for Nuclear Magnetic Resonance Structural Studies  
  Fabio     Casagrande  ,     Klaus     Maier  ,     Hans     Kiefer  ,     Stanley J.     Opella  , and     Sang Ho     Park       

    11.1 
Introduction:  G  - Protein - Coupled Receptor Superfamily 

  G - protein coupled receptor s ( GPCR s), also known as seven - transmembrane recep-
tors, represent the largest and most diverse protein family in the human genome 
 [1 – 3] ; because of their pervasive roles as drug receptors, they may also be the most 
important protein family for medicine. Embedded in the plasma membrane, they 
mediate cellular response by activating heterotrimeric guanine nucleotide - binding 
proteins (G - proteins) upon extracellular ligand stimulation. Defects in signal 
transduction result in human diseases like cancer, and neurodegenerative, autoim-
mune and infl ammatory disorders  [4, 5] . Currently, one - third of the drugs approved 
for human use target GPCRs  [6, 7] . However, these drugs address only a few of 
the potential candidate receptors within the GPCR superfamily, such as the hista-
mine receptor (Zantac, Tagamet, Benadryl, Claritin), dopamine receptor (Haloperi-
dol), acetylcholine receptor (Scopolamine, Tropicamide), and adrenergic receptor 
(Sotalol, Timolol, Atenolol, Propranolol). Genome analysis has identifi ed 100 (non-
olfactory) newly recognized orphan GPCRs without established functions, which 
highlights the potential of the GPCR superfamily for the development of new 
therapeutic targets for drug discovery  [8] . 

 The discovery and development of drugs that act upon GPCRs is hindered by 
the lack of information about the three - dimensional structures of these 
proteins. Atomic - resolution structures of GPCRs would provide the essential 
details of how ligands interact with specifi c residues, improving the prospects for 
structure - based drug discovery. In addition, these structures would advance 
the understanding of how they function as well as how they interact with their 
respective ligands. 

 However, GPCRs are large, hydrophobic membrane proteins that function in 
the liquid crystalline phospholipid bilayer of the cell membrane, and the structure 
determination of membrane proteins is very challenging due to problems involv-
ing their instability, lack of solubility, and diffi culty in crystallization. Although 
several recent crystal structures of GPCRs demonstrate that these obstacles can 
be overcome, they required extraordinary measures to modify the proteins to 
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facilitate crystallization and the use of nonbilayer environments. This highlights 
the fundamental advantage of  nuclear magnetic resonance  ( NMR ) for structural 
studies of membrane proteins, which is that it enables both wild - type and mutated 
polypeptides to be analyzed in their native environment of the hydrated planar 
phospholipid bilayer under physiological conditions. As the proteins are not cap-
tured in three - dimensional crystals at very low temperatures, NMR offers oppor-
tunities to integrate descriptions of their local and global protein dynamics and 
ligand interactions with their primary, secondary, and tertiary structures. X - ray 
crystallography and NMR spectroscopy are complementary approaches. Both 
experimental methods require substantial quantities of highly purifi ed protein for 
sample preparation trials and the samples themselves, and in the case of NMR 
the protein must be labeled with stable isotopes as well. Thus, there are great 
advantages in terms of fl exibility of labeling and cost to express the protein in 
bacteria. 

 Consequently, our research and the topic of this chapter focus on bacterial 
expression of GPCRs. In particular, we use CXCR1 as an example of a rhodopsin -
 like GPCR that has an extensive background of biochemical and biophysical 
studies. We describe the cloning, expression, purifi cation, functional reconstitu-
tion, and preparation of samples suitable for both solution NMR and solid - state 
NMR spectroscopy. Sodium dodecyl sulfate – polyacrylamide gel electrophoresis 
(  SDS  –   PAGE ) and functional binding assays demonstrate that the methods we 
utilize yield highly pure and active receptors in the multimilligram quantities 
required for NMR spectroscopy. Examples of both solution NMR and solid - state 
NMR spectra of  15 N - labeled proteins demonstrate that all steps from expression 
through sample preparation are suffi ciently well developed for NMR structural 
studies to be initiated.  

   11.2 
 CXCR 1 

 CXCR1 is a chemokine receptor, and is the example we use to illustrate the expres-
sion and labeling of a GPCR for NMR studies. Chemokines are small chemotactic 
cytokines that control a wide variety of biological and pathological processes such 
as allergic responses, infectious and autoimmune diseases, angiogenesis, infl am-
mation, tumor growth, and hematopoietic development. Secreted chemokines 
interact with G - protein - coupled chemokine receptors expressed on the surface of 
their target cells. The fi rst two chemokine receptors to be cloned were CXCR1 and 
CXCR2  [9, 10] , named according to the CXC chemokine subfamily they bind. By 
interacting with the human chemokine ligand  interleukin - 8  ( IL - 8, CXCL8, NAP - 1 ), 
CXCR1 and CXCR2 mediate cell migration and activation of  polymorphonuclear 
neutrophil s ( PMN  s)  [11, 12] . IL - 8 - induced chemotaxis directs PMNs to sites of 
infl ammation, where IL - 8 is secreted by macrophages, lymphocytes, and epithelial 
and endothelial cells. Human CXCR1 and CXCR2 share 77% overall sequence 
identity, but differ in their N -  and C - terminal domains (the ligand - binding regions). 



 11.3 GPCR Structures  299

Binding experiments in neutrophils showed that IL - 8 affi nity is decreased in 
CXCR1, whereas CXCR2 shows high affi nity for IL - 8 and other analogs such as 
 macrophage infl ammatory protein  ( MIP ) - 2,  neutrophil - activating peptide  ( NAP ) - 2, 
CXCL1/GRO α , and CXCL5/ENA - 78  [13 – 16] . As a result, it is suggested that 
CXCR1 mediates CXCL8 - induced chemotaxis at sites of infl ammation (high IL - 8 
concentration), whereas CXCR2 participates in the initial phase of cell migration 
(low IL - 8 concentration)  [17] . By recruiting and activating PMN, IL - 8 and related 
molecules have been implicated in a wide range of chronic infl ammatory disor-
ders. Apart from repertaxin, an allosteric inhibitor of CXCR1 and CXCR2  [18 – 20] , 
no small molecular antagonist for chemokine receptors has been analyzed in 
advanced clinical trials. Therefore, any structural information disclosing the mode 
of action of ligand and receptor would be extremely valuable.  

   11.3 
 GPCR  Structures 

 For almost a decade, the unique structure of the bovine photoreceptor rhodopsin 
in its dark, inactive state  [21]  provided the sole example of a structure of a GPCR 
determined at atomic resolution by X - ray crystallography. Efforts to model GPCRs 
on the structure of rhodopsin had limited success with regard to drug discovery 
 [22] . On the one hand, rhodopsin is a highly specialized member within the GPCR 
family that responds to photons and not chemical ligands. On the other hand, 
highest homology among GPCRs is concentrated within the bundle of transmem-
brane helices, but very low in the residues that constitute the N -  and C - termini 
and loop domains that interact with corresponding ligands or potential drugs. 

 However, several new GPCR structures have been determined in the last few 
years by X - ray crystallography: the human  β  2  - adrenergic receptor in the presence 
of the inverse agonist carazolol  [23 – 25] , the  β  1  - adrenergic receptor in complex with 
the high - affi nity antagonist cyanopindolol  [26] , and the human A 2A  adenosine 
receptor with a high - affi nity subtype - selective antagonist  [27] . The successful crys-
tallization of these GPCRs was mainly enabled by a fusion protein strategy fi rst 
described for the crystallization of the lactose permease  [28 – 30] . The crystallization 
of the  β  2  - adrenergic and A 2A  adenosine receptor were improved by replacing the 
residues of the disordered intracellular loop 3 by the sequence of the protein T4 
lysozyme, which is known to readily crystallize. Additional sequence modifi ca-
tions, such as truncations of unstructured termini or mutations affecting thermal 
stability, ligand binding, and post - translational modifi cations, were essential in 
order to obtain high - diffracting three - dimensional crystals. Although it was neces-
sary to modify the GPCRs for crystallization, comparisons among a total of four 
different GPCR structures provide many valuable biological insights and details 
about the common and variable features of their molecular architecture  [31, 32] . 
During the same time period, insights into the activated state of rhodopsin were 
gained from the crystal structure of opsin in its ligand - free state  [33]  and in its 
G - protein - interacting conformation  [34] .  
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   11.4 
 NMR  Studies of  GPCR  s  

 In principle, NMR spectroscopy is a powerful approach for the study of all pro-
teins, including membrane proteins. However, all studies of membrane proteins 
require careful consideration of the lipid environment needed to solubilize and 
stabilize them in their folded, active conformation. It is possible to study the 
structure and dynamics of membrane proteins solubilized in micelles or isotropic 
bicelles by solution NMR, although there is always concern about their properties 
outside of the native bilayer environment. Fortunately, solid - state NMR enables 
proteins in phospholipid bilayers to be studied. While solution NMR methods can 
be applied to small membrane proteins in micelles and isotropic bicelles, applica-
tions to membrane proteins with more than a few transmembrane helices are 
limited by the slow reorientation rates of the larger proteins in micelles, which 
result in broad linewidths, and correspondingly poor resolution and sensitivity. 
However, it is possible to observe signals from mobile residues in loop or terminal 
regions of these proteins in solution NMR spectra, as has been demonstrated for 
the detergent - solubilized vasopressin V2 receptor  [35] . 

 Numerous NMR studies on fragments of GPCRs, including N -  and C - terminal 
regions, interhelical loops, and transmembrane domains have been summarized 
in a recent review  [36] . The results provide information about the structure and 
function of the various fragments, the mapping of receptor – ligand interactions, 
and the conformational changes associated with the activation of the GPCR frag-
ments. Dynamics and mobility studies on the C - terminus of full - length rhodopsin 
have been reported  [37 – 39] . Recently, dimethyllysine NMR spectroscopy has dem-
onstrated ligand - specifi c conformational changes of the full - length  β  2  - adrenergic 
receptor  [40] . 

 Solid - state NMR offers the possibility of studying all types of membrane pro-
teins in planar phospholipid bilayers, since these methods do not rely on the 
overall rotational motion of the molecule to average the nuclear spin interactions 
and yield narrow resonance lines. Even proteins with only a single transmem-
brane helix are fully immobilized by their interactions in the phospholipid 
bilayers. Thus, in solid - state NMR radiofrequency irradiations replace the overall 
reorientation of the proteins as the line - narrowing mechanism, and once 
that is accomplished the linewidths of resonances from both small and large 
membrane proteins are equivalent. Of course, larger proteins have many more 
signals, and both more sophisticated isotopic labeling schemes and multidimen-
sional spectroscopic methods are employed to resolve overlapping signals 
 [41 – 44] . 

 There are two approaches to protein structure determination by solid - state NMR 
spectroscopy:  magic angle spinning  ( MAS ) solid - state NMR and  oriented sample  
( OS ) solid - state NMR. MAS solid - state NMR techniques yield high - resolution 
isotropic spectra of unoriented membrane proteins, and have been applied to 
investigate the ligand - induced structural change of rhodopsin, the conformation 
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of ligand bound to its GPCR, and receptor – ligand interactions  [45 – 51] . OS solid -
 state NMR is particularly well suited for proteins in supramolecular assemblies, 
especially membrane proteins in planar phospholipid bilayers, whose structures 
are extended and dominated by regular secondary structure elements, and gener-
ally not well suited for isotropic approaches. In OS solid - state NMR, the frequen-
cies observed in the spectra refl ect the orientations of individual atomic sites with 
respect to a common axis of alignment defi ned by the direction of the applied 
magnetic fi eld, and therefore the angular constraints are very strong and any 
experimental errors or uncertainties in spectroscopic parameters are not cumula-
tive, contributing to the robustness of the approach. Three - dimensional structures 
and receptor – drug interactions of membrane proteins with one and two trans-
membrane helices have been determined using OS solid - state NMR  [42, 44, 52, 
53] . High - resolution spectra of the chemokine receptor CXCR1 in magnetically 
aligned bilayers demonstrated the feasibility of using OS solid - state NMR to deter-
mine the three - dimensional structure and address structure – activity relationships 
for the development of drugs  [44] .  

   11.5 
Expression Systems 

 The recombinant production of membrane proteins is now suffi ciently well devel-
oped that it can be routinely applied to nearly any GPCR. Getting to this point 
required extensive development in a number of laboratories over a long period of 
time, and we take advantage of the many ideas and results in the literature. In 
response to the diffi culties encountered initially in expressing functional GPCRs, 
a broad selection of organisms have been utilized, including bacteria  [54 – 58] , yeast 
 [59] , insect cells  [60] , and mammalian cell cultures  [61] . 

 Bacterial expression, especially in  Escherichia coli , offers distinct advantages with 
respect to simplicity and safety of laboratory procedures, ease and cost of isotopic 
labeling, and the availability of a variety of strains and the possibilities of well -
 established methods for genetic manipulation to optimize conditions for expres-
sion and purifi cation. As usual for eukaryotic proteins expressed in bacteria, all 
post - translational modifi cations are absent. While the functionality of many 
GPCRs is unaffected by the absence of glycosylation, other GPCRs showed modi-
fi ed affi nities towards ligands and G - proteins, which, however, is not indicative of 
misfolding. Therefore, the lack of post - translational modifi cations can be advanta-
geous for structural studies where homogeneous samples are an important pre-
requisite, although caution in interpretation of functional studies is always 
warranted. A very common strategy to express GPCRs in  E.   coli  is the use of fusion 
proteins. Functional GPCRs have been successfully expressed using the N - terminal 
fusion to the  E.   coli  maltose - binding protein that targets the protein to the peri-
plasmic membrane  [62 – 67] . The disadvantage of this approach is toxic effects 
associated with membrane insertion of heterologously overexpressed proteins 
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often limit the cell growth. To overcome this problem GPCRs can be expressed in 
fusion with ketosteroid isomerase or  glutathione S - transferase  ( GST ), which 
improves expression levels by targeting the expressed protein to inclusion bodies 
 [55, 57] . Yields of 2 – 20 mg/l cell culture can be obtained with this approach. The 
principal disadvantage of this approach is that proteins expressed in bacterial 
inclusion bodies have to be refolded, which can now be accomplished routinely 
using a standard approach. 

 Although we utilize bacterial expression of GPCRs, for completeness we mention 
parallel developments of the expression systems in other organisms. At fi rst glance 
yeast systems present an excellent combination of microbial growth with the avail-
ability of the eukaryotic cell compartmentation of the protein production and 
processing machinery. Thus, the incorporation of isotopes is feasible while most 
post - translational modifi cations are assisted. However, in contrast to bacteria, 
yeast strains such as  Saccharomyces cerevisiae ,  Saccharomyces pombe , and the methy-
lotrophic  Pichia pastoris  are much more delicate organisms, and are sensitive to 
minor changes in their environment. Therefore, cell growth as well as functional 
yields of produced GPCRs vary and have to be individually optimized by screening 
culture conditions. Although yeast is eukaryotic, the membrane composition 
differs from that of the mammalian cell membrane. As a result a decrease in 
functionality has been reported for some GPCRs  [68] . An example of GPCR pro-
duction in yeast was recently demonstrated by the expression and purifi cation of 
high levels of the human adenosine A 2A  receptor  [69 – 71] . In addition, the number 
of expressed GPCRs in yeast is continuously increasing, indicating the feasibility 
of this method  [72 – 74] . Insect and mammalian cell culture - based expression 
systems can be attractive alternatives because active and functional GPCRs are 
produced. On the one hand, these native - like GPCRs are excellent for functional 
studies; on the other hand, the potential heterogeneity due to variable post -
 translational modifi cations can make structural characterization by all methods 
more diffi cult. In addition, these systems are costly, diffi cult to handle, and often 
yield relatively small amounts of the GPCRs. Similar to the procedure in yeast, a 
time - consuming screening for a preferable insect or mammalian cell line as well 
as the refi nement of expression parameters is necessary in order to obtain signifi -
cant quantities of GPCRs for structural studies. Nevertheless, due to the increased 
popularity of insect and mammalian expression systems, their applicability is 
being improved by the commercial availability of a wide variety of vectors, media, 
and reagents. Several GPCRs have been reported to be expressed from insect and 
mammalian cell hosts in amounts appropriate for structural determination  [75 –
 78] . Finally, novel cell - free expression systems present another method of protein 
synthesis without the usage of living cells. While isotopic labeling is facilitated 
 [79] , the expression of membrane proteins is complex. Membrane mimicking 
liposomes or disks have to be added to stabilize freshly produced membrane pro-
teins  [80] . Unfortunately, all attempts to express GPCRs by cell - free translation 
resulted in precipitates that required the resolubilization with detergents  [81, 82] . 
Apart from that, the most diffi cult step is the upscaling of cell - free systems that 
are usually performed in reaction volumes less than 1   ml. Future studies will prove 
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whether cell - free expression is applicable for the production of membrane proteins 
for structural studies. 

 Although expression in yeast, insect cells, and mammalian cell culture is becom-
ing more practical, bacterial expression as described below has a big advantage in 
terms of isotopic labeling for NMR studies.  

   11.6 
Cloning of  CXCR 1 into  p  GEX 2 a  

 DNA sequences coding for human full - length and truncated CXCR1 constructs 
were cloned into the pGEX2a vector. The polymerase chain reaction - amplifi ed 
DNA fragments were gel - purifi ed, digested by restriction enzymes ( Bam HI,  Sam I), 
and ligated to compatible restriction sites of pGEX2a. GST was fused to the 
N - terminus to enhance expression and to direct the expressed proteins to inclusion 
bodies. A thrombin cleavage site was introduced between the two regions encoding 
GST and CXCR1 to enable proteolytic removal of the GST. For purifi cation by 
immobilized metal - chelating chromatography, a His 6  tag was appended to the 
C - terminus of the CXCR1 constructs. Expression is under control of the  isopropyl -
  β  -  d  - thiogalactopyranoside  ( IPTG ) - inducible Ptac promoter (Figure  11.1 ). DH5
 α  - competent  E.   coli  cells were used for subcloning and pGEX2a - CXCR1 - 
His - transformed  E.   coli  BL21 cells were used for expression.    

     Figure 11.1     Map of expression vector 
pGEX2a - CXCR1 - His. The CXCR1 gene is 
inserted immediately after the GST to 
express both proteins as CXCR1 – GST fusion. 
The  lacI  repressor gene binds to the Ptac 

promoter and represses expression of the 
CXCR1 – GST fusion until induction with 
IPTG. The thrombin cleavage site is located 
between the GST carrier protein and CXCR1, 
thus the GST moiety can be removed.  
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   11.7 
Expression of  CXCR 1 

 The expression yields of CXCR1 are maximized using a GST - fusion approach, 
since large amounts of CXCR1 – GST are accumulated in bacterial inclusion bodies 
without interfering with the normal membrane function of the cells. The fl owchart 
in Figure  11.2  indicates the major steps in expression intended for sample prepara-
tion for NMR spectroscopy. Although individual NMR samples can be prepared 
from a few milligrams of protein, many milligrams are needed in the course of 
sample and experimental optimization. Also, expression yields need to be optimized 
to make the most effi cient use of the various isotopically labeled growth media.   

     Figure 11.2     Flowchart describing the 
production of CXCR1 protein for NMR 
spectroscopy. CXCR1 is expressed in 
inclusion bodies that are isolated and 
solubilized in order to purify CXCR1. 

Refolding conditions are applied and 
functional CXCR1 is separated by FPLC. 
CXCR1 is reconstituted into proteoliposomes 
that present the starting material for NMR 
sample preparation.  
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 We express uniformly  15 N - labeled CXCR1 by culturing  E.   coli  BL21 in M9 
minimal media containing  15 NH 4 Cl as the sole nitrogen source. Therefore, a 25 - ml 
preculture of standard LB medium with 50   mg/l of carbenicillin was inoculated 
with single colonies of  E.   coli  BL21 cells freshly transformed with pGEX2a - CXCR1 -
 His and shaken overnight at 37    ° C. Then 1 l of M9 minimal medium containing 
1   g/l  15 NH 4 Cl was inoculated with the total 25   ml of overnight preculture and 
shaken at 37    ° C until the OD 600  reached 0.5 (typically after around 4 h). At this time 
expression was induced with a fi nal concentration of 100    μ M IPTG. After 4 h of 
incubation, the cells were harvested by centrifugation. To express selectively  15 N 
labeled CXCR1, M9 media (unlabeled NH 4 Cl) was supplemented with an amino 
acid mixture containing one single  15 N - labeled amino acid.  E.   coli  cells growing in 
M9 media enriched with amino acids reached an OD 600  of 0.5 more rapidly. In 
addition, the growth was harvested 2 h after IPTG induction to avoid scrambling 
of the  15 N - labeled amino acids. 

 SDS is used to solubilize the CXCR1 – GST fusion protein effi ciently from the 
inclusion bodies. The detergent - solubilized CXCR1 – GST fusion protein is no 
longer aggregated and can be purifi ed. As inclusion bodies contain mainly the 
overexpressed fusion proteins, a single - step purifi cation using immobilized metal -
 affi nity chromatography is often suffi cient to yield highly purifi ed protein. Whereas 
the purifi cation and GST removal is straightforward, the goal is to refold the solu-
bilized CXCR1 into its native structure, regaining full biological activity, and this 
must be done carefully. Protein folding results from the replacement of the solu-
bilizing detergent by a milder detergent/lipid mixture that stabilizes the native fold 
of the protein while still keeping it in solution and preventing aggregation. Iden-
tifi cation of the optimal refolding parameters including detergents, salts, pH 
conditions, and additives differs among GPCR constructs. To achieve the highest 
protein homogeneity, unfolded CXCR1 is removed by  fast protein liquid chroma-
tography  ( FPLC ). CXCR1 obtained by this procedure is solubilized in detergent 
micelles that mimic a phospholipid bilayer environment in some ways. However, 
a much more native - like environment for membrane proteins are liposomes com-
posed of natural or synthetic phospholipids. Therefore, detergent - solubilized 
CXCR1 is reconstituted into proteoliposomes by detergent removal. The lipid 
compositions of the proteoliposomes are then adjusted to produce the samples 
used for the NMR experiments. 

 In addition to the full - length receptor, essentially the same approach is applied 
on CXCR1 truncations and fragments. The study of receptor fragments can 
provide valuable insights into protein dynamics, receptor – ligand interactions, and 
conformations of individual domains.  

   11.8 
Purifi cation 

 The harvested cell pellets were resuspended 20   ml lysis buffer (20   mM Tris - HCl 
pH   8.0, 300   mM NaCl, 10% glycerol) and lysed with 10   mg/ml of lysozyme by 
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sonication on ice for 5   min (5   s on and 10   s off). Membrane fragments were 
solubilized by addition of 10   mg/ml of Triton X - 100 and stirring for 10   min. 
Inclusion bodies were then collected by centrifugation at 20   000    g  for 10   min at 
16    ° C and washed twice with lysis buffer containing 0.5% Triton X - 100. The 
washed and centrifuged inclusion bodies were stored at  − 80    ° C or solubilized 
directly in binding buffer (1% SDS, 1 ×  phosphate - buffered saline, pH   7.5, 
250   mM NaCl, and 0.15 tris(2 - carboxyethyl)phosphine) by sonication on ice for 
5   min (5   s on and 10   s off). The solution was centrifuged at 40   000    g  for 30   min at 
16    ° C to remove insoluble particles, and the supernatant was loaded onto a 
chromatography column containing Ni - NTA agarose (Qiagen; 20   ml for 10 - ml 
inclusion bodies suspension) equilibrated with binding buffer. The column was 
then washed with fi ve column volumes of binding buffer. Subsequently, the 
column buffer is exchanged by washing with 10 - bed volumes of thrombin cleav-
age buffer (0.1% hexadecyl - phosphocholine (FOS - 16; Anatrace), 20   mM Tris - HCl, 
pH   8.0, and 250   mM NaCl). Then, 2000   U of thrombin are dissolved in 20   ml 
thrombin cleavage buffer onto the column that is sealed and gently agitated at 
room temperature overnight. To cleave off the GST fusion protein the exchange 
to a milder detergent is necessary to keep thrombin in its functional state. 
See Figure  11.3 .    

   11.9 
Refolding and Reconstitution 

 To induce refolding of CXCR1, detergent is exchanged to 0.5%  dodecyl -
 phosphocholine  ( DPC , FOS - 12; Anatrace) in 20   mM HEPES buffer, pH   7.2, 

     Figure 11.3     SDS – PAGE and FPLC analysis of 
His - tagged CXCR1 purifi cation. (a) SDS –
 PAGE of different Ni - NTA affi nity chromatog-
raphy CXCR1 purifi cation steps: inclusion 
bodies of CXCR1 – GST fusion protein (lane 
1), thrombin protease cleavage product (lane 
2), Ni - NTA fl ow - through (lane 3) and Ni - NTA 
wash (lane 4 and 5), and CXCR1 elution 

(lane 6). (b) Gel - fi ltration chromatography of 
Ni - NTA - purifi ed CXCR1. The profi le indicates 
a prominent elution peak for monomeric 
CXCR1, and a minor peak for dimeric CXCR1 
and contaminating GST. (c) SDS – PAGE of 
collected fractions of size - exclusion 
chromatography (lanes 1 – 13).  

a) b) c)
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150   mM NaCl. Refolded CXCR1 was eluted from the column with the same buffer 
containing 400   mM imidazole. The eluate contained between 15 – 20   mg of recom-
binant CXCR1 in approximately 20   ml of buffer. 

 The resulting solution contained predominantly monomer, but the presence of 
signifi cant amounts of dimer and higher oligomers of CXCR1 as could be visual-
ized by analytical size - exclusion chromatography and SDS – PAGE. Monomers 
were isolated from the solution by preparative size - exclusion chromatography on 
a Superdex 200 column (Amersham). This chromatography step resulted in 50   ml 
of solution containing 10   mg of monomeric CXCR1. 

 For the reconstitution of purifi ed CXCR1 into proteoliposomes, the monomeric 
CXCR1 solution and a mixture of  1,2 - dimyristoyl -  sn  - glycero - 3 - phosphocholine  
( DMPC ) and DPC lipids were mixed at a protein to lipid ratio of 1   :   10 (w:w). 
The mixed micelle solution of DMPC and DPC was prepared by dissolving 
DMPC and DPC (1   :   1, w/w) in chloroform in a round fl ask and evaporation of 
solvent in a rotary evaporator followed by high vacuum overnight. The DMPC/
DPC fi lm formed by this procedure was then dissolved in 20   mM HEPES 
buffer, pH   7.2, 150   mM NaCl at a fi nal concentration of 5   mg/ml. After over-
night incubation, the DPC was removed by adsorption to polystyrene beads 
(Calbiosorb).  

   11.10 
Binding and Activity Measurements 

 Ligand binding is assayed by incubating proteoliposomes (0.2    μ g refolded CXCR1 
per sample) with 40   pM [ 125 I]IL - 8 (2000   Ci/mmol; Amersham) and various con-
centrations of unlabeled IL - 8 for 2 h at 4    ° C in a 96 - well glass fi ber fi lter plate. 
After incubation, buffer and unbound ligand is removed by applying a vacuum. 
CXCR1 together with the bound ligand are retained in the well, dried, and sus-
pended in scintillation cocktail. Radioactivity is measured in a 96 - well scintillation 
counter. The data were fi t to a one - site binding model using the Origin software 
and the  K  d  as well as the  B  max  was extracted from the fi t parameters. The  B  max  
was translated into concentration of binding sites (mol/l) and divided by the 
protein concentration (mol/l) previously determined by measuring the  A  280 . The 
resulting ratio is the relative specifi c activity expressed as percentage of the theo-
retical maximum. In the measurement in Figure  11.4 (a), the specifi c activity was 
83%. The function of any GPCR is to not only bind ligand, but also to change 
its conformation upon ligand binding and transmit a signal to the cognate 
G - protein. Refolded CXCR1 was reconstituted with G i/o  - protein trimer purifi ed 
from porcine brain. This preparation was used to measure GTP γ S binding as a 
function of agonist (IL - 8) concentration. As shown in Figure  11.4 (b), G - protein 
is activated in a ligand - dependent manner with an EC 50   ∼  1   nM, which is very 
similar to the value reported in the literature  [9] . The data in Figure  11.4  dem-
onstrate that the refolded CXCR1 is fully functional and indistinguishable from 
the native receptor.   
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   11.10.1 
 NMR  Samples 

 Bicelles consist of long - chain phospholipids that form planar bilayers and short -
 chain lipids that cap the rims of the bilayer disks or form circular defects in the 
extended bilayer. The parameter  q  is the molar ratio of long - chain to short - chain 
lipids. Small isotropic bicelles ( q     <    1.0) reorient rapidly in solution and can be used 
for solution NMR studies, while larger bicelles ( q     >    2.5) align with the bilayer 
normal perpendicular to the direction of the applied magnetic fi eld and can be 
used for solid - state NMR studies. The bicelle sample of CXCR1 immobilized in 
lipid bilayers provides an ideal NMR sample for structure determination in its 
active, native conformation by solid - state NMR spectroscopy. 

 For solution NMR, CXCR1 bicelle samples were prepared by adding 400   mM 
 1,2 - dihexanoyl -  sn  - glycero - 3 - phosphocholine  ( DHPC ; Avanti Polar Lipids) to the 
purifi ed protein reconstituted into DMPC/ 1 - palmitoyl - 2 - oleoyl -  sn  - glycero - 3 - 
phosphocholine  ( POPC ) (long - chain lipid, 8   :   2 w/w) liposomes. Therefore, 
proteoliposomes consisting of 1   mg protein reconstituted in 10   mg of DMPC/
POPC liposomes in 20   mM HEPES buffer, pH   7.2, 50   mM NaCl were collected by 
centrifuged at 300   000    g  for 2 h at 15    ° C. The resulting supernatant was discarded 
and the hydrated proteoliposome pellet was resuspended with 400    μ l H 2 O contain-
ing the adequate amount of DHPC (short - chain lipid) in order to produce bicelle 
with  q   =  0.1. At that  q  value the solution will become immediately clear and iso-
tropic bicelles are formed. An aliquot of 50    μ l of D 2 O (10%) is added to the bicelle 
solution and the solution NMR sample tube is fi lled. 

 The magnetically alignable bilayer samples for OS solid - state NMR spectroscopy 
are prepared similarly, using higher protein concentrations (4   mg protein and 

     Figure 11.4     Binding and activity of refolded 
CXCR1. (a) Competition assay with 
radiolabeled (2000   Ci/mmol; Amersham) and 
unlabeled IL - 8 shows binding to CXCR1 
reconstituted into proteoliposomes (0.2    μ g 

refolded CXCR1 per sample). (b) G - protein is 
activated in a ligand - dependent manner with 
EC 50   ∼  1   nM. The data demonstrates that the 
refolded CXCR1 is fully functional and 
indistinguishable from the native receptor.  

a) b)
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40   mg of DMPC) and an increased  q  value of 3.2 with a lipid concentration of 
around 28% (w/v) in a 200 -  μ l volume. The resulting solution is vortexed thor-
oughly and then allowed to equilibrate at room temperature. Upon bicelle forma-
tion, the CXCR1 proteoliposome becomes a clear, nonviscous solution at 4    ° C and 
forms liquid crystal at 20 – 35    ° C. A small, fl at - bottomed NMR tube with 5   mm outer 
diameter (New Era Enterprises) was fi lled with 160    μ l of the bicelle solution, using 
a precooled pipette at 4    ° C. The NMR tube sealed with a tight - fi tting rubber cap 
was pierced with a thin syringe to remove excess air from the sample.   

   11.11 
 NMR  Spectra 

 Two - dimensional  heteronuclear single - quantum correlation  ( HSQC ) spectra of 
isotopically labeled CXCR1 samples are highly sensitive monitors of the expres-
sion, purifi cation, refolding, and sample preparation process. For the uniformly 
and selectively  15 N - labeled CXCR1 samples in isotropic bicelles ( q   =  0.1) only the 
amide resonances from the mobile N -  and C - terminal regions were observed in 
the  1 H/ 15 N - HSQC solution NMR spectra (Figure  11.5 a and b). Approximately 40 
amide peaks out of the expected 350 and two peaks (residues 1 and 9) out of the 
12 methionine residues were observed (Figure  11.5 b). Resonances from residues 
in the transmembrane helices and loops of CXCR1 are too broad to be observed 
in these solution NMR spectra. The HSQC NMR spectrum of the both N -  and 
C - terminal truncated CXCR1 construct did not yield any corresponding signals 
compared to that of the wild - type CXCR1, suggesting that CXCR1, except for both 
terminal regions, is structured and undergoes slow reorientation in solution under 
these conditions.   

 CXCR1 undergoes rapid rotational diffusion ( D  II     ≥    10 5  s  − 1 ) about the bilayer 
normal in phospholipid bicelles, yielding a motionally averaged single - line reso-
nance spectrum from the bicelle sample aligned magnetically with the bilayer 
normal perpendicular to the applied magnetic fi eld (Figure  11.5 c and d). Signifi -
cantly, there is no evidenc e of residual powder pattern intensity in the spectra, 
which demonstrates the near perfect alignment of the 350 - residue GPCR in the 
bilayer. Since the radiofrequency irradiation and sample alignment with rapid rota-
tional diffusion in solid - state NMR substitute for overall molecular reorientation as 
the line - narrowing mechanism, most of the amide signals of CXCR1 except for the 
mobile N -  and C - terminal regions were observed in the solid - state NMR spectra. 
Studies of other membrane proteins demonstrate that residues in the mobile N -  
and C - terminal regions are not observed in the solid - state NMR spectra. The solid - state 
NMR spectrum of both N -  and C - terminal truncated CXCR1 construct is identical to 
that of the wild - type construct, which is consistent with the signals of mobile terminal 
regions not being observed in the spectrum of the full - length protein. 

 We have shown that most of the signals of [ 15 N]Ile labeled CXCR1 were resolved 
in two - dimensional separated local fi eld solid - state NMR spectrum  [44] . Tailored 
isotopic labeling and a variety of three - dimensional solid - state NMR methods are 
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able to provide high - resolution spectra of isotopically labeled GPCRs prepared as 
described in this chapter.  
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     Figure 11.5     NMR spectra of CXCR1 
reconstituted in bicelles. (a and b) Solution -
 state NMR  1 H/ 15 N correlation HSQC spectra 
of CXCR1 in isotropic bicelles ( q   =  0.1). (c 
and d) Solid - state  15 N chemical shift spectra 

of CXCR1 in magnetically aligned bicelles 
( q   =  3.2). (a and c) Uniformly  15 N - labeled 
CXCR1. (b and d) Selectively [ 15 N]Met - labeled 
CXCR1.  

a)

b)

c)

d)
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 Abbreviations 

 DHPC     1,2 - dihexanoyl -  sn  - glycero - 3 - phosphocholine 
 DMPC     1,2 - dimyristoyl -  sn  - glycero - 3 - phosphocholine 
 DPC     dodecyl - phosphocholine 
 FPLC     fast protein liquid chromatography 
 GPCR     G - protein coupled receptor 
 GST     glutathione S - transferase 
 HSQC     heteronuclear single - quantum correlation 
 IL - 8, CXCL8, NAP - 1     interleukin - 8 
 IPTG     isopropyl -  β  -  d  - thiogalactopyranoside 
 MAS     magic angle spinning 
 MIP     macrophage infl ammatory protein 
 NAP     neutrophil - activating peptide 
 NMR     nuclear magnetic resonance 
 OS     oriented sample 
 SDS     sodium dodecyl sulfate 
 PAGE     polyacrylamide gel electrophoresis 
 PMN     polymorphonuclear neutrophil 
 POPC     1 - palmitoyl - 2 - oleoyl -  sn  - glycero - 3 - phosphocholine 
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Solubilization, Purifi cation, and Characterization of Integral 
Membrane Proteins  
  V í ctor     L ó renz - Fonfr í a  ,     Alex     Per á lvarez - Mar í n  ,     Esteve     Padr ó s  , and     Tzvetana     Lazarova       

    12.1 
Introduction 

 To study the structure and function of  integral membrane protein s ( IMP s), it is 
generally necessary to remove them from their natural environment. Due to their 
hydrophobic nature, the use of detergents that mimic lipid properties is indispen-
sable, allowing their extraction from the lipid bilayer. After this step, the solubi-
lized protein is purifi ed and usually reconstituted into liposomes for functional/
structural studies (see Chapter  13 ). Obviously, these procedures should be as 
gentle and mild as possible to maintain the native conformation of the protein 
and its activity, but as effective as possible to maximize the recovery of the protein 
of interest and to minimize the presence of contaminant proteins. Direct recon-
stitution methods using cell - free expression systems (cell - free expression in the 
presence of liposomes or nanodisks allows direct insertion of membrane proteins 
into liposome or diskoidal phospholipid bilayers encircled by lipoproteins) are 
treated elsewhere (see Chapter  8  for G - protein - coupled receptors [GPCRs]). The 
aim of this chapter is to cover the solubilization and purifi cation of IMPs, and 
their characterization in the detergent - solubilized form (Figure  12.1 ). The extrac-
tion and purifi cation of peripheral membrane proteins is described in Chapter  7 .   

 In Section  12.2 , the solubilization course of IMPs is discussed. An effi cient solu-
bilization depends on the nature of the protein, the lipid composition of the 
membrane, the detergent, and the buffer. In this process, the lipid/protein/deter-
gent ratio is of the utmost importance. Table  12.A1  included in the Appendix 
illustrates the advantages and the disadvantages of the most common detergents 
in biochemistry research. The necessity of adding essential lipids to preserve the 
protein integrity or using a milder solubilization protocol that leaves some essen-
tial lipids bound to the protein is also described briefl y. 

 Section  12.3  covers the purifi cation process of the solubilized IMP. This is not 
so different from the purifi cation of soluble proteins and many similar protocols 
can be used. Owing to the unique physicochemical characteristics of each IMP, 
the choice of the detergent and the purifi cation strategy vary from protein to 
protein. Obviously, all purifi cation steps should be done in the presence of a 
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minimum detergent concentration to avoid protein precipitation. Frequently, the 
detergent used for IMP solubilization results in long - term protein destabilization 
and it should be exchanged for a milder detergent during the subsequent purifi ca-
tion steps. Emphasis is given to the critical aspects of purifi cation and to some 
recent progress in these strategies to produce pure and functional IMPs for sub-
sequent structural and functional studies. 

 Once the membrane protein has been successfully purifi ed, it should be func-
tionally and structurally characterized. This is covered in Section  12.4 , which 
discusses some of the main methods in use. Determination of the homogeneity 

     Figure 12.1     Structure of the chapter.  
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and the oligomeric state of the solubilized protein is of help to assess the protein 
integrity, whereas spectroscopic methods can give valuable information about 
possible denaturation or aggregation problems that may have occurred during the 
solubilization/purifi cation steps. In appropriate cases, the analysis of ligand 
binding can give more direct information about the functional integrity of the 
solubilized IMPs.  

   12.2 
Solubilization of  IMP s 

 To solubilize IMPs, it is usually necessary to disrupt or lyse the cells either by 
mechanical (e.g., mechanical homogenizers; nitrogen burst methods; ultrasound; 
glass or ceramic beads; French press; microfl uidizers) or nonmechanical means 
(e.g., osmotic shock; repeated freezing and thawing) in the presence of detergents 
 [1] . In some cases, the protein can be directly extracted from the membrane by 
incubating the cellular suspension with detergents or enzymes mixed with chao-
tropic agents  [2] . Protease inhibitors are used extensively to avoid degradation of 
the protein of interest. It is advisable to pay attention to the buffer used in the 
solubilization, to avoid incompatibility with the detergent  [3] . 

 In some cases, high - level expression of the protein in heterologous host cells 
leads to the formation of highly aggregated proteins, called inclusion bodies. Pro-
teins in inclusion bodies usually have the correct primary sequences, identical to 
those of their native and authentic counterparts, but are aggregated and inactive. 
The procedure for extraction of insoluble inclusion body protein from  Escherichia 

coli  is described in Chapter  1  and  8 . 

   12.2.1 
Physicochemical Characteristics of Detergents 

 The detergents, known also as surfactants, are amphiphilic compounds composed 
of hydrophobic (tails) and hydrophilic (heads) groups combined in one molecule. 
A polar or charged group constitutes the hydrophilic head - group of the detergent 
and an extended hydrocarbon chain, the hydrophobic tail, respectively. Due to their 
amphipathic nature detergents present a higher degree of hydrophilicity than 
lipids, making them appropriate agents for the solubilization of IMPs out of their 
native membrane environment  [2, 4 – 6] . At a suffi ciently low concentration deter-
gents exist as monomer molecules in water. When the concentration of detergent 
reaches a certain threshold the monomers self - organize into noncovalent aggre-
gates, called micelles  [4, 7, 8]  (see Figure  12.2 ). The lowest concentration above 
which the monomers come together to form micelles is known as the detergent 
 critical micelle concentration  ( CMC ). Above the CMC, detergent monomers and 
micelles coexist in equilibrium, and increasing the detergent concentration results 
in an increase of the amount of detergent in micelles, while the concentration of 
the detergent monomers remains constant  [4] . The onset of the formation of 
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     Figure 12.2     Simplifi ed phase diagrams 
displaying the phase behavior of two types of 
detergents. The borderline between micelle 
solution and phase separation in the diagram 
is called the consulate boundary. (a) Phase 
diagram of detergent with a lower consulate 

boundary (usually most of the nonionic 
detergents fall in this group). (b) Phase 
diagram of detergents with an upper 
consulate boundary (frequently observed for 
zwitterionic and for glycosidic detergents). 
( Adapted from Linke  [4] . )  
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micelles, and so the CMC, can be properly evaluated by carrying out light scatter-
ing, surface tension, or isothermal calorimetry experiments  [9] . The size of a 
micelle is described by its average molecular weight and aggregation number (the 
average number of detergent monomers per micelle), which depends on the 
solvent environment  [10] . The aggregation number of the detergent is a useful 
measure in foreseeing the size of the micelles formed when solubilizing IMPs by 
a detergent. Note, however, that when the size of an IMP approaches or exceeds 
the size of the detergent micelle, the protein, not the detergent, dictates the size 
of the protein – detergent mixed micelles  [6] .   

 Detergents exhibit a very complex behavior in aqueous solutions. Depending 
on temperature and detergent concentration they can form several types of well -
 defi ned aggregates  [4, 8]  (Figure  12.2 ). Knowledge about temperature and con-
centration ranges in which a given detergent will form micelles is a key issue 
for the successful solubilization of IMPs. Apart from existing as monomers and 
micelles, detergents can also form well - defi ned nonmicellar aggregates immisci-
ble with the water phase. This process is called phase separation and the tem-
perature at which it occurs is known as the cloud point  [4, 7, 8] . The cloud point 
is specifi c for each type of detergent. At the cloud point, the formerly clear homo-
geneous detergent solution separates into two immiscible solutions    –    one 
detergent - poor and other detergent - rich. Depending on the density of the buffer, 
the detergent - rich phase can be found above or below the aqueous phase  [4, 7, 
8] . At very high detergent concentrations and low temperature, conditions nor-
mally not relevant for biochemical studies, the detergent may also form well -
 ordered liquid crystalline phases immiscible with water and solid in appearance 



 12.2 Solubilization of IMPs  321

(Figure  12.2 ). The temperature above which the detergent solubility is greater 
than the CMC is known as the Krafft point. This is the minimum temperature 
at which micelles can form. 

 The phase behavior (i.e., the type of surfactant aggregates and CMC) is mostly 
controlled by the physicochemical properties of detergents. The ionic strength 
and pH of the solution, as well as the presence of different additives to the buffer 
system, can affect signifi cantly these parameters  [4, 7] . Detergent - based phase 
separation is a simple way to concentrate or purify the protein (see Section 
 12.3.3.2 ). Most of the crystallization methods also rely on the phase behavior of 
detergents  [11] . Detailed protocols for detergent - based phase separation, detergent 
exchange, and detergent removal can be found elsewhere  [7, 8] .  

   12.2.2 
Classifi cation of Detergents 

 According to their structure, detergents can be classifi ed in three main groups: 
nonionic, zwitterionic, and ionic  [5] . Table  12.A1  lists some important physico-
chemical properties of the most commonly used detergents for IMP solubilization 
and purifi cation. It includes also some useful information related to the compat-
ibility of detergents with some biochemical and biophysical assays, as well as 
examples of IMPs that have been successfully solubilized using particular deter-
gents. The structures of some commonly used detergents in IMP solubilization 
can be found in the Appendix (Figures  12.A1–12.A3 ).   

   12.2.2.1    Nonionic Detergents 
 Nonionic detergents (Figure  12.A1 ) have uncharged hydrophilic head groups, 
either polyoxyethylene or glycosidic groups. They are generally considered as 
mild and relatively  “ nondenaturing ”  detergents. Their most recognized advantage 
is that they tend to solubilize proteins in functional state, due to their ability to 
break lipid – lipid and lipid – protein interactions, but not protein – protein 
interactions  [6] . Common examples of nonionic detergents are Triton X - 100,  
octyl -  β  -  d  - glucopyranoside  ( OG ),  decyl -  β  -  d  - maltopyranoside  ( DM ),  dodecyl -  β  -  d  -
 maltopyranoside  ( DDM ), and digitonin.  

   12.2.2.2    Ionic Detergents 
 Ionic detergents (Figure  12.A2 ) are composed of cationic or anionic head - groups. 
The hydrophobic tail can be made of either a hydrocarbon straight chain, like in 
 sodium dodecyl sulfate  ( SDS ) and  cetyltrimethylammonium bromide  ( CTAB ), or 
a rigid steroidal structure, as in sodium deoxycholate (see bile acid salts in the 
following section). 

  Anionic Detergents     The most representative member is SDS, mainly used for cell 
lysis and SDS –  polyacrylamide gel electrophoresis  (SDS –  PAGE ), because of its very 
harsh character. Bile acid salts (e.g., sodium salts of cholic acid and deoxycholic 
acid) are anionic detergents with a rigid steroidal hydrophobic group known also 
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to work like nonionic surfactants in solubilization at concentrations near the CMC. 
They are frequently used for preparation of liposomes or two - dimensional crystals.  

  Cationic Detergents     Cationic detergents are also incompatible with SDS – PAGE 
because they can modify the charge of the SDS micelles. Although they usually 
denature proteins, the presence of small amounts of cationic detergents can 
improve the phase separation of nonionic detergents  [8] .   

   12.2.2.3    Zwitterionic Detergents 
 Zwitterionic detergents (Figure  12.A3 ) are composed of head - groups bearing 
anionic and cationic net charges. They combine the properties of ionic and 
nonionic detergents. In general, they are more deactivating than nonionic deter-
gents, but some like  3 - [(3 - cholamidopropyl)dimethylammonio] - 1 - propanesulfonate  
( CHAPS ),  3 - [(3 - cholamidopropyl)dimethylammonio] - 2 - hydroxy - 1 - propanesulfonate  
( CHAPSO ), or fos - choline have been recognized for their ability to solubilize 
membrane proteins with retained function  [12] .  

   12.2.2.4    Recently Developed Detergents 
 Cymal(N) and zwiterionic cyclo - fos and fos - choline series are mainly used for the 
solubilization of some recombinant proteins and for structural studies  [42 – 45] .   

   12.2.3 
New Solubilizing Agents 

 One signifi cant drawback of the use of detergents for IMP solubilization is the 
potential instability of the protein enwrapped in the  protein – detergent complex  
( PDC ; see below), which may signifi cantly impair the function and native structure 
of the protein  [6, 46] . In an attempt to overcome this problem newly solubilizing 
compounds have been designed in recent years, namely lipopeptide detergents, 
hemifl uorinated surfactants, and tripod amphiphiles. Lipopeptide detergents form 
small micelles and have shown to preserve IMPs in an active state for a longer 
period than traditional detergents  [47 – 49] . Hemifl uorinated surfactants are not 
surfactants in the classical sense and cannot be used for IMP solubilization, but 
they can be used to replace the detergent from a solubilized protein to optimize 
its monodispersity  [50, 51] . Tripod amphiphiles consist of a new series of deter-
gents, which have shown success in substituting for traditional detergents, keeping 
some IMPs in an active, soluble state for weeks  [52, 53] . The structure, properties, 
and uses of amphiphilic polymers ( “ amphipols ” ) and fl uorinated surfactants have 
been reviewed  [50] .  

   12.2.4 
Solubilization Process 

 An IMP can be considered  “ solubilized ”  from the membrane if, after centrifuga-
tion of the detergent - treated membranes at around 105   000    g  for 1   h at 4    ° C, the 
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protein appears in the supernatant fraction  [2] . The solubilization of IMPs by 
detergents can be schematically represented by three different steps (Figure  12.3 ). 
First, at low concentrations, the detergents solely perturb the membrane structur-
ally by partitioning into the lipid bilayer, but not yet solubilizing it  [54, 55] . At 
higher detergent concentrations, the membrane starts to disintegrate, losing a 
substantial part of the lipids. This process gives rise to lipid – protein – detergent 
mixed micelles. In these complex micelles, the hydrophobic parts of the IMPs plus 
some lipids are enwrapped by detergent molecules, forming protective coat. It can 
be said that at this stage the IMPs are  “ solubilized ” . A detergent/protein ratio of 
around 1 – 2 (w/w) is generally believed to be suffi cient to solubilize IMPs to form 
lipid – protein – detergent micelles  [2] . A further increase of the detergent concentra-
tion causes a progressive delipidation of the lipid – protein – detergent mixed 
micelles. Finally, in the last step of the solubilization process, the solution contains 
two types of mixed micelles: lipid – detergent and protein – lipid – detergent micelles. 
On average, a detergent/protein ratio of around 10 (w/w) or higher will lead to 
complete delipidation  [56] .    

     Figure 12.3     Schematic representation of the 
different steps during the solubilization of 
IMPs. (a) At low concentrations of detergent 
the detergent monomers minimally perturb 
the membrane, (b) followed by penetration 
into the membrane bilayer. (c) At higher 
detergent concentrations, the membrane 
starts to disintegrate and in the fi nal step of 
the solubilization process the solution 
contains two types of mixed micelles: 

lipid – detergent and protein – lipid – detergent 
micelles together with detergent micelles 
and some free detergent monomers. 
Solubilized IMP in a complex with bound 
detergent is called a PDC  [47] .The amount of 
bound detergent in the PDC depends on the 
detergent and the protein, with a detergent 
contribution from 30 to 70% of the mass of 
the PDC.  

c)

a) b)
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   12.2.5 
The Means of a Successful Solubilization of  IMP s 

 There is common agreement that the establishment of appropriate conditions for a 
successful solubilization of IMPs is mainly empirical  [4, 6] . However, for a success-
ful solubilization some important factors and rules are worthy of serious considera-
tion. In this section we will try to account for some of the most critical of them. The 
choice of detergent is the fi rst decisive step. Although several detergents have been 
shown to fulfi ll reasonably the requirement of maintaining IMP functionality, 
some may appear problematic or confl ict with the methodology used subsequently 
for structural or functional characterization of solubilized IMPs (see Table  12. A1 ). 
In such cases it is recommendable to shift to a more appropriate detergent or to 
employ a detergent that can be readily exchanged for one that is compatible with the 
downstream experimental work. A comprehensive list of detergents used for the 
solubilization and purifi cation of several  GPCR s with the retention of their func-
tionality can be found in a recent excellent review by Sarramegna  et al.   [12] . If 
protein yield is a limiting factor, a good strategy is to screen for the most effective 
detergent by simultaneously carrying out functional tests  [44] . Protocols for small -
 scale experiments and useful guidelines are described in  [57] . 

 The question about how the behavior of the detergent will change in the pres-
ence of the protein is also of essential concern. Indeed, PDCs are not expected to 
behave like their pure isolated components nor necessarily to have properties 
intermediary between them. Hence, in PDC the micelle size, the CMC, and the 
phase behavior of the detergent will not be the same as in pure detergent micelles. 
Exploring physicochemical properties of the detergent in the PDC is another factor 
to address for a successful solubilization. The effectiveness of a detergent for a 
particular protein has to be  a priori  addressed and experimentally validated. As we 
discussed above, the CMC is an important parameter for the solubilization process, 
because at this concentration the detergent starts to associate with the hydrophobic 
surfaces of membrane proteins and form water - soluble PDCs  [4, 6] . A detailed 
protocol for the determination of detergent CMC values has been published  [58] . 
The behavior of the detergent (CMC, cloud point, and aggregation number) during 
the solubilization process can be signifi cantly infl uenced by many other factors 
apart from the initial protein and detergent concentrations, such as buffer addi-
tives, pH, or temperature. 

 The complex behavior of the solubilization process of IMPs has given rise to the 
concept of  critical solubilization concentration  ( CSC ), which takes into account the 
ionic strength, pH, and temperature, and the possible contributions of all compo-
nents in the system, such as lipids and proteins  [10, 59] . A qualitative determina-
tion of the CSC can be made by adding different amounts of the detergent to a 
series of membrane suspensions and monitoring the solutions with time. The 
CSC is highly dependent on the exact starting conditions, especially the lipid 
concentration. As discussed above (Figure  12.3 ), depending on the detergent/
lipid/protein ratio, different stages of solubilization could be achieved. The use of 
a high concentration of detergent can affect the activity of the protein (see below), 
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while too low detergent/lipid ratio may result in poor solubilization or heterogene-
ous samples  [6, 60] . The control of the lipid/detergent ratio is particularly impor-
tant during purifi cation, where excess detergent may cause loss of activity. 
Unfortunately, there is no a strict recipe on how to reach the optimal detergent/
lipid ratio for the solubilization of IMPs and in practice this needs to be deter-
mined empirically, which often becomes a long trial - and - error process. The most 
effective way to identify the CSC is to monitor the solubilization over a wide range 
of detergent/lipid ratios or, alternatively, by varying detergent/protein ratios since 
concentrations of protein and lipid are related in a given membrane. The solubi-
lization can be controlled simply by eye or more precisely by performing light -
 scattering measurements. A detailed protocol for measuring the lipid/protein ratio 
in a membrane can be found in the literature  [58] .  

   12.2.6 
 “ All ”  or  “ Not All ”  Lipids and If  “ Purer Is Better ”  

 Usually a high amount of detergent is needed for solubilization, not only to accom-
modate all protein in the PDC, but also to remove the lipids, which by mediating 
nonspecifi c protein contacts may cause aggregation of the PDC. However, 
excessive detergent concentrations may eliminate some essential bound lipids 
from the protein that may be critical for the structure, stability, or function of the 
protein  [61, 62] . There is growing evidence that some lipids that are tightly associ-
ated with IMPs are essential for their activity and stability  [63] . Several works 
support this view, reporting that even partial delipidation during solubilization 
may lead to the loss of enzymatic activities of membrane - bound enzymes  [64, 65]  
and the function of IMPs  [66] . The structural fl exibility and integrity of 
some GPCRs have also been shown to depend on associated endogenous lipids 
 [62] . Nevertheless, some IMPs have been successfully crystallized while being 
nearly completely delipidated  [67, 68] . For other IMPs, however, the presence of 
some specifi c lipids appears to be compulsory to obtain crystals  [69, 70] . Ordered 
lipids are observed in several high - resolution IMPs crystal structures and, impor-
tantly, some structures have shown signifi cant differences when crystals are 
grown in the presence of lipids  [71] . Thus, we come to a new paradigm if purer 
IMPs is better for us. Complete delipidation may not be a very appropriate 
approach when designing purifi cation procedures with the aim of structure or 
functional studies.  

   12.2.7 
Stability of the Protein – Detergent Solutions 

 The mechanism(s) by which protein stability is affected upon detergent solubiliza-
tion is rather complex and it is not easily defi ned. A detailed analysis of  “ how do 
proteins die ”  in detergent solutions has been given by Bowie  [46] . In the following 
we therefore will briefl y account for some possible reasons for deactivation of 
IMPs. (i) As indicated above, during solubilization and purifi cation lipids that may 
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be important for protein stability and activity may be inadvertently extracted. (ii) 
The inability of the detergent to mask fully the protein hydrophobic regions can 
lead to nonspecifi c interactions, allowing non - native conformations. This usually 
results in destabilization, aggregation, and precipitation of the protein, in some 
cases being an irreversible process  [46] . (iii) Detergent - induced deoligomerization 
of some IMPs may cause destabilization of these proteins  [72] . For example, cross -
 linking of the functional oligomer of heterotetrameric basophil IgE receptor has 
been reported to stabilize the enzyme against detergent denaturation  [73] . 

 To enhance protein stability, several procedures appear helpful. In some cases, 
adding back specifi c lipids or using more than one detergent in supplementing 
buffers during the solubilization process leads to the maintenance of active protein 
conformation. For example, addition of phospholipids during Ni - affi nity purifi ca-
tion yields larger amounts of ligand - bound neurotensin receptor NTS1 active 
protein  [74] . Addition of relatively small amounts of specifi c lipids to DDM micelles 
during solubilization has been shown to prolong signifi cantly the lifetime of the 
 β  2  - adrenergic receptor in solution  [75]  or to improve dopamine D 1  receptor stability 
and to recover activity to 41 – 48%  [76] . Using more than one detergent (mixed 
lipid – detergent system) sometimes is also constructive to attain a better environ-
ment for the stability and function of mixed PDC systems  [77] . Likewise, the 
addition of a lipid - like substance such as cholesterol hemisuccinate (a soluble 
analog of cholesterol) during the solubilization and purifi cation has been shown 
to stabilize the adenosine A 2A  receptor  [78]  and the  β  2  - adrenergic receptor  [79] . The 
role of cholesterol, an essential component of eukaryotic membranes, in the func-
tion and organization of several membrane proteins and receptors is well -
 recognized  [79 – 81] . 

 For some proteins addition of substrates during solubilization is another effec-
tive way for stabilizing solubilized IMPs in their native conformation, enhancing 
the yield of the recovered protein  [82] . For example, addition of the agonist  N  - [ 3 H]
methylscopolamine in conjunction with detergents in a purifi cation of m3 mus-
carinic receptor was found to recover the receptor function considerably  [83] . 
Finally, recently developed alternative compounds to traditional detergents have 
offered new ways for the stabilization of IMPs in the PDC  [51] .   

   12.3 
 IMP  Purifi cation 

   12.3.1 
Strategy Defi nition 

 Depending on the type of studies for which the protein is needed, several factors 
should be taken into account during IMPs purifi cation:

    •      Type of IMP.   IMPs comprise two kinds of prototypical protein folds    –     α  - helical 
(all -  α ) and  β  - barrel (all -  β ). These two kinds of protein folds are represented in 
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membranes with different lipid composition  [84] , such as plasma membranes, 
bacterial outer membranes, and cellular compartments, making necessary the 
defi nition of slightly different solubilization techniques. For solubilization and 
purifi cation of  β  - barrel proteins, see  [85] .  

   •      Protein source.   The fi rst source to obtain a protein is its native host. Isolation 
from cells and tissues has been carried out for several IMPs from bacteria, 
animals, and plants  [86 – 93] . The main drawback with this approach is the low 
yield and the high amount of contaminant proteins. Subcellular fractionation 
is normally carried out to achieve fraction enrichment and to overcome this 
limitation  [90, 94] . The second and most used source nowadays is recombinant 
technologies, presenting several advantages, which are discussed extensively 
elsewhere  [95 – 97] .  

   •      Protein purity, yield, and activity.   The ideal IMP purifi cation would yield 
high amounts of pure and functional protein, but often these three goals cannot 
be fulfi lled simultaneously. Therefore, the fi nal aim of the study (with its 
sample requirements) should largely determine the strategy for the purifi cation 
process. For instance, whereas for protein detection and preliminary 
biochemical characterization the picogram to microgram scale suffi ces, the 
milligram scale (and high purity) is a requirement for most biophysical and 
structural biology approaches (NMR, X - ray crystallography, spectroscopy). 
 High - throughput  ( HTP ) methods allow screening studies to determine the 
yield and purity of the protein of interest at each of the purifi cation steps  [33, 98] .    

   12.3.1.1     HTP  Methods 
 HTP methods are being developed due to the lack of X - ray structural information 
on IMPs, in order to optimize the time from developing recombinant expression 
of the protein to the crystallization trials  [34, 99, 100] . As stated in McLusky  et al.  
 [100] , the idea is to fi nd optimal expression and purifi cation methods for the 
protein of interest. The ideal method should include, among other aspects:

   i)     Short time frame.  

  ii)     Use of small amounts of protein (96 - well plates).  

  iii)     Standardized protocol that allows changes of parameters, starting from the 
vector transformation, recombinant protein expression, and protein solubili-
zation and purifi cation.  

  iv)     Work with different proteins in parallel: recombinant His tag,  Green Fluo-
rescent Protein  ( GFP ) tag, FLAG tag, and so on.  

  v)     HTP methods are mainly oriented to express and purify proteins for crystal-
lization attempts, thus focusing on parameters that have yielded quality 
crystals of membrane proteins. It should be highlighted that HTP methods 
have been developed for crystallization trials, but could be exported to other 
biophysical methods.      



 328  12 Solubilization, Purifi cation, and Characterization of Integral Membrane Proteins

   12.3.2 
Purifi cation Process 

 Most of the purifi cation steps start with a solubilized IMP extract and involve 
different chromatographic approaches. A deep study of chromatography is 
beyond the scope of the present chapter and the reader is redirected to excellent 
reviews  [3, 101, 102] . The most relevant features to take into account are discussed 
below. 

   12.3.2.1    Hydrophobicity 
 Being solubilized in detergent, hydrophobicity is rarely used as a differential 
feature in IMP purifi cation. In general, hydrophobicity - based separation methods 
such as reversed - phase and hydrophobic protein interaction chromatographies are 
not indicated for IMPs  [2] , but they can be used for peripheral membrane proteins. 
However, the hydrophobic/hydrophilic amino acid proportion is extremely rele-
vant and should be taken into account to avoid aggregation problems in the case 
of decreases in detergent concentration  [103] . If aggregation is reversible, and the 
structure and function of proteins are not severely affected, aggregation and frac-
tional precipitation may lead to an advantage in concentrating the protein and 
removing other contaminants  [101] .  

   12.3.2.2    Charge 
 As in the case of hydrophobicity, the proportions of charged amino acids deter-
mine specifi c features for the protein. The pH at which the net charge of the 
protein is zero (isoelectric point, p I ) is a very useful characteristic for the purifi ca-
tion of the protein of interest. 

   Ion - Exchange Chromatography  (  IEX  )     IEX is a common and  “ low - cost ”  chromatog-
raphy technique with high capacity, capable of providing high protein concentra-
tion. Knowing the p I  of the protein of interest is extremely valuable in order to 
establish the best starting conditions  [104] . This method is based on the binding 
of the protein to the matrix at low salt conditions. To elute the protein, increasing 
salt conditions are used (continuous gradient or step gradient). As the salt con-
centration increases, a competitive process between the salt ions and the bound 
proteins allows the protein elution from the ion - exchange matrix. Since protein 
charge is the distinctive feature of this method, the selection of the chromatogra-
phy buffer ion (usually Na  +   or Cl  −  ) and ion - exchange matrix (anion or cation 
exchanger) is very important. The optimal pH range for the buffer is also critical 
and should not be overlooked. IEX matrices and protocols are widely used, and 
are commercially available from different vendors in prepacked and loose - bead 
supports  [104] .  

   Chromatofocusing  (  CF  ) and  Isoelectric Focusing  (  IEF  )     CF is a high - resolution tech-
nique to separate proteins based on their p I . It may provide high protein purity in 
intermediate or fi nal steps (polishing) of the purifi cation process. The CF column 
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sorts proteins in a descending p I  order. The CF column or gel consists of a buffer 
containing several buffering species available in a range from pH   3 to 11 (polybuffer 
exchangers based, for example, on cross - linked Sepharose 6B)  [105] . These buffer-
ing species will carry out ion exchange with the protein of interest, focusing it in a 
narrow band at its p I . The critical step for CF is the proper selection of the CF gel for 
the pH range of the protein of interest; thus, knowledge on the p I  of the protein is 
essential. However, if the p I  is not known, IEF is a very useful tool. 

 In recent years, IEF has become a technique used on a regular basis as the fi rst 
resolving dimension in two - dimensional gel electrophoresis  [105] . IEF is a high -
 resolution technique that permits isolating a protein from a heterogeneous mixture 
by means of the distinctive feature of its p I  (resolution of 0.01 p I  units between 
two proteins). The basis of this method consists of separating the proteins in a 
stable pH gradient because of the different charged amino acids of proteins (both 
in gel phase or liquid phase  [105, 106] ). When voltage is applied, the positively 
charged proteins migrate to the negative side of the gradient, whereas negatively 
charged proteins migrate to the positive side. The protein stops migrating at the 
pH at which its net charge is zero (p I ). Thus, a protein becomes sharply focused 
at its p I . For both gel -  and liquid - phase IEF, the pH gradient consists of a mixture 
of carrier ampholytes with specifi c p I  values  [105 – 107] .   

   12.3.2.3    Size 
 Size is a feature that may speed up the purifi cation process when the protein is at 
one of the extremes of the size range. It is also very useful to isolate membrane 
protein homo -  or heterocomplexes (functional unit) from membrane protein mon-
omers (basic unit). 

   Size - Exclusion Chromatography  (  SEC  )     SEC (also previously known as gel fi ltra-
tion), as its name indicates, is a technique to separate proteins by their size. This 
is not an adsorption technique, since it is based in the partitioning of the total 
volume into two liquid volumes determined by the porous bead size (100 – 300    μ m) 
composing the solid - phase matrix. The elution time is dependent on the protein 
molecular weight and hydrodynamic radius. Large proteins are excluded from the 
porous bead volume, being rapidly eluted in what is known as the void volume. 
Small proteins are capable of accessing the porous bead volume and are retained 
for longer times, being eluted more slowly. A very important aspect for SEC is the 
calibration of the column using the appropriate molecular weight standards  [108, 
109] , but special attention should be paid in the case of IMPs since the solubiliza-
tion and micellization effects may vary the hydrodynamic radius of the protein, 
affecting the elution time accordingly  [60, 108, 110] . Several of these matrices and 
standards are available commercially. Standard matrices for SEC such as Sepha-
dex, Superose, Superdex, or Sephacryl are all suitable for detergent - solubilized 
IMPs  [111] , but should be pre - equilibrated with a buffer containing detergent 
above its CMC (and possibly some lipid) to avoid protein instability caused by lost 
of detergent (and lipid) from the protein – detergent micelles during the column 
run  [111, 112] . Aggregated IMPs may bind tightly to the matrix and clog columns; 
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thus, samples should be clarifi ed by centrifugation and any pellet discarded before 
loading it onto the SEC column  [112, 113] . It is also important to select a column 
with the most appropriate resolution range, taking into account the possible oli-
gomeric state of the protein and the amount of absorbed detergent (typically 
1.5 – 3.5 times the protein mass)  [111, 112] . 

 Since SEC is not a high - resolution technique, it is commonly used in the late 
steps of the purifi cation process, when the protein is already pure, for instance 
to separate different aggregated states of the protein of interest (monomers 
from oligomers or vice versa). In the case of IMPs it may represent an 
advantage to use it in the early steps of the purifi cation process  [103]  in order to 
increase the yield and the purity of the initial steps of the purifi cation. However, 
to do so, sample concentration should be carried out before loading onto the SEC 
column.  

  Membrane Filtration     Another technique that uses size as a distinctive feature of 
proteins is membrane fi ltration. This has been a standard procedure in purifi ca-
tion processes for desalting, concentration, fractionation, and so on  [114] , and it 
is also being rediscovered as a protein purifi cation HTP method  [115] .   

   12.3.2.4    Affi nity 
 The main difference between affi nity and adsorption chromatography is that the 
interaction of the protein with the affi nity matrix is based on specifi c protein –
 matrix interactions. Thus, the affi nity feature refers to the medium to high selectiv-
ity of binding by protein – protein (or peptide) or protein – ligand interactions. The 
principles of this method are not solely based on the specifi city of the binding, but 
also on its reversibility. The specifi city of this technique yields very pure protein 
and simultaneously enables concentration, thus reducing the number of purifi ca-
tion steps for certain proteins  [116] . This approach is also suitable to clean protein 
preparations, to trap undesired proteins, or to differentiate isoforms of proteins. 
The use of recombinant DNA techniques has proven very useful to produce fusion 
proteins that can be trapped by several commercially available affi nity matrices 
and customizing affi nity columns is a common practice to reach high levels of 
specifi city  [117 – 119] . 

  Recombinant Proteins with Engineered Tags     In order to obtain tagged proteins, 
the use of recombinant DNA techniques is essential. The protein source or expres-
sion system may be mammalian cells,  E.   coli , yeast, insect cells, and so on.  E.   coli  
is the system of choice for the design and engineering of the fusion proteins 
(beyond the scope of this chapter and reviewed elsewhere  [81, 107, 120] ). The basic 
idea is to tag the protein at its N -  and/or C - termini in order to facilitate its ultimate 
purifi cation after high - yield expression. It is important to consider that the activity 
or structure of the protein might be modifi ed by the insertion of the tag(s); thus, 
it is wise to include specifi c cleavage sites to remove the tags after the purifi cation 
has been carried out  [121, 122] . Table  12.1  presents some examples of affi nity tags 
used for membrane protein purifi cation. 
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 The His tag is an outstanding example of an affi nity tag. Immobilized metal 
ions (Co 2 +  , Cu 2 +  , Ni 2 +  , etc.) have been used for the isolation and purifi cation of 
proteins containing sequences rich in histidine or tryptophan. The introduction 
of His affi nity tagging in the form of fusion proteins provided a purifi cation system 
that readily coordinates His with transition metal ions (Ni 2 +   being the most 
used of all) (see Table  12.1  for examples). Imidazole is the molecule of choice for 
protein elution. Reduction of the immobilized metal ion should be avoided; thus, 
special caution should be taken with the use of dithiothreitol and other reducing 
agents  [13] .  

  High - Specifi city

      •      Immunoaffi nity and Customized Affi nity Chromatography     The most spe-
cialized and high - specifi city form of affi nity chromatography is based on 
antibody – antigen or protein – protein interaction  [123] . First, an antibody or 
antibody fragment (or a protein or protein fragment) is immobilized onto a 
matrix. These matrices have to be activated in order to perform the immobi-
lization, since the matrix has to react with primary amines, thiol groups, or 
other reactive groups in the antibody or ligand protein, maximizing the 
antibody – antigen or protein – protein binding capacity. Suitable matrices that 
are well established are cyanogen bromide, trisacryl, and other agarose - bound 
resins. The aim is to raise antibodies against specifi c epitopes or to identify 
peptidic binding sequences in the partner protein. In the case of the antibod-
ies, obtaining high amounts of pure antibody can be economically costly, so 
having the hybridoma technology to supply high amounts of monoclonal anti-
bodies would be an advantage  [124, 125] . In the case of known, strong, and 
specifi c protein – protein or ligand – protein interactions, the peptide or mole-
cule can be purchased or chemically synthesized and directly immobilized 
onto the matrix  [126] . Glutamate receptors are examples of proteins that have 
been purifi ed using both customized ligand - based and immunoaffi nity chro-
matographies  [127, 128] . 

 In immunoaffi nity, the elution of the protein of interest is achieved by mild 
acidic or alkali conditions  [123] . Sometimes the conditions are more extreme 
because of the specifi city of the antibody – antigen interaction. A way to over-
come these extreme conditions is the usage of the peptide used to generate the 
antibody to competitively elute the protein from the antibody matrix  [129] .     

  Mid - Specifi city

      •      Lectin Affi nity     Lectins are carbohydrate - binding proteins that can be used to 
purify integral membrane glycoproteins. Since glycosylation is a common 
modifi cation of membrane proteins, this affi nity method becomes very useful 
for IMP purifi cation. We have stated lectin affi nity as a medium - specifi city 
affi nity chromatography because a mixture of glycoproteins may be present 
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when extracting proteins from the membrane. However, if used with an 
already purifi ed protein, it can be extremely specifi c in order to distinguish the 
glycosylated and nonglycosylated forms of a membrane protein  [130] . Once the 
glycoprotein is bound to the solid - support - immobilized lectin, the elution is 
carried out by competition with specifi c sugars. One of the limitations for lectin 
affi nity is the choice of detergent, since some ionic detergents may inactivate 
lectins  [2] . The most used lectins are concanavalin A and wheat germ aggluti-
nin  [131] .  

   •      Dye - Ligand Affi nity Chromatography     This protein purifi cation procedure 
takes into account the high affi nity of dyes for the binding sites of many 
enzymes and other proteins  [132] . Most of these dyes come from the textile 
industry and they contain chloro groups that facilitate the immobilization in 
the support matrix, such as agarose and nylon membranes. The elution of 
bound proteins is achieved in a competitive way with the substrate or cofactor 
for the specifi c protein  [132] . Apart from the specifi city (medium if compared 
to immunoaffi nity), dye affi nity chromatography provides an additional advan-
tage: whereas proteases present in crude membrane extracts may degrade 
antibodies or proteins bound to the matrix, affecting in some case the effi ciency 
of binding, these proteases and enzymes do not degrade the bound dye, 
because of the differences in chemistry. This method becomes highly specifi c 
if used in the polishing steps, and it has been successfully used for the purifi ca-
tion of IMPs, such as the case of Ca 2 +   - ATPase using the dye Reactive Red 120 
 [133 – 135] .       

   12.3.3 
New Approaches and Advances in Purifi cation 

   12.3.3.1    Magnetic Beads 
 Taking advantage of the magnetic properties of certain matrices, it is possible to 
specifi cally fractionate the targeted molecules against a crude biological extract by 
just applying a magnetic fi eld after the binding to the magnetic beads. This makes 
the use of magnetic beads an alternative method to ultracentrifugation. In this 
way membrane protein separation is faster, and easy to scale - up and to setup in 
an automatic way  [136] . A particular example is the one - step isolation of mem-
brane proteins achieved by immobilizing the lectin concanavalin A (lectin affi nity) 
to magnetic beads  [137] . Some of the hallmarks of this technique are:

   i)     Immobilization of biotinylated concanavalin A onto magnetic streptavidin 
beads. To separate the beads from the solution, or to perform the washing 
steps, a magnet is held close to the tube where the purifi cation is carried out.  

  ii)     The concanavalin A magnetic beads were used against several protein sources, 
such as liver extract, PC - 3 cells, and HeLa cells, in order to enrich plasma 
membrane proteins with lectin affi nity, such as CEACAM - 1 (3 - fold enrich-
ment) and cadherin - type proteins (7 - fold enrichment).    
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    12.3.3.2    Phase Separation Methods 
 Phase separation is an alternative to chromatographic separation methods (see 
Section  12.2.1 ). It is an effi cient and cheap way to purify and concentrate detergent -
 solubilized IMPs. It can be used as a fi rst purifi cation step or at a later stage of 
purifi cation. When a polymer is added to a detergent - solubilized IMP (or the 
temperature or ionic strength is increased), the cloud point can be attained and 
two immiscible phases appear, in which the detergent - rich phase contains the 
IMP. After collection, the excess of detergent should be removed. A possible dis-
advantage of using phase separation is the high concentration of the detergent 
used, which can affect protein stability and/or interfere with biochemical assays 
and binding processes Sections 12.2.5–12.2.6 and Table  12.A1 . Another approach 
uses metal - chelating polymers to bind a poly - His - tagged IMP. In this case, the 
protein of interest partitions in the polymeric phase allowing its separation from 
untagged proteins  [138] .    

   12.4 
Characterization of Solubilized  IMP s 

 Generally, activity is considered as the best indicator of protein integrity. However, 
for detergent - solubilized IMPs the physiological activity is habitually not measur-
able, lacking a compartmentalized membrane as cells (vesicles or liposomes) have. 
Thus, characterization of the homogeneity and oligomeric state of solubilized 
IMPs is a general alternative to indirectly assess protein structural integrity. Spec-
troscopic methods can be also used to obtain insight into the structural integrity 
of solubilized IMPs, allowing identifi cation of some signatures of denaturation or 
aggregation. Testing for ligand binding can be even a better approximation to 
assess protein functional integrity, especially for membrane receptors and second-
ary transporters. 

   12.4.1 
Sample Homogeneity and Protein Oligomeric State 

   12.4.1.1     SEC  
 SEC is useful not only as a fi nal step for purifi cation of proteins (see Section 
 12.3.2.3  for the basis of SEC), but it is also a popular tool in assessing their homo-
geneity and oligomeric state. It is a relatively fast method (30 – 60   min), which 
makes it advantageous for unstable IMPs that tend to denature in detergent 
micelles. SEC is often coupled in - line with an UV/Vis detector to probe the 
eluted protein at 280   nm, but other in - line or out - line detection systems are pos-
sible  [139, 140] . 

 The shape of the SEC chromatogram is habitually used to evaluate the mono-
dispersity of the protein – detergent micelles. A sharp and narrow Gaussian peak 
is regarded as an excellent indication of sample homogeneity, and considered a 
prerequisite for successful crystallization of IMPs  [113] . To reduce instrumental 
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contributions to the peak width, and so to better assess sample monodispersity, it 
is advisable to inject the sample in a small volume (1 – 2%) relative to the column 
volume  [111] . 

 The Stoke ’ s radius of soluble proteins can be inferred from the elution time, 
and thus their approximate size and their oligomeric state. However, one should 
note that for detergent - solubilized IMPs the inferred molecular size forcedly rep-
resents that of the PDC. For quantitative analysis, the protein/detergent (and 
protein/lipid) weight ratio in the micelles needs to be independently evaluated and 
accounted for  [141] . In this regard, both spectroscopic  [142, 143]  and radioactive 
 [110]  methods are available. Experiments performed with a series of detergents 
giving rise to micelles with different protein/detergent weight ratios, and so of 
different sizes, have been described to provide to better estimates of the protein 
oligomeric state in the micelles  [141] .  

   12.4.1.2    Static  Light Scattering  (  SLS  ) 
 LS is a method to determine the average mass of macromolecules in solution. It 
can be used to determine the CMC of a detergent, as well as the mass of a protein 
in a protein – detergent micelle independently of the protein/micelle size or of the 
amount of detergent (or lipid) per protein  [144] . For this last application LS is often 
coupled to SEC (LS - SEC), allowing the resolution of the masses of a mixture of 
particles of different size. This makes LS - SEC one of the most appropriate methods 
for determining the oligomeric state or subunit stoichiometry of detergent solu-
bilized IMPs  [112, 145] . 

 The light scattered by a particle at a given angle is proportional to its mass per 
particle and its concentration (mass/volume). In the so - called  “ two - detector 
method ”  the change in scattered light ( Δ LS) and the refractive index change ( Δ RI) 
are measured from the eluting SEC column, allowing us to estimate the weight 
of detergent micelles and soluble proteins  [146] . For solubilized IMPs a  “ three -
 detector method ”  is required  [144, 146] , which combines simultaneous measure-
ments of  Δ LS,  Δ RI, and  Δ  A  280   nm . Then, provided that the present detergents (or 
lipids) do not absorb light at 280   nm (see Table  12.A1 ), a direct estimate of the 
mass of the protein,  M , can be obtained as:  M   =   K     ×    ( Δ LS    ×     Δ  A  280   nm )/( ε  280   nm     ×     Δ RI), 
where  ε  280   nm  is the protein extinction coeffi cient in terms of weight concentration 
and  K  is the instrumental calibration constant  [146] .  

   12.4.1.3     Analytical Ultracentrifugation  (  AUC  ) 
 AUC is usually used in two different but complementary modes:  sedimentation 
velocity  ( SV ) and  sedimentation equilibrium  ( SE ). In both cases real - time 
acquisition of the solute concentration profi les along the radial axis is performed, 
recording the UV/Vis absorbance (at 280   nm for proteins) supplemented by interfer-
ence detection, which reports the total solute concentration  [147, 148] . As AUC relies 
on the principal property of mass and fundamental laws of gravitation it requires 
no standards for calibration  [148] . However, while both SEC and LS - SEC can be run 
in around 30 – 60   min, AUC requires much longer experimental times, which limits 
its applicability to IMPs stable in detergent micelles for at least a full day. 
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 SV is a hydrodynamic method. Appropriate analysis of the time - dependent 
concentration profi les provides a distribution of sedimentation coeffi cients  [147] , 
and from them, the masses of the particles present in a solution can be deduced 
with some assumptions regarding their shape and density. When applied to solu-
bilized IMPs, SV is a powerful method to assess sample monodispersity  [149] , 
although the estimated hydrodynamic properties are those of the PDC. An example 
of a detergent - solubilized IMPs that has been studied by AUC using modern 
approaches is the mitochondrial ADP/ATP carrier  [149] . 

 SE is a thermodynamic method, characterized by the time - invariant exponential 
concentration gradient that develops as the fl ux of sedimenting and diffusing 
molecules balance, which depends only on the buoyant mass of the particle. Deter-
gents in the PDC can become gravitationally transparent in SE when the solvent 
density is appropriately adjusted with D 2 H 2 O or H 2  18 O, allowing for the estimation 
of the mass of the IMP in the micelles and thus its oligomeric state  [150, 151] . 
However, density matching is not possible for detergents denser than 1.1   mg/ml, 
excluding some frequently used detergents such as DDM and OG  [152] .  

   12.4.1.4    Blue - Native Electrophoresis (    BN   -  PAGE ) 
 In BN - PAGE protein electrophoretic migration stops when trapped in a gel region 
of appropriated pore size, allowing for size determination using a protein standard 
of known size. The best advantage of BN - PAGE with respect to previous methods 
is the small amount of protein required and the possibility to analyze many 
samples simultaneously. Determination of the size and oligomeric state for 
detergent - solubilized IMPs is only possible if the amount of Coomassie Brilliant 
Blue bound is accounted for  [153] . A way to overcome this limitation is the use of 
immunodetection techniques.   

   12.4.2 
Structural Characterization 

   12.4.2.1     Circular Dichroism  (  CD  ) 
 CD is based on the differential absorbance of chromophores in front of left and 
right circularly polarized light. The amide group of the peptide bond dominates 
the CD spectra of proteins in the far UV (below 250   nm), containing information 
about the protein secondary structure  [154] . Many methods have been developed 
to extract this information, mostly considering that the CD spectrum of a protein 
can be represented as the combination of a library of characteristic CD spectra of 
secondary structural elements or proteins of known three - dimensional structure 
 [155] . Most of these methods have been included in a web server ( dichroweb.cryst.
bbk.ac.uk )  [156] . Although tailored for soluble proteins, these spectral libraries can 
be used with lower but still reasonable success to estimate the secondary structure 
of IMPs in detergents  [157, 158] . Even without a quantitative analysis, CD spec-
troscopy can be still useful as a sample quality control, reporting protein secondary 
structural changes with time, or with the detergent used. Since the characteristic 
CD spectrum of  β  - sheets is less intense and more variable than for  α  - helices  [155] , 
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CD might not be the method of choice to detect and quantify the formation of 
intermolecular  β  - sheets    –    the signature of protein aggregation. 

 CD requires some caution to avoid/minimize the use of buffers (e.g., Tris, 
 2 - ( N -  morpholino)ethanesulfonic acid  ( MES ), HEPES, sulfate, acetate, etc.), sol-
vents (e.g., chloride salts) and detergents (see Table A1 in the Appendix) with 
substantial UV absorbance  [154] . To minimize solvent absorption short sample 
path lengths (1 – 0.01   mm) are common, compensated by proportionally higher 
protein concentrations (0.1 – 10   mg/ml).  

   12.4.2.2     IR  Spectroscopy 
 IR spectra arise from the absorption of light with a frequency resonant with the 
vibration of polar chemical bonds (primary stretching and bending motions). For 
proteins, structural information can be deduced from the so - called amide 
bands    –    several normal vibrations localized in the peptide bond  [159] . From these, 
the amide I band frequency (around 1700 – 1620   cm  − 1 ), mostly representing the 
C = O stretching of the peptide bond, is a sensitive reporter of protein structure. 
This sensitivity has been shown in polypeptides and proteins with a dominant sec-
ondary structure, factor analysis from proteins with known three - dimensional 
structure, and theoretical analysis  [159] . However, retrieving this information for 
IMPs using spectral libraries optimized for soluble proteins remains less success-
ful than for CD  [160] , most likely because the amide I band is sensitive to other 
structural aspects besides secondary structure (e.g., length and hydration of  α  -
 helices, number and length of strands in  β  - sheets, etc.)  [159] . A common approach 
for the structural analysis of the amide I band is its decomposition in component 
bands (aided by mathematical band - narrowing and curve - fi tting methods, see 
Figure  12.4 ) followed by the assignment of the resolved components bands to spe-
cifi c secondary structures based on their maximum wavenumber  [161] . Interest-
ingly, intermolecular  β  - sheets give characteristic and clearly observable bands in 
the amide I, making IR spectroscopy a suitable method to detect aggregation of 
IMPs  [162] .   

 In comparison with CD, IR spectroscopy can be performed with fewer restric-
tions in the usable buffers and detergents, and sample turbidity is not of concern. 
One drawback of IR spectroscopy is the strong absorbance of water at around 
1645   cm  − 1 , which overlaps the protein amide I band. In transmittance, this 
demands very short path lengths (around 6    μ m) and precise sample temperature 
control for the accurate digital subtraction of the water absorbance using a refer-
ence buffer spectrum, and in turn high protein concentrations (10   mg/ml or 
above)  [163] . The need of high protein concentrations is relaxed in D 2 O (0.1 – 1   mg/
ml or above)  [163] . In  attenuated total refl ection  ( ATR ) the effectively path length 
is short and highly reproducible, allowing to work at lower proteins concentrations 
in H 2 O (1   mg/ml or above)  [164] .  

   12.4.2.3     NMR  Spectroscopy 
 One of the most celebrated applications of NMR spectroscopy is the resolution of 
three - dimensional structures of proteins in solution. Although IMPs solubilized 
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     Figure 12.4     Example of structural analysis of 
a detergent - solubilized IMP by IR spectros-
copy. (a) Absorption IR spectrum of the 
 mitochondrial ADP/ATP carrier  ( AAC ) 
solubilized with DDM, after subtracting the 
large absorbance contribution of the buffer. 
The amide I and II wavenumber regions are 
indicated by arrows. These band maxima 
correspond to typical values for  α  - helical 
IMP. A band assigned to lipid suggested that 
7  ±  1 molecules of phospholipid are retained 
per solubilized AAC monomer. (b) Math-
ematical band - narrowing and curve - fi tting of 
the amide I band. Band - narrowing was 
performed with  Fourier self - deconvolution  
( FSD ) [Kauppinen, J.K., Moffatt, D.J., 
Mantsch, H.H., and Cameron, D.G. (1981) 
Fourier selfdeconvolution: a method for 
resolving intrinsically overlapped bands.  Appl. 
Spectrosc. ,  35 , 271 – 276.], using a Lorentzian 
band of 18 cm  − 1  width and a narrowing factor 

of 2.0. Curve - fi tting was performed for more 
accurate results using Voigtian bands, which 
partially take into account the band - shape 
modifi cations than accompany band -
 narrowing by FSD [L ó renz - Fonfr í a, V.A., 
Villaverde, J., and Padr ó s, E. (2002) Fourier 
deconvolution in nonself - deconvolving 
conditions. Effective narrowing, signal - to -
 noise degradation, and curve fi tting.  Appl. 
Spectrosc. ,  56 , 232 – 242.]. The curve - fi tting 
residual is shown multiplied by 5 and shifted 
down for a clear display. From the area of 
the central band at 1657 cm  − 1  it is estimated 
that the AAC contains a minimum of 65% of 
 α  - helical structures. ( Adapted from L ó renz  et al.  
[L ó renz, V.A., Villaverde, J., Tr é z é guet, V., 
Lauquin, G.J., Brandolin, G., and Padr ó s, E.
(2001) The secondary structure of the 
inhibited mitochondrial ADP/ATP transporter 
from yeast analyzed by FTIR spectroscopy. 
 Biochemistry ,  40 , 8821 – 8833.]. )  
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in detergent micelles are too large for conventional solution NMR studies, the 
resolution of their structure to the atomic level has started to become possible 
using  transverse relaxation - optimized spectroscopy  ( TROSY ) in combination with 
isotopic - labeling strategies  [165] . In spite of some recent notorious advances  [98] , 
the atomic resolution of IMPs in micelles by solution NMR, specially for  α  - helical 
IMPs, is still very challenging due to the diffi culty to obtain suffi cient distance 
constrains. Alternatively, NMR can also provide insight into the secondary struc-
ture of IMPs, founded in an empirical correlation between protein backbone 
conformation and the secondary H α , C α , and C β  chemical shifts (the difference 
between observed shifts and random coil chemical shifts). A smoothed plot of the 
chemical shifts as a function of the sequence can be used to identify regions of 
secondary structure in detergent solubilized IMPs  [166] .   

   12.4.3 
Measurement and Characterization of Ligand Binding 

 Ligand binding is generally studied by titrating a solution containing a protein 
with the stepwise addition of the ligand and measuring a signal proportional to 
the formation of the protein – ligand complex  [167] . Radioactive methods have 
traditionally dominated this area and are still in use  [168] . However, for measure-
ment of ligand binding to detergent - solubilized IMPs other methods described 
below are more convenient. Note that besides titration, ligand binding to IMPs 
can be conveniently confi rmed by an increase on the protein stability to thermal 
or chemical denaturation by an added ligand  [169, 170] . Not discussed here is 
 surface plasmon resonance  ( SPR ), a very powerful method to detect and character-
ize protein – protein and protein – ligand interactions  [171] . SPR has not been 
applied to detect ligand binding to detergent solubilized IMPs to our knowledge, 
but only to IMPs once reconstituted into lipid membranes  [172] . 

   12.4.3.1     Isothermal Titration Calorimetry  (  ITC  ) 
 ITC measures the heat released or absorbed for each stepwise addition of concen-
trated solution of a ligand molecule (around 10    μ l/injection) to a typically around 
1.5 - ml solution containing the macromolecule under study  [173, 174] , with a 
volume reduced to 200    μ l in some modern calorimeters. After integration of the 
spiky responses of the calorimeter, the data consists of a binding saturation 
curve as a function of the added ligand concentration. We should note that in 
spite of their sensitivity, modern calorimeters still require a concentration of 10 –
 100    μ M of protein for accurate binding measurements (e.g., 0.5 – 5   mg/ml for a 
50 - kDa protein). ITC has been applied to several detergent - solubilized IMPs 
 [175, 176] . 

 For ligands with moderate binding constants (10 4     <     K  a     <    10 8    M  − 1 ), the binding 
affi nity constant ( K  a ), the binding enthalpy, and the binding stoichiometry factor 
can be estimated applying an appropriate binding model to the ITC binding satura-
tion curve  [173] . Note that other techniques require additional experiments as a 
function of the temperature to estimate the enthalpy of binding. Competitive 
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binding displacements protocols have been developed to study high -  and low -
 affi nity systems with ITC  [174] .  

   12.4.3.2    Spectroscopic Methods 
 Among the many spectroscopies available, fl uorescence is probably the most ver-
satile to detect and quantify protein – ligand interactions, requiring also low 
amounts of sample. Other spectroscopies are generally less sensitive, and also 
more demanding in terms of the amounts of sample and experimental complexity, 
but also generally more informative about the nature of the protein – ligand 
interaction. 

  Fluorescence     There are three basic fl uorescence observables (intensity, wave-
length maximum (color), and anisotropy), all of them useful for characterizing 
ligand binding  [177] . Fluorescence binding experiments are based on the observa-
tion of either intrinsic fl uorescence (mainly tryptophan from proteins) or that of 
extrinsic probes. In some cases, the binding of the ligand to the protein modulates 
the intensity/color of the intrinsic tryptophan fl uorescence of the protein. In this 
case, binding is characterized by titrating the protein with stepwise additions of 
the ligand. 

 If no change in intrinsic fl uorescence occurs upon ligand binding, which can 
occur by the relative low sensitivity of tryptophan fl uorescence or by an inadequate 
location of protein ’ s tryptophan to sense ligand binding, one must resort to extrin-
sic fl uorescence probes. If the experimental design is based on a fl uorescent 
ligand, it is ideal to follow the binding by the changes in the fl uorescence anisot-
ropy of the ligand (reporting changes in its rotational mobility), which only 
depend on the bound/free ligand ratio  [177, 178] . An alternative is to monitor the 
fl uorescence intensity of a ligand analog in a competition assay. Here, the fl uo-
rescence intensity changes caused by the release of the fl uorescent ligand by the 
stepwise addition of an unlabeled natural ligand are used to calculate the unlabeled 
ligand true affi nity constant. However, care must be taken with the use of fl uores-
cent ligands analogs. They are habitually hydrophobic molecules that can also 
interact nonspecifi cally with proteins and detergents, often being not fully dis-
placeable by any amount of a natural ligand  [179] . 

 Other fl uorescent methods to probe ligand binding are also available. Changes 
in the fl uorophore size as it binds a protein can be monitored by  fl uorescence 
correlation spectroscopy  ( FCS ). FCS measures the fl uorescence intensity fl uctua-
tions in a tiny volume. The autocorrelation of this signal decays with a time 
constant proportional to the size (Stokes radius) of the diffusing fl uorescent 
particle  [178] .  F ö rster resonance energy transfer  ( FRET ) between a protein ’ s 
tryptophan and a fl uorescent ligand can be also used for binding titration 
experiments  [180] .  

   CD      For CD to report ligand binding, either the ligand should be a chromophore 
binding in an asymmetric fashion (generating an  extrinsic  CD signal) or the 
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binding should result in a protein conformational change affecting its  intrinsic  CD 
spectrum  [181] . In either case, the change in ellipticity as a function of the sub-
strate concentration provides the binding constant and, in the case of changes in 
the  intrinsic  CD, clues about the nature of the protein conformational change 
induced by ligand binding  [155] . However, because ligand binding is not always 
associated with signifi cant rearrangements in secondary structure, CD can give 
substantial false negatives  [181] .  

  IR Spectroscopy     IR spectroscopy is a well - suited spectroscopy to reveal and char-
acterize protein – ligand interactions of IMPs. Due to the large and widely distrib-
uted number of IR - active vibrations in a protein and a ligand  [159] , false - negatives 
(spectrally silent genuine protein – ligand interactions) are not to be expected. 
However, since ligand binding can be conveniently studied by ATR - IR spectros-
copy on IMPs once reconstituted in lipid membranes  [182] , applications to 
detergent - solubilized IMPs are not common.  

   NMR      In spite of its low sensitivity and relatively large protein concentration 
requirements (around 10   mg/ml), NMR has opened a way into studying 
protein – ligand interactions, as reviewed elsewhere  [183] . Several NMR observa-
bles, such as  1 H relaxation rates or saturation transfer, depend on the overall 
motion of a compound and so they can be used to follow the interaction of a 
small molecule (e.g., ligand) with a larger molecule (e.g., protein)  [183, 184] . 
Information at the atomic level about where and how a ligand interacts with 
a protein can be obtained by measuring and assigning chemical shifts that 
occur upon binding  [183] . For the study of large macromolecules, such as 
IMPs in micelles, these studies are possible by isotope - labeling combined with 
TROSY  [165] .     

  Appendix 

 The advantages and the disadvantages of the most common detergents in bio-
chemistry research are listed in Table  12.A1 . The structures of some commonly 
used detergents in IMP solubilization are given in Figures  12.A1 – 12.A3 .      
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     Figure 12.A1     Structure of commonly used nonionic detergents in membrane protein 
solubilization. (a) OG. (b) DM ( n   =  1); DDM ( n   =  2). (c) Triton X - 100 ( x   =  10); Triton X - 114 
( x   =  14). (d) Brij35 ( x   =  10,  y   =  22); nonaethylene glycol monododecyl ether C12E9 ( x   =  10,  y   =  8)  

a)

b)

c)

d)
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     Figure 12.A2     Structure of commonly used ionic detergents in membrane protein solubiliza-
tion. Anionic: SDS (a) and sodium deoxycholate (b). Cationic: CTAB (c).  

a)

b)

c)
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     Figure 12.A3     Structure of commonly used zwitterionic detergents in membrane protein 
solubilization. (a)  N  - decylphosphocholine (fos - choline - 10) ( n   =  1);  N  - dodecylphosphocholine 
(fos - choline - 12) ( n   =  2). (b) CHAPSO/CHAPS.  

a)

b)
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 AAC     mitochondrial ADP/ATP carrier 
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 CHAPS     3 - [(3 - cholamidopropyl)dimethylammonio] - 1 - propanesulfonate 
 CHAPSO     3 - [(3 - cholamidopropyl)
 dimethylammonio] - 2 - hydroxy - 1 - propanesulfonate 
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Stabilizing Membrane Proteins in Detergent and Lipid Systems  
  Mark     Lorch   and     Rebecca     Batchelor       

    13.1 
Introduction 

 Membrane proteins exist in extremely complex environments. Within the mem-
brane the protein experiences a range of physical states dictated by the hydropho-
bic thickness of the membrane, differing charges and pressures, as well as specifi c 
interactions which all serve to modulate the activity and stability of the protein. 
These myriad of environments are well illustrated by White  et al.  neutron diffrac-
tion data on just a simple  1,2 - dioleoyl -  sn  - glycero - 3 - phosphocholine  ( di(C18   :   1)PC ) 
bilayer  [1] . Even this simple model membrane belies the added layer of complexity 
given by the massive number of different lipids (not to mention other proteins) 
found in a biological membrane. Given this it is surprising that membrane pro-
teins function at all when placed in simple mimetic environments such as deter-
gent micelles. Therefore, fi nding an environment in which to study isolated 
membrane proteins necessitates a compromise between a complex system that 
accurately mirrors the biological membrane and the technical restrictions that 
require a simpler mimetic compatible with the analytical technique of choice. This 
chapter aims to review the methods used to best achieve this balance and maintain 
purifi ed proteins in a native state for as long as possible.  

   13.2 
Choice of Detergent: Solubilization versus Stability 

 With a few exceptions membrane proteins are purifi ed from the expression source 
(be it an organism or  cell - free expression  ( CFE )) with the assistance of detergents. 
The job of the detergent is 2 - fold. They are initially required for the primary solu-
bilization step of the expressed protein. Since the protein is likely to have been 
expressed in the membrane, as an aggregate (in the case of CFE), or in a few cases 
as inclusion bodies, the detergent must have strong solubilizing characteristics. A 
relatively harsh detergent may be needed for this step. Following this a detergent 
must then keep the protein in a native - like state during the purifi cation and sub-
sequent analysis and/or reconstitution steps. For these parts of the procedure it 
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is desirable to use a milder detergent that is less likely to cause protein denatura-
tion. Therefore, choosing the best detergent is a case of balancing the need to solu-
bilize with the need to maintain stability. 

   13.2.1 
Detergents: General Characteristics 

 To choose the most appropriate detergent one must fi rst have a grasp of the 
general characteristics of detergents. Lipids and detergents are both amphipathic 
molecules that generally consist of a hydrophilic head - group linked to one or two 
hydrophobic chains. This duality means the monomeric molecules are not particu-
larly soluble in water and so instead form structures that shield their nonpolar 
regions from the aqueous environment. Lipids may form bilayers (at least under 
the conditions found during most membrane protein experiments); detergents, 
however, form approximately spherical micelles. 

 Two important general characteristics of detergents are the aggregation number 
and the  critical micelle concentration  ( CMC ). The number of molecules in a 
micelle (the aggregation number) varies dramatically from detergent to detergent 
and is highly dependent on the conditions under which the measurements 
are performed. For example, the aggregation numbers for sodium cholate 
and  sodium dodecyl sulfate  ( SDS ) are 2 – 5 ( http://www.anatrace.com/
category.asp?cat = 224 & id = S1001 ) and 62 – 101  [2] , respectively. The CMC is the 
concentration of detergent above which micelles spontaneously form. Increasing 
the concentration above the CMC results in an increase in the number of micelles 
while the concentration of monomeric detergent stays constant (Figure  13.1 ).   

 The CMC is heavily dependent on the physiochemical properties of the deter-
gent in question as well as the pH, temperature, ionic strength, and presence of 
other surfactants and proteins. Increasing the length of the aliphatic chain, or in 
the case of ionic detergents, the presence of counterions results in a decrease in 

     Figure 13.1     Ideal behavior of 
detergents with respect to 
concentration. Above the 
solubility limit of the monomer 
detergents form micelles. This 
point is known as the CMC. 
Increasing the concentration 
further results in more micelles 
while the monomer concentra-
tion remains static.  
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the CMC. Increasing temperature increases the solubility of monomeric detergent 
molecules and so increases the CMC. The CMC and the aggregation number 
become particularly important should it become necessary to remove the detergent 
from the system. This will be explained in more detail in Section  13.3.3  on 
reconstitution. 

 As a rule of thumb detergents with net charge are harsher than zwitterionic 
detergents, while nonionic detergents are mild. Furthermore, the shorter the 
aliphatic chain and smaller the head - group, the harsher the detergent. Examples 
of this behavior along with signifi cant exceptions that prove the rule are given 
below. 

   13.2.1.1    Ionic Detergents 
 Ionic detergents have an anionic or cationic head - group and a hydrocarbon or 
steroidal backbone. They are generally harsh, best suited to applications where 
good solubilization is important or if the membrane protein is particularly hardy 
and amenable to refolding once the detergent is removed. Proteins are rarely active 
in these detergents so they are only used in an intermediate stage of a protein 
preparation or when denaturation is desired (such as protein folding experiments). 
Common examples include the anionic detergent SDS, which is used primarily 
for cell lysis and denaturation of proteins during electrophoresis. It is strongly 
denaturing, but nevertheless there are several examples where proteins have been 
successfully refolded after denaturation in SDS  [3 – 5] . Likewise, cationic detergents 
are particularly harsh and are generally used for applications where protein dena-
turation is desirable. 

 Ionic detergents that resemble (or indeed are) naturally occurring steroids, on 
the other hand, are generally much less harsh than their artifi cial counterparts. 
Cholates, derived from cholesterol, are naturally secreted from the gall bladder 
and hence are sometimes know as bile acid detergents. The planar nature of these 
molecules, with a polar and nonpolar face, results in a high CMC and small 
micelles; characteristics that make them easy to remove by dialysis  –  a considera-
tion when it comes to reconstituting the protein.  

   13.2.1.2    Zwitterionic Detergents 
 Zwitterionic detergents are generally milder than ionic detergents and so are more 
commonly used in the preparation of membrane protein samples. They are still 
too harsh to be suitable for activity measurements. However, they are commonly 
used during crystallography. The most notable examples in this class are:

    •       3 - ((3 - Cholamidopropyl)dimethylammonio) - 1 - propanesulphonate  ( CHAPS ) and 
[ 3 - ((3 - Cholamidopropyl)dimethylammonio) - 2 - hydroxy - 1 - propanesulfonate ] 
( CHAPSO ) are steroid - based detergents developed primarily for work with 
proteins. They are good solubilizers and rarely denature proteins.  

   •       Lauryldimethylamine -  N  - oxide  ( LDAO ) is quite harsh, but has been used on a 
few notable occasions with robust proteins for both X - ray and  nuclear magnetic 
resonance  ( NMR ) studies. However, its use is limited by its denaturing 
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properties; it has been estimated that 80% of membrane proteins will be dena-
tured by it.  

   •       Dodecylphosphocholine  ( DPC ) is also known as fos - choline 12. It has a phos-
phocholine head - group directly bonded to an aliphatic chain and so closely 
resembles a phospholipid. It is especially mild and so lends itself to studies 
where the activity of the protein needs to be maintained. Furthermore, the 
small micelle size makes DPC an ideal choice for NMR studies. To date, the 
largest membrane protein structure determined by NMR was conducted in 
DPC  [6] .     

   13.2.1.3    Nonionic Detergents 
 Nonionic detergents are mild, nondenaturing, and are commonly used for all 
aspects of membrane protein research, including solubilization of expressed pro-
teins, structural studies, reconstitution, refolding, and activity measurements. 

   n  - Octyl -  β  -  d  - glucoside  (  β  - OG ) is relatively harsh for a nonionic detergent and so 
is often used for solubilizing proteins. It is also a detergent of choice in crystal-
lographic trials, having proved extremely successful on numerous occasions  [7,8] . 

   n  - Dodecyl -  β  -  d  - maltoside  ( DDM ) and   n  - decyl -  β  -  d  - maltoside  ( DM ) are particularly 
mild nondenaturing detergents, and so are fi rm favorites. They are both used 
extensively for reconstitution, activity, and solubilization. DM, with its shorter 
chain (10 versus 12 carbon atoms), is the harsher of the two and also has a higher 
CMC (1.8  [9]  versus 0.17   mM  [10] ), making it a better choice for dialysis - based 
reconstitution methods (see below). 

 Triton X - 100 and X - 114 are nonhomogenous detergents with variable length 
polyethylene glycol polar regions and branched hydrophobic alkyl chains separated 
by an aromatic ring structure. This ring absorbs below 300   nm making them 
incompatible with UV measurements. They have extremely low CMCs and so are 
very diffi cult to remove by dialysis. However, they are nondenaturing, and seem 
to break lipid – lipid and lipid – protein interactions in preference to protein – protein 
interactions, making them ideal for solubilizing membranes while keeping the 
protein intact. 

 Polyoxyethylenes (e.g., C 12 E 8 ) are a simple range of detergents with variable alkyl 
and oxyethylene chains. They follow the rule of thumb relating chain length and 
harshness. The shorter chains are generally used for solubilization and crystallo-
graphic trials  [8] , while the longer chains are used for reconstitution procedures. 

 A factor worth noting with the Tritons and polyoxyethylenes is that they can 
contain highly variable mixtures, and are particularly prone to containing harmful 
peroxide impurities. Therefore, only the purest versions should be used. In addi-
tion, they should be stored under inert gas and in the dark.  

   13.2.1.4    Detergent - Like Phospholipids 
 The single chain of lysolipids and very short chains of lipids such as  1,2 - dihexanoyl -
  sn  - glycero - 3 - phosphocholine  ( di(C6 : 0)PC )  [11]  means they form micelles instead 
of bilayers (Figure  13.2 ). The head - group defi nes their ionic properties and so they 
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can be anionic or zwitterionic. They are only mildly solubilizing and nondenatur-
ing. This, coupled with their similarity to native phospholipids, has led many to 
try using them as convenient membrane mimetics. The most notable successes 
have been in the CFE systems, where  1 - myristoyl - 2 - hydroxy -  sn  - glycero - 3 -
 phosphoglycerol  ( C14 : 0PG ) is added to the expression mix. The mild nature of 
the lysolipid means the translation and transcription machinery is not hampered 
by the detergent, but a safe membrane mimetic environment is provided  [12] . 
Di(C6 : 0)PC has also been successfully used as an environment into which mem-
brane proteins have been refolded and is often used as the basis of bicelles (see 
Section  13.3.1.2 ).     

   13.2.2 
Solubilization 

 A membrane protein purifi cation procedure starts with a solubilization step. The 
mechanisms by which this process takes place have been covered in an excellent 
review by Le Marie  [2] . Methods for purifying membrane proteins have been 
covered in detail in Chapter  12  of this book. However, there are some aspects of 
the solubilization procedure relating to maintaining protein stability that warrant 
further mention. 

 Solubilization of the membrane containing a protein will usually require con-
centrations in excess of the CMC. How much of an excess will depend on the 
lipid/detergent ratio (the denser the cell pellet the higher the concentration of 
detergent that will be needed to solubilize it) and the harshness of the detergent. 
For example, both  β  - OG and DDM have been used at about 1% w/v to solubilize 
membranes, which is a concentration that is only just above the CMC of  β  - OG, 
but two orders of magnitude above that of DDM. It is also important to consider 

     Figure 13.2     Chemical structures of some detergents commonly used in mixed micelles and 
bicelles, for protein reconstitution into liposomes and crystallography. More examples are 
given in Chapter  12 . CMCs and aggregation numbers are given for detergents in water  [2] .  



 366  13 Stabilizing Membrane Proteins in Detergent and Lipid Systems

that too much detergent can lead to the removal of essential tightly bound lipids, 
resulting in inactivation of the protein  [13 – 15] . 

 Taking a rational approach based on the characteristics of detergents will 
get you some way to selecting the most appropriate detergent for the job; however, 
one needs to be aware that sometimes changing detergents used during a 
procedure can have unpredictable consequences. For example, using DDM during 
the reconstitution of the lactose symporter from  Streptococcus thermophilus  
resulted in the protein inserting in random orientations, then by switching to 
Triton X - 100 proteoliposomes are produced with proteins biased towards one 
orientation  [16] .   

   13.3 
Mitigating Protein Denaturation 

 Even the mildest detergents do not accurately mirror the membrane. Proteins that 
are successfully solubilized in detergents rarely maintain their activity for as long 
as those reconstituted into liposomes. The detergent environment cannot main-
tain the protein ’ s native state, which leads to misfolding, aggregation, and more 
often than not permanent loss of activity. Clearly membrane proteins need lipids. 
One possible route for loss of protein stability is via removal of potentially critical 
tightly bound lipids during the solubilization and purifi cation procedure. Sec-
ondly, some proteins may require specifi c interactions with lipids, without which 
they may appear stable and folded, but the lack of lipid interaction has subtle 
effects on the protein ’ s structure. This has been clearly demonstrated by direct 
comparisons between structures, dynamics, and activities of the same protein in 
lipid and detergent systems  [17,18] . However, probably of greatest importance are 
the host of nonspecifi c interactions that exist in the membrane but are lacking in 
micelles. The following section covers methods for reintroducing the native - like 
surfactant/protein interactions with a view to maintaining protein stability during 
the course of a procedure. 

   13.3.1 
Mixed Detergent Systems 

   13.3.1.1    Micelles 
 Constraints imposed by many biophysical techniques means that often the only 
tractable approach is to use detergents as the basis of a membrane mimetic envi-
ronment. This is most notably the case where the large size of a proteoliposome 
is an issue, as for liquid - state NMR or optical spectroscopy, and of course crystal-
lography is normally conducted from a detergent - solubilized starting state. Thus, 
while it may not be the ideal system, it is important to consider methods for 
maintaining protein stability in detergents. 

 As discussed above, the single largest factor to consider is the choice of deter-
gent. There is no universal detergent, and no hard and fast rule as to which 
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detergents are best for a particular class of protein, so it becomes a case trial and 
error. This already arduous task is further compounded by suggestions that mixing 
micelles consisting of different detergents or detergent – lipid mixtures may provide 
increased stability. Mixed detergent micelles have been effective with TM0026, a 
small two - transmembrane spanning protein of unknown function from  Thermo-

toga maritima   [19] . Here, a more rational approach was taken by engineering mixed 
micelles with dimensions that matched those of the protein. The resulting DDM/
fos - choline 10 micelles signifi cantly improved the quality of NMR spectra over 
pure DDM, allowing several additional assignments to be made. 

 Probably a more productive approach is the addition of lipids to micelles, the 
rationale being that some native - like lipid – protein interactions, lost during solubili-
zation, may be re - established. This approach has worked extremely well with some 
crystal trials where the presence of lipids has proved crucial (reviewed by Hunte 
 et al.   [20] ). A case in point is cyanobacterial cytochrome  b  6  f  complex where, along 
with the two native copurifi ed lipids, addition of 10 di(C18 : 1)PC lipids per 
monomer greatly improved the quality of the crystals  [21] . Furthermore, mixed 
detergent – lipid systems have been particularly effective with one of the most inter-
esting and challenging classes of membrane protein  –  the  G – protein - coupled 
receptor  ( GPCR ). Rhodopsin is the most studied protein of the group, with both its 
functionality and stability being dependent on the presence of lipids. The presence 
of di(C14   :   0)PC in CHAPS - solubilized rhodopsin dramatically increases the pro-
tein ’ s thermal stability  [22] . Egg PC lipids added to DDM, CHAPS, or digitonin 
results in enhanced light - stimulated activity  [23] . Di(C18   :   1)PC,  1,2 - dioleoyl -  sn  - glycero - 
3 - phosphoserine  ( di(C18   :   1)PS ),  1,2 - dioleoyl -  sn  - glycero - 3 - phosphoethanolamine  
( di(C18   :   1)PE ), and asolectin in DDM micelles signifi cantly affect the stability of the 
G - protein – rhodopsin complexes  [24] . 

 Similar phenomena have been observed with other GPCRs; the binding capacity 
of  β  2  - adrenergic receptor, when purifi ed into DDM, drops by 80% within 4 h; 
however, addition of phospholipids (di(C18 : 1)PE, di(C18 : 1)PC, or di(C18 : 1)
PS) to the micelles reduced the loss of activity to 50% over the same timescale. 
Even more signifi cant was the addition of cholesterol hemisuccinate, this resulted 
in 60% activity after 7 days  [25] . The most detailed investigation of this kind to 
date involves the chemokine receptors CXCR4 and CCR5, which were subjected 
to an extensive study involving 22 detergents systems and 12 lipid – detergent 
combinations  [26] . The proteins ’  stabilities and capacity to bind conformational 
dependent antibodies and binding partners were followed using surface plasmon 
resonance. The results show that solubilization in the presence of all lipids tested 
increases the binding capacity of the proteins, with a combination of cholesteryl 
hemisuccinate/DDM/CHAPS along with di(C18 : 1)PC and di(C18 : 1)PS giving 
the best results. Together these studies demonstrate a clear dependence of GPCR 
stability on the presence of lipids. 

 Further examples of lipid requirements for maximum activity are seen across 
numerous classes of membrane protein. The phenomenon was reported as early 
as 1979 when it was observed that an Na,K - ATPase extracted from dogfi sh rectal 
glands, solubilized with deoxycholate, and delipidated by gel fi ltration was largely 
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inactive; however, addition of cooked brains, di(C18 : 1)PC, or di(C18 : 1)PE reac-
tivated the protein  [13] . Other examples include the much - studied  diacylglycerol 
kinase  ( DGK ) from  Escherichia coli . This trimeric three - transmembrane enzyme 
catalyses the formation of phosphatidic acid lipids from diacyglycerols and 
ATP  [6, 27] . When solubilized it requires the presence of a further lipid (as well 
as its substrate) to function  [28, 29] . Meanwhile, the  E. coli  heavy metal P - type 
ATPase ZntA is a little more fussy about its lipid requirements; addition of 
 1,2 - dioleoyl -  sn  - glycero - 3 - phosphoglycerol  ( di(C18   :   1)PG ) lipid to C 12 E 8  solubilized 
protein results in a 4 - fold increase in ATPase activity but di(C18   :   1)PS,  1,2 - dioleoyl -
  sn  - glycero - 3 - phosphosphate  ( di(C18   :   1)PA ), and cardiolipin had no measurable 
effect  [30] . 

 Many other examples exist of activation and stabilization of proteins following 
relipidation, including an ion channel  [31] , light harvesting complex II  [32] ,  bac-
teriorhodopsin  ( bR )  [33] , and further ATPases  [15, 34, 35] . What is striking is that 
often the proteins do not appear to be overly fussy about the type of lipid required 
to stimulate activity; sterols and phospholipids with a variety of chain length, head -
 group charge, and size all seem able to function as well as the other. Thus, the 
lipids are not acting as a cofactor, but instead provide some, as yet undetermined, 
general requirement that is unfulfi lled by detergent alone. Since we are still dis-
cussing micellular systems it cannot be a function of a bilayer environment, the 
variety in head - groups rules out direct interactions here, and the detergents gener-
ally provide a hydrocarbon chain with the same characteristics as a lipid. The only 
thing left that is unique to a lipid (but not of course sterols) is the phosphogycerol 
group; we can therefore only speculate that many membrane proteins require an 
interaction with phosphate and/or glycerol groups to function optimally.  

   13.3.1.2    Bicelles 
 In mixed detergent – lipid micelle systems the lipid is the minor component. 
However, under specifi c conditions and where the lipid is in excess (lipid/detergent 
mole ratios of around 5   :   1 to 2   :   1) the two components can phase separate, result-
ing in a lipid bilayer disk, the edges of which are stabilized by detergents (Figure 
 13.3 ). This phenomenon was fi rst described by Muller in 1981  [36]  using egg yolk 
lectin and bile salts. Sanders then refi ned the system into a well defi ned binary 
mixture using CHAPSO and di(C14 : 0)PC lipids. At the same time it was dem-
onstrated that the di(C14 : 0)PC bilayer component adopted a liquid disordered 
phase similar to pure lipid bilayers  [37] . Sanders later developed a new binary 
mixture, replacing CHAPSO with di(C6 : 0)PC  [38] , resulting in a pure phospholi-
pid system. He went on, in a seminal paper, to coin the term bicelle (from  bi layer 
mixed mi celle  )   [39] . However, the crux of the study was the demonstration that 
bicelles could provide an environment in which membrane proteins could be 
function. Fifteen integral and peripheral membrane proteins and peptides were 
reconstituted in di(C14 : 0)PC/di(C6 : 0)PC and di(C14   :   0)PC/CHAPSO bicelles 
with a variety of peptides; the di(C14   :   0)PC mole ratios ranged from 1   :   8 for grami-
cidin to 1   :   360 for bR. NMR was used to confi rm that the presence of protein did 
not disrupt the bicellular morphology (and hence negated the advantages of the 



 13.3 Mitigating Protein Denaturation  369

system). It was also demonstrated for the fi rst time that a protein could be active 
in a bicelle. It was observed that the appropriateness of the system was largely 
protein specifi c; some proteins could be easily accommodated in bicelles with no 
sign of aggregation or disruption of bicelles, while others could not be reconsti-
tuted even at very low concentrations of protein. It was speculated that part of the 
limitations arose from the relatively short chain length of di(C14   :   0)PC, which 
could lead to hydrophobic mismatch and protein aggregation.   

 Sander ’ s methods for forming bicelles has not been signifi cantly altered or 
improved on. The longer chain lipid is dispersed in an aqueous environment and 
the detergent is then added to give a total surfactant concentration of 5 – 40% w/v. 
Alternatively the surfactants are codissolved in an organic solvent, then dried 
under vacuum before being taken up in a buffer (with 50 – 200   mM salt) at pH 5 – 8 
and at a temperature above the gel melting point of the bilayer lipid; in the case 
of DMPC this is 23    ° C. The resulting mixtures are often refrozen, thawed, and 
sonicated to ensure a homogenous solution  [40] . 

 The most common longer - chain lipid in bicelle recipes is di(C14 : 0)PC, which 
is shorter than many natural lipid membranes. Consequently, many proteins 
may suffer from hydrophobic mismatch that may disrupt structure and function 
(see Section  13.3.2.2 ). Furthermore, di(C14   :   0)PC has a relatively high gel - to - 
liquid disordered phase transition (23    ° C), restricting the temperature range in 
which experiments can be conducted. Bicelle recipes have been tweaked by using 
shorter - chain lipids ( 1,2 - dilauroyl -  sn  - glycero - 3 - phosphocholine  ( di(C12   :   0)PC )) 
 [41]  to reduce the melting temperature (to  − 1    ° C), but this exacerbates the mis-
match problem. Conversely, bicelles have also been made with longer - chain 
lipids ( 1,2 - dipalmitoyl -  sn  - glycero - 3 - phosphocholine  ( di(C16 : 0)PC )  [41]  to better 
match the hydrophobic area of a protein, but this raises the transition tempera-
ture, restricting experiments to above 41    ° C.  1 - Palmitoyl - 2 - oleoyl -  sn  - glycero - 3 -
 phosphocholine  ( C16 : 0/C18 : 1PC ) bicelles have also been developed  [42, 43] . 
The transition temperature of this lipid is  − 1    ° C, extending the temperature range 
over which thicker bicelles can be used. Recently the range of lipid compositions 

     Figure 13.3     Cross - section 
model of membrane protein 
incorporated into a di(C6 : 0)
PC/di(C14 : 0)PC bicelle. The 
longer - chain di(C14 : 0)PC 
(black head - group) lipids 
form a bilayer disk, the edges 
of which are stabilized by 
shorter - chain di(C6 : 0)PC 
(gray head - group). Small 
amounts of di(C6 : 0)PC 
partition into the bulk di
(C14 : 0)PC bilayer domain. 
The dimensions of the bicelle 
can be controlled by varying 
the ratio of its components.  
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available in bicelle form has been expanding to include PG  [44, 45] , PS lipids  [46] , 
cardiolipin  [47] , cholesterol  [48] , ceramides  [49] , and artifi cial lipids  [50, 51] . Thus, 
while the most commonly used bicelles are only of use with proteins that are happy 
in relatively thin bilayers and/or elevated temperatures, there are numerous 
systems that dramatically increase the scope of bicelles and will undoubtedly lead 
to their increased use as membrane mimetic environments. 

 Proteins and peptides can be reconstituted into bicelles by a number of methods. 
If the protein or peptides can tolerate being solubilized in organic solvent then 
they can be codissolved with the surfactant mix  [39] . Alternatively, proteins dis-
solved in detergent can be simply added to the preformed bicelle  [40, 41, 52, 53] , 
being careful not to upset the detergent/lipid ratio required for bicelle formation. 
It is also possible to purify the protein directly into the whole bicelle mixture  [22] . 

 The potential advantages of bicelle systems are manifold (reviewed in Sanders 
and Prosser  [54] ). They provide small, optically transparent, lipid bilayer environ-
ments, combining many of the advantages of micelles and liposomes without many 
of their disadvantages. There have also been some notable successes in crystalliz-
ing membrane proteins from bicelles (reviewed by Johansson  et al.   [55] ). The 
technique was developed by Bowie with the archetypal bR  [52]  and has since yielded 
a rare structure of a GPCR,  β  2  - adrenergic receptor  [56] . The optical properties of 
bicelles have proved especially useful for spectroscopic studies of function (e.g., 
DGK  [40] ) and folding (e.g., rhodopsin  [22, 57])  of membrane proteins. However, 
bicelles have really found their niche when it comes to NMR of both membrane 
and water - soluble proteins. The enormous interest in bicelles/membrane protein 
NMR is highlighted by the number of reviews of the topic in the last few years 
 [58 – 60] . Bicelles lend themselves to NMR studies primarily because they are rela-
tively small, predominantly lipid systems and so provide a bilayer environment 
that tumbles rapidly enough to acquire well - resolved spectra. An added advantage 
is the fact that bicelles can align themselves in a magnetic fi eld. This introduces 
some orientational order into the system, allowing information concerning the 
relative orientations of the protein and membrane to be extracted.   

   13.3.2 
Detergent - Free Bilayer Systems 

 It is becoming increasingly clear that a membrane exerts a considerable infl uence 
on the proteins embedded within it. While proteins in detergent - based systems 
may appear to function correctly it is quite possible that their structures and there-
fore activities are subtly altered, leading to potentially misleading results. Thus, it 
is undoubtedly preferable (analytical technique allowing) to incorporate the protein 
into a pure lipid bilayer system. Only in this way can proteins experience an envi-
ronment that approaches a native bilayer and so exhibit native - like behavior. 

   13.3.2.1    Lipid Nanodisk 
 A promising recent development are nanodisks  –  consisting of a lipid bilayer disk, 
the edges of which are stabilized by a  membrane scaffold protein  ( MSP ) engi-
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neered from an apolipoprotein  [61] . The size of the disk can be carefully controlled 
using variable length MSPs leading to very well - defi ned monodispersed structures. 
For example, Sligar has shown that disks formed from C16   :   0/C18   :   1PC with a 
lipid/MSP mole ratio of 65   :   1 are 9.7   nm in diameter by 4.6   nm thick. Then by 
increasing the lipid/MSP ratio to 124   :   1 and using longer MSPs the disk diameter 
can be increased to 12.8   nm  [62] . The disks are easily assembled by mixing MSP 
with cholate solubilized lipids and then removing the detergent by dialysis or 
detergent absorbing beads. 

 Nanodisks have proved to be excellent environments for membrane proteins 
and their use in the fi eld has been the subject of two recent reviews  [63, 64] . The 
old favorite bR was among the fi rst proteins to be reconstituted into them  [65] . 
Since then the list of membrane proteins that have been functionally incorporated 
and studied in nanodisks is expanding rapidly, and includes the GPCRs rhodopsin 
 [66]  and  β  2  - adrenergic receptor  [67] , a potassium channel KcsA  [68] , the large 
SecYEG channel  [69] , a voltage - gated ion channel  [70] , and an ABC transporter 
 [64]  (Figure  13.4 ). In all cases the reconstitution process is relatively simple; 
detergent - solubilized protein is added to the MSP, phospholipid, and cholate mix, 
and the detergents are then removed with polystyrene beads. One consideration 
is that the amount of lipid in the mix needs to be carefully controlled and reduced 
to take into account the area of the protein within the disk. Alternatively, the 
reconstitution step can be massively simplifi ed by supplementing a CFE system 

     Figure 13.4     Model of 
P - glycoprotein incorporated into 
9.8 - nm nanodisks. A recent 
homology model of 
P - glycoprotein in the nucleotide -
 bound state based on a bacterial 
homolog  [71]  was overlaid with 
the model for small nanodisks, 
which is based on the molecular 
belt model of diskoidal high -
 density lipoprotein [72] . The 
graphic was generated using the 
PyMOL molecular graphics 
system ( www.pymol.org ). The 
image was provided by and 
reproduced  with permission from 
William Atkins .  
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with nanodisks  [73] . In this way the nascent membrane protein is provided with 
a membrane environment the instant is comes off the ribosome. Furthermore, 
the detergent - free system means there is little danger of the membrane environ-
ment interfering with the translation/transcription machinery.   

 The potential applications for nanodisks are just being realized. Like bicelles, 
nanodisks have an obvious application in NMR, where the small, clearly defi ned 
structures allow for rapid tumbling and well - resolved spectra. The most promising 
study to date was conducted on the  voltage - dependent anion channel   VDAC  - 1  [70] , 
where it was demonstrated that the spectra of the channel in nanodisks was essen-
tially the same as in micelles. Other applications are less obvious but quite ingen-
ious, such as hemagglutinin - containing nanodisks that provide protective 
immunity against infl uenza virus infection, demonstrating that the disks can 
maintain protein stability in an  in vivo  environment  [74] .  

   13.3.2.2    Liposomes 
 Of the possible environments that can be used to accommodate membrane pro-
teins lipid bilayers most closely resemble the native environment. It is very clear 
that a lipid bilayer is the best choice if protein stability is the only factor. Further-
more, lipid bilayer systems afford the greatest degree of fl exibility as their composi-
tion can be easily tailored to the tastes of a particular protein. Two main technical 
questions then arise from reconstituting membrane proteins into lipid bilayers:

   i)     How does one go about reconstituting a protein/lipid bilayer system?  
  ii)     What lipid bilayer system should be used?    

 In the last 10 years the membrane protein fi eld has largely settled on a (reasonably) 
reliable set of protocols to address the fi rst question. However, the answer to the 
second is still largely a case of  “ hit and miss. ”  Numerous studies have shown that 
a protein might prefer certain lipids with a given head - group, may bind a particular 
lipid, or happen to have a fondness for a tense bilayer. However, there is very little 
that can be done to predict how a new protein might react to a particular lipid 
environment. Thus, in the following section we will discuss reconstitution tech-
niques and considerations when selecting a host bilayer. Reconstitution of mem-
brane proteins has been the subject of many excellent reviews, so once again we 
do not intend to cover the nuts and bolts of the process, but instead provide an 
overview that points out the main considerations. For more detail we direct the 
reader to a must - read review by Jean - Louis Rigaud and Daniel Levy clearly entitled 
 “ Reconstitution of membrane proteins into liposomes ”   [75] .   

   13.3.3 
Detergent - Mediated Reconstitution of Proteoliposomes 

 In principle the process of mixing liposomes and membrane proteins to form 
proteoliposomes is fairly straightforward. In the vast majority of cases we start 
with detergent - solubilized protein that is then added to lipids. The detergent is 
removed, and the protein ’ s hydrophobic surfaces are left naked and exposed to the 
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aqueous environment. At this point it is thermodynamically unfavorable for the 
protein to stay in solution. What happens next primarily depends on whether 
the protein manages to insert itself into a liposome before it encounters another 
protein in the same state. In the fi rst case a proteoliposome is formed, alternatively 
the proteins ’  hydrophobic surfaces interact resulting in aggregates. Controlling 
the formation of productive proteoliposomes then largely comes down to the 
 “ naked ”  protein/lipid ratio. The simplest way to control this is by keeping the 
concentration of protein low. However some techniques, most notably solid - state 
NMR and two - dimensional crystallography, require densely packed bilayers. In the 
case of solid - state NMR the problem is further compounded by the need for a 
homogenous sample, while for two - dimensional crystallography only relatively 
small patches of well - formed crystals are required. To form densely packed prote-
oliposomes extra care must be taken to develop a reconstitution process that is 
amiable to the protein. Furthermore, some strategies may be put in place to 
remove aggregated protein or empty liposomes. Ultracentrifugation and sucrose 
density gradients are particularly effective as empty liposomes will fl oat to the top, 
aggregates will hit the bottom of the tube, and proteoliposome will be suspended 
at some point in between. A further consideration is the length of time the whole 
process takes; many proteins are only marginally stable in detergents, hence it is 
preferable to get them into liposomes as quickly as possible. 

 The starting state for any reconstitution is some form of mixture of protein, 
detergent and lipid (more detail later). The reconstitution process is initiated by 
reducing the detergent concentration to the point where there is insuffi cient deter-
gent to mask the protein ’ s hydrophobic surfaces. The vast majority of protein 
reconstitutions are conducted by the three methods given below. Other protocols 
have also been tried and tested (e.g., size - exclusion chromatography) but these are 
in a small minority  [76] . 

   13.3.3.1    Dilution Method 
 The simplest reconstitution method is to start with a suspension of preformed 
liposomes into which a small volume of detergent - solubilized protein is diluted. 
The dilution should be great enough for the resulting concentration of detergent 
to be well below the CMC. Below this point the detergent monomers disaggregate, 
leaving the protein exposed. This method is often very effective, but relies on a 
large excess of lipid; many thousands of lipids to one protein. At higher protein 
or lower lipid concentrations the chances of protein aggregation occurring 
increases resulting in a mixed population of proteliposomes and inactive protein. 
The protein aggregates (and empty liposomes) can be separated from proteolipo-
somes using ultracentrifugation and density gradients, but nevertheless the dilu-
tion method is limited to the formation of sparsely populated liposomes. 

 The dilution method has been used to great effect when studying the refolding 
processes of membrane proteins for optical spectroscopy and activity or binding 
studies when the concentration of protein is not a strongly limiting factor in the 
experimental process  [22, 77 – 79] . If more densely packed proteoliposomes are 
required then alternative methods for detergent removal are called for.  
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   13.3.3.2    Dialysis versus Hydrophobic Absorption 
 The low cost and simplicity of dialysis meant it was once the most widely used 
method for removing detergents. Lipid – protein – detergent mixtures are placed in 
a bag or device with an appropriate cutoff membrane (smaller than the size of the 
micelle, normally 14   kDa is fi ne) and the solution is left to dialyze against a large 
volume of buffer that is changed regularly. The free detergent monomers are the 
only species that can traverse the membrane, so over a period of time the detergent 
concentration inside the bag will drop to a point where it can no longer maintain 
the solubility of the lipids and proteins, which then come out of solution in the 
form of proteoliposomes. 

 The major drawback of dialysis is that it can be a very long process as the rate 
of removal of detergent is dependent on the concentration of free detergent mono-
mers (given by the CMC). Detergents with high CMCs (and generally denaturing 
tendencies) such as  β  - OG and CHAPS are dialyzed away in a few days. However, 
using milder detergents with low CMCs, like DPC, DDM, and the Tritons, only 
extends the dialysis period; removing these detergents can take weeks, during 
which time the protein has ample opportunity to denature. Further disadvantages 
include the prospect of protein absorbing to the membrane and lack of control 
over the rate of dialysis, which will be dependent on numerous factors such as the 
stirring rate of the buffer, temperature, and the ever - changing relative concentra-
tions on either side of the membrane. 

 In contrast, hydrophobic absorption offers much greater fl exibility, control, and 
speed, and so is probably the best place to start when devising a new reconstitution 
procedure. It is now the most widely used reconstitution method having been 
successful with just about every class of membrane protein. Once again the guru 
of membrane protein reconstitution, Jean - Louis Rigaud, has provided several vital 
studies on the method  [80, 81] . This means that the processes involved in hydro-
phobic absorption of detergents are very well characterized. The method is quite 
simple; once again lipid – detergent – protein mixtures are made, but this time poly-
styrene hydrophobic absorbing materials such as Bio - beads or Amberlite are used 
to remove the detergent from the bulk solution. This can be achieved by a batch 
method, whereby beads are added to the mixture or alternatively the solution can 
be passed through a column of beads. These beads preferentially absorb the deter-
gent, leaving the protein and lipids to coalesce into proteoliposomes within a 
matter of minutes to hours. The binding capacity of the beads varies from deter-
gent to detergent, but these have been carefully determined for the most com-
monly used systems and so it is quite easy to calculate appropriate amounts  [75, 
80, 81] . Furthermore, by varying the amount of beads in the mix it is possible to 
precisely control the rate of detergent removal. One disadvantage is the beads do 
have a small affi nity for lipids so the fi nal protein/lipid ratio may vary from the 
starting point. However this problem can be mitigated by preincubating the beads 
with lipids. 

 Combinations and variations on these three detergent removal methods are also 
prevalent. For example, Bio - beads can be placed in the dialysis or dilution buffer 
to facilitate complete removal of detergent or the dilution method can be per-
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formed through multiple additions of protein to moderate the concentration of 
free protein and so limit aggregation.  

   13.3.3.3    Detergent Saturation 
 The starting state of the lipid – protein – detergent mixture can have a great effect 
on the effi ciency of the reconstitution process. At one extreme detergent - solubilized 
protein is simply added to preformed liposomes (as in the dilution method men-
tioned above), while at the other the whole system is solubilized to form mixed 
detergent – lipid – protein micelles  [12, 82 – 85] . However, the middle ground can 
prove the most effective  [12, 86 – 90] . Here, liposomes are saturated with detergent 
so that they are on the cusp of being solubilized. At this point the bilayer is 
extremely fl uid and as a consequence it is assumed that there is little barrier for 
the insertion of proteins. Excess detergent can then be removed using any of the 
methods given above. 

 The onset of saturation is accompanied by a dramatic increase in the turbidity 
of the suspension (Figure  13.5 ). Therefore, determining the saturation point is 
easily found by monitoring light scattering (optical density at 600   nm will suffi ce) 
and titrating in detergent. A maximum in the light scattering will be reached, fol-
lowed by a drop as the phase transition from liposomes to micelles is crossed. The 
detergent concentration at the zenith represents the saturation point after which 
liposomes start to break up into micelles.     

   13.3.4 
Lipid Composition 

 The composition of the host lipid bilayer can have a dramatic effect on the struc-
ture, function and stability of the host protein. The most striking examples are 

     Figure 13.5     Schematic 
depicting the transition from 
liposomes to micelles with 
increasing detergent 
concentration. The turbidity 
of the suspension increases 
(from point A) as detergent 
molecules partition into the 
liposomes and causes them 
to swell. A maximum turbidity 
is reached after which the 
liposomes begin to break up 
(point B) into micelles. 
Finally, all the lipids have 
been completely solubilized 
and only micelles remain, 
leaving a clear, nonturbid 
solution (point C). ( Adapted 
from  [91] . )  
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seen in the case of some bacterial secondary transporters. In  E. coli  lacking PE 
lipids several of these proteins do not fold to a functional state  [92 – 94] . The lipid 
effects on lactose permease (LacY) folding has been studied in most detail, for 
which it has been shown that PE lipid is not required to maintain protein function 
once it has folded. Furthermore, the protein does not have a dependency for a PE 
head - group  per se , as demonstrated by misfolding in the presence of lyso - PE  [95] . 
Interestingly, PE lipids can be interchanged with polyunsaturated monoglucosyl-
diacylglycerol  [96] , a lipid that imparts the same bilayer properties as the PE it 
replaces. It is still unclear what features of the PE lipids is required for proper 
LacY folding; charge, curvature stress, or specifi c interactions could all play a role. 
However, these studies clearly demonstrate that there is a complex interplay 
between proteins and their lipid environment. 

 Given the marked effect that lipids can have on proteins often the simplest 
approach when reconstituting proteoliposomes is to use a lipid mixture derived 
from the host (or related) organism. Consequently, bacterial membrane proteins 
are frequently reconstituted into  E. coli  lipid extracts  [83, 87, 90, 97, 98] , while egg 
yolk lipids are a fi rm favorite for reconstitution of eukaryotic proteins  [82, 84, 85, 
99, 100] . However it is not always practical or desirable to be limited to these 
complex and sometimes ill - defi ned mixtures. In that case careful consideration 
should be given to the nature of the lipids used in the reconstitution mix. 

   13.3.4.1    Hydrophobic Mismatch 
 The most obvious factor (and therefore the fi rst to be studied in any detail) is the 
hydrophobic thickness of the membrane. This is given by the area bounded by the 
glycerol groups on the opposite sides of the bilayer. For optimum activity and 
stability the hydrophobic thickness should match that of the hydrophobic surface 
of an embedded membrane protein. A mismatch between the two will lead to 
compensating distortions in the bilayer and/or protein as the system adjusts to 
minimize the hydrophobic surfaces exposed to the aqueous environment (Figure 
 13.6 ). One way in which this is achieved is by the lipids immediately around the 
protein adapting their chain lengths to match the hydrophobic thickness of the 
protein. This is performed by changes in the lipid alkyl chain order and concomi-
tant alteration in the phase of these lipids. For example, introducing a protein with 
a long hydrophobic length into a short - chain lipid bilayer can result in the annular 
lipids adopting a more gel - like phase characterized by extended, ordered chains. 
This phenomenon has been seen on multiple occasions using model peptides of 
varying lengths as well as polytopic membrane proteins (see review by Marsh and 
references therein  [101] ). However, the lipid alterations rarely compensate for the 
whole hydrophobic mismatch, the protein accommodates the rest.   

 The most extreme way in which the protein can react to hydrophobic mismatch 
is via aggregation to minimize exposed hydrophobic surfaces or even exclusion of 
the protein from the bilayer  [102 – 106] . The risk of these gross incidents occurring 
increases with higher protein to lipid ratios. Both these events will clearly have 
highly undesirable effects on protein activity. However, the mechanisms that 
proteins use to accommodate hydrophobic mismatch can manifest in many more 
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subtle ways. The transmembrane regions can tilt, kink  [107] , and even expand or 
contract. Altered tilts are most obvious with single span proteins and peptides 
 [108 – 111] ; however, this phenomenon is not generally enough to accommodate 
the mismatch and is usually accompanied by a change in bilayer properties. 
Changes in tilt angle have not as yet been observed for polytopic membrane pro-
teins, instead these larger proteins may have quite an surprising degree of plastic-
ity that allows them to alter their helical content to match the hydrophobic thickness 
of the bilayer  [112] . A particularly notable case is rhodopsin where protein in C14 
lipids has a helical content of 49%, which is increased to 57% in C18 lipids  [113] . 
This change corresponds to a quite staggering increase in helix length of around 
6 Å  or three to four amino acids per helix, enough to fully accommodate the thicker 
membrane! What is all the more surprising is that there is no noticeable change 
in protein activity or bilayer properties. Other proteins are not quite so tolerant; 
the activities of DGK and Ca 2 +   - ATPase are strongly modulated by the thickness of 
the bilayer  [103, 114, 115] . Both proteins have maximum activity in monounsatu-
rated C18 lipids while reconstituting into C14 or C24 lipids can reduce the activity 
by as much as 80%. These alterations in activity are not necessarily the result of 
a change in structure or stability, but instead may be caused by changes in equi-
libria between different conformational states or protein dynamics  [116]  or an 
inability of the protein to access its substrates. 

     Figure 13.6     Mechanisms by which proteins and lipid bilayers may accommodate hydrophobic 
mismatch.  
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 When designing a reconstitution system the hydrophobic length of the bilayer 
is one aspect that can be approached in a rational way by simply comparing the 
thickness of the native membrane with that on the proposed system. For example, 
rat liver plasma membrane contains 49% C18 lipids and 26% C16 lipids plus a 
signifi cant amount of cholesterol (around 20%)  [117] , which has an ordering effect 
that results in elongated lipid alkyl chains. Meanwhile,  E. coli  contains a much 
greater fraction of C16 lipids (49%), fewer C18 lipids (21%), and no sterols  [118] . 
These contrasting compositions can translate into signifi cantly different hydro-
phobic thicknesses; the hydrophobic length of a di(C16 : 1)PC bilayer is around 
26      compared to around 30      for di(C18 : 1)PC  [119] . Having said that, other factors 
may scupper the rational approach. For example, let us compare the preferences 
of Ca 2 +   - ATPase, derived from sacroplasmic reticulum with a plasma membrane 
Na,K - ATPase. The native membranes have similar lipid alkyl chain lengths and 
sterol contents, but in single component lipid systems the Ca 2 +   - ATPase is most 
active in C18 lipids  [103] , but the Na,K - ATPase displays maximum activity in C22 
lipids. However adding cholesterol into the mix shifts the Na,K - ATPase ’ s prefer-
ence to C18 lipids, and greatly increases its activity over and above that seen for 
C18 or C22 lipids alone  [120] . This implies either some specifi c dependency for 
cholesterol or that the sterol modulates the protein via some nonspecifi c alteration 
in the bilayer properties, possibly via changes in the bilayer ’ s elastic stress.  

   13.3.4.2    Curvature Elastic Stress 
 Biological membranes are composed of a plethora of different lipids  –  a diversity 
that is required to precisely maintain the fl uidity and elasticity of a membrane. 
Indeed, bacteria appear to go to great lengths to maintain these properties by 
changing the lipid compositions of their membranes in response to their environ-
ment  [121] . They do so to maintain the structural integrity of the membrane, but 
it is increasingly clear that membrane proteins ’  structure, function, and folding 
can also be altered as the fl uidity of the membrane changes. 

 The degree of fl uidity of a bilayer arises from its curved elastic stress. This can be 
explained by considering the relative volumes of a lipid ’ s head - group compared to 
its chain (Figure  13.7 a). For example, a lyso - PC, with its single chain and relatively 
large head - group, is approximately cone shaped with the point at the end of the 
chain. Thus, it will pack together curving away from the water to form micelles. In 
contrast, di(C18 : 1)PC is approximately rod shaped and so packs nicely into fl at 
bilayers. Meanwhile, PE and PA lipids have small head - groups compared to the 
chain region and unsaturated chains increase the chain volume compared to the 
head - group. Thus, unsaturated chains or small head - group lipids will pack with a 
curvature towards the water resulting in an inverse hexagonal phase. A lipid 
mixture containing PE and PC lipids is then in a quandary, the PC wants to form a 
bilayer, while the PE is a non - bilayer - forming lipid. The result is monolayers that 
have a desire to curve towards the water, but this is not possible, so instead they 
form fl at bilayers that are under stress (Figure  13.7 b). If more PE is added to the mix 
then eventually the PE will win out and the system will undergo a phase transition 
to the inverse hexagonal phase. Conversely, if lyso - lipids, detergents, or short - chain 
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     Figure 13.7     Schematic representation of (a) the shapes of lipids and the phases they prefer to 
adopt, (b) the manifestation of bilayer curvature stress, and (c) how bilayer stress can 
modulate membrane protein folding. ( Adapted from  [122] . )  

c)

a)

b)
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lipids are doped into PC bilayers the curvature stress is reduced and at a high 
enough lyso concentration the system will revert to a micellular phase (as in the 
detergent solubilized liposomes discussed earlier). Addition of other molecules will 
also cause changes in bilayer stress; sterols partition into the lower part of a monol-
ayer and so increase stress; alcohols tend to locate in head - group regions and so 
have the converse effect. It is also worth noting that even seemingly innocuous 
materials such as buffers can have surprising effects on bilayer properties  [123] .   

 Changing the composition of a bilayer can lead to an embedded membrane 
protein experiencing very different forces, and this in turn can have dramatic 
effects on the stability, refolding, and reconstitution processes. One of the fi rst 
demonstrations of this phenomenon was published in 1987 on reconstituted Ca 2 +   -
 ATPase. It was demonstrated that cholesterol markedly increased the protein ’ s 
thermal stability while ethanol and anesthetics (both of which reduce bilayer stress) 
had the reverse effect. Similar observations were made with a Ca 2 +  ,Mg 2 +   -  ATPase 
 [124] . Despite these observations a link between curvature stress and protein 
folding/stability was not clearly established until much later when in 2002 Meijberg 
and Booth performed a detailed thermodynamic study on the effect of bilayer stress 
on the insertion of a synthetic peptide  [125] . The peptide binds to bilayers, but 
only inserts at high pH. Thus, the insertion event can be triggered and followed 
in real - time. The system allowed the activation energy of insertion to be calculated, 
which increased with the fraction of di(C18 : 1)PE in the bilayer. The study clearly 
shows that insertion of a peptide becomes more diffi cult as the stress of the bilayer 
increases. Analogous experiments performed on polytopic membrane proteins 
reveal similar phenomena. The refolding effi ciency of EmrE and bR into predomi-
nantly PC bilayers are hindered by di(C18 : 1)PE and promoted by lyso lipids  [78, 
126] . However, this trend is bucked by DGK. Here, the refolding effi ciency of urea 
solubilized protein follows the opposite pattern, being promoted by di(C18 : 1)PE 
and hindered by lyso lipids  [127] . The apparent contradiction is reconciled with 
reference to the two - stage model of membrane protein folding whereby formation 
of transmembrane helices (stage 1) is followed by helix packing and folding (stage 
2)  [128] . The fi rst stage requires the protein to bind with and insert into the bilayer 
 –  a process that has been clearly shown to be hindered by increased curvature 
stress. The second stage requires the helices and possibly monomers to pack 
together and fold into the fi nal state  –  in this case, increased pressure in the 
membrane will  “ push and hold ”  the helices together (Figure  13.7 c). Thus, the 
limiting step in DGK folding may be the formation of the functional intertwined 
trimer  [6]   –  a process which is assisted by bilayer stress. In contrast, EmrE and bR 
require less help to fold, and are instead limited by their capacity to insert into the 
membrane in the fi rst place. This model is further born out by the observation 
that KcsA tetramers are destabilized by the addition of trifl uoroethane (which 
reduces bilayer stress) and are stabilized in the presence of PE lipids  [129] .  

   13.3.4.3    Specifi c Lipid Effects 
 The examples given above demonstrate a correlation between bilayer stress and 
hydrophobic match with modulation of protein behavior. However, we must 
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remember that correlation does not imply causality. A case in point is Band 3; the 
protein is stabilized by cholesterol and long alkyl chains, but destabilized by 
unsaturated chains. This demonstrates a much more complex situation than 
simply the protein ’ s reaction to bulk bilayer properties  [130] . Instead it is quite 
likely that a protein ’ s direct interactions with lipids may modulate its behavior. 
This is very clearly the case for DGK, where the presence of di(C18 : 1)PG leads 
to higher refolding yields, which might suggest a requirement for an anionic lipid. 
However, substituting di(C18 : 1)PG for equally anionic di(C18 : 1)PS fails to elicit 
the same response  [127] . There are numerous other examples of membrane pro-
teins requiring lipids to function; cardiolipin is essential for activity of bovine 
cytochrome  c  oxidase  [131]  and assembly of mitochondrial carrier proteins  [132] ; 
a voltage - dependent K  +   channel from  Aeropyrum pernix  needs to interact with lipid 
phosphate group  [133]  as well as a PE or PG head - group  [134] . Further compelling 
evidence comes from the majority of membrane protein crystal structures which 
contain bound lipids  [20, 135] .    

   13.4 
Making or Selecting a Stable Protein 

 The bulk of this chapter has concentrated on manipulating a protein ’ s environ-
ment in order to gain maximum stability and activity. Finally, we briefl y turn 
our attention towards the protein itself. Nature does not always evolve proteins to 
achieve maximum stability. Consequently, there may be some room for 
improvement. In fact, it appears that stabilizing mutations of detergent - solubilized 
membrane proteins are surprisingly common. Random mutagenesis of  β  - OG - 
solubilized DGK identifi ed 12 stabilizing point mutations and when four 
were combined the half - life of thermal inactivation went from 6 min at 55    ° C 
for wild - type to 35 min at 80    ° C  [136] . Similarly bR  [137] , KcsA  [138, 139]   β  2  -
 adrenergic receptor  [140] , and a neurotensin receptor  [141]  have all been signifi -
cantly stabilized by mutation. What is striking is the frequency with which 
stabilizing mutations crop up  –  it would appear that better than 10% are 
more stable than the wild - type protein. This is probably a refl ection of the fact 
that in all of the above examples the stability of the proteins has been tested 
in detergents and, of course, the proteins have not evolved to be stable in 
these simple membrane mimetics. Unfortunately, despite the high incidence 
of stabilizing mutants there appears to be little discernable rationale behind 
the substitutions ’  locations. Therefore, the best plan is to conduct a random 
screen. 

 Finally, before embarking on a protracted search for a stable mutant it is worth 
considering whether time would be better spent isolating a naturally thermostable 
candidate protein from a thermophilic organism. This strategy has proved fruitful 
with membrane protein crystallographers, yielding (at the time of writing) 16 
structures from eight different thermophilic bacteria ( http://blanco.biomol.uci.edu/
Membrane_Proteins_xtal.html#Latest ).  
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   13.5 
Conclusions 

 Reconstituting lipid protein systems and stabilizing membrane proteins is no longer 
the  “ black art ”  it once was. As shown here, there are many clearly defi ned and promis-
ing strategies one can take to optimize the conditions under which to keep the protein of 
choice. Despite this there are, unfortunately, very few, if any, hard and fast rules to 
follow, so a reasonable amount of trial and error is still par for the course.  

 Abbreviations 

  β  - OG      n  - Octyl -  β  -  d  - glucoside 
 bR     bacteriorhodopsin 
 C14 : 0PG     1 - myristoyl - 2 - hydroxy -  sn  - glycero - 3 - phosphoglycerol 
 C16 : 0/C18 : 1PC     1 - Palmitoyl - 2 - oleoyl -  sn  - glycero - 3 - phosphocholine 
 CFE     cell - free expression 
 CHAPS     3 - ((3 - Cholamidopropyl)
 dimethylammonio) - 1 - propanesulphonate 
 CHAPSO     3 - ((3 - Cholamidopropyl)
 dimethylammonio) - 2 - hydroxy - 1 - propanesulfonate 
 CMC     critical micelle concentration 
 DDM      n  - Dodecyl -  β  -  d  - maltoside 
 DGK     diacylglycerol kinase 
 di(C12 : 0)PC     1,2 - dilauroyl -  sn  - glycero - 3 - phosphocholine 
 di(C16 : 0)PC     1,2 - dipalmitoyl -  sn  - glycero - 3 - phosphocholine 
 di(C18 : 1)PA     1,2 - dioleoyl -  sn  - glycero - 3 - phosphosphate 
 di(C18 : 1)PC     1,2 - dioleoyl -  sn  - glycero - 3 - phosphocholine 
 di(C18 : 1)PE     1,2 - dioleoyl -  sn  - glycero - 3 - phosphoethanolamine 
 di(C18 : 1)PG     1,2 - dioleoyl -  sn  - glycero - 3 - phosphoglycerol 
 di(C18 : 1)PS     1,2 - dioleoyl -  sn  - glycero - 3 - phosphoserine 
 di(C6 : 0)PC     1,2 - dihexanoyl -  sn  - glycero - 3 - phosphocholine 
 DM      n  - decyl -  β  -  d  - maltoside 
 DPC     Dodecylphosphocholine 
 GPCR     G – protein - coupled receptor 
 LDAO     Lauryldimethylamine -  N  - oxide 
 MSP     membrane scaffold protein 
 NMR     nuclear magnetic resonance 
 PA     phosphatidate 
 PC     phosphocholine 
 PE     phosphoethanolamine 
 PG     phosphoglycerol 
 PS     phosphoserine 
 SDS     sodium dodecyl sulfate 
 VDAC     voltage - dependent anion channel 
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Rapid Optimization of Membrane Protein Production Using 
 G reen  F luorescent  P rotein - Fusions and  L emo21( DE 3)  
  Susan     Schlegel  ,     Mirjam     Klepsch  ,     Dimitra     Gialama  ,     David     Wickstr ö m  ,     David     Drew  , and    
  Jan - Willem     de     Gier       

    14.1 
Introduction 

 Optimizing the conditions for overexpression and purifi cation of membrane pro-
teins is usually a laborious and time - consuming process. In this chapter we 
describe in a protocol format how we identify the optimal conditions for the produc-
tion of membrane proteins for functional and structural studies using  Escherichia 

coli  as an overexpression host. We make use of membrane protein  Green Fluores-
cent Protein  ( GFP ) - fusions to screen for optimal expression, solubilization, and 
purifi cation conditions  [1 – 6] . The exceptionally stable GFP moiety, which is 
attached to the C - terminus of the membrane protein, can easily be monitored and 
visualized at any stage during the procedure. Membrane protein expression levels 
can be estimated through measuring fl uorescence in whole cells with a detection 
limit as low as 10    μ g GFP per liter of culture, and solubilization and purifi cation 
effi ciency can be determined by measuring GFP fl uorescence in solution  [4] . 
Importantly, GFP fl uorescence can be detected by standard sodium dodecyl sulfate –
 polyacrylamide gel electrophoresis (  SDS  –   PAGE ) with a detection limit of less than 
5   ng of GFP  [4] . In - gel fl uorescence allows rapid assessment of the integrity of 
membrane protein – GFP fusions and can also be used for quantifi cation. 

 To drive expression of the membrane protein of interest we utilize the widely 
used bacteriophage T7 - based pET/T7 -  RNA polymerase  (T7 -  RNAP ) expression plat-
form, in which expression of the gene encoding the target protein is governed by 
the T7 - RNAP. As an overexpression host we use the BL21(DE3) - derived strain 
Lemo21(DE3). BL21(DE3) and its derivatives have a chromosomal copy of the T7 -
 RNAP gene under the control of the Isopropyl  β -D-1-thiogalactopyranoside (IPTG) -
 inducible  lac UV5 promoter  [7] . Upon addition of IPTG, repression of the  lac UV5 
promoter is released leading to expression of the gene encoding the target protein. 
In BL21(DE3) T7 - RNAP activity is very strong and fi xed. In contrast, in Lemo21(DE3) 
the activity of the T7 - RNAP can be precisely tuned by coexpression of its natural 
inhibitor T7 lysozyme from the pLemo plasmid  [8] . The pLemo plasmid is derived 
from pACYC184 and the expression of the gene encoding T7 lysozyme is controlled 
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     Figure 14.1     Characterization of 
Lemo21(DE3). In all experiments, 
Lemo21(DE3) overexpressed YidC - GFP in the 
presence of the indicated amounts of 

 l  - rhamnose. Growth (a) and expression (b) 
of YidC - GFP were monitored by measuring 
the OD 600  and GFP fl uorescence, respectively, 
every 1 – 2   h.  

a) b)

by the rhamnose promoter  [8] . This promoter is extremely well titratable and covers 
a broad range of expression intensities  [9] . The Lemo21(DE3) strain is tunable for 
membrane protein overexpression and conveniently allows optimizing the overex-
pression of any given membrane protein using only a single strain. The combina-
tion of the  lac UV5 and the rhamnose promoter governing expression of T7 - RNAP 
from the chromosome and T7 lysozyme from pLemo, respectively, guarantees the 
widest window of expression intensities possible. Therefore, in the Lemo21(DE3) 
strain the amount of membrane protein produced can be easily harmonized with the 
membrane protein biogenesis capacity of the cell  [8, 10] . This harmonization will alle-
viate the toxic effects of membrane protein overexpression  [8] . This will lead to the 
formation of more biomass that can overexpress membrane proteins resulting in 
increased yields (Figure  14.1 ). It should be noted that for a small number of overex-
pressed membrane proteins we have observed that in Lemo21(DE3) the membrane 
protein biogenesis capacity is suffi cient without any inhibition of T7 - RNAP activity by 
T7 lysozyme  [8] . The generality and simplicity of this  “ all - in - one ”  solution for mem-
brane protein expression in  Escherichia coli  guarantees the rapid identifi cation of the 
conditions for the optimal overexpression yields of membrane proteins.    

   14.2 
Main Protocol (Figure  14.2 )     

   14.2.1 
Determination of Membrane Protein Topology and Selection of Expression Vector 

 Using a membrane protein – GFP fusion to optimize expression/purifi cation 
requires that the membrane protein of interest have a C in  topology. Only in the 
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cytoplasm of  E. coli  does GFP fold correctly and become fl uorescent  [3, 11] . If the 
topology of the protein of interest is not known, use a topology predictor (e.g., 
MEMSAT3  [12] , TOPCONS  [13] , or both). If the membrane protein has a C out  
topology the membrane protein can be extended with one transmembrane 
segment, like the transmembrane segment of glycophorin A  [14] , at the C - terminus. 
Fusing GFP to the N - terminus of N in /C out  membrane proteins is not recom-
mended as the GFP moiety may interfere with the targeting of the protein to the 
membrane and its folding  [15] . 

 In our laboratories, we routinely use the pGFPd and e overexpression vectors 
 [4] . These vectors are both derived from pET28a( + ) and contain a  tobacco etch virus  
( TEV ) protease cleavage site between the multiple cloning site and the genetic 
information encoding the GFP - His 8  moiety. The pGFPd and e vectors confer 
resistance to kanamycin. Kanamycin resistance is preferred to ampicillin resist-
ance for membrane protein overexpression. The antibiotic kanamycin binds to the 
30S subunit of the prokaryotic ribosome. Its resistance gene codes for a cytoplas-
mic protein. The antibiotic ampicillin interferes with the biogenesis of the pepti-
doglycan layer in the periplasm and is neutralized by the protein encoded by the 
ampicillin resistance gene,  β  - lactamase. To reach the periplasm,  β  - lactamase must 
be translocated through the same protein - conducting channel in the cytoplasmic 
membrane that is also involved in mediating the biogenesis of membrane proteins 
into the cytoplasmic membrane. Therefore, the use of the ampicillin resistance 
marker during membrane protein overexpression would unnecessarily use up 
capacity of this protein - conducting channel. 

     Figure 14.2     Flowchart illustrating the optimization of membrane protein production using 
GFP - fusions and Lemo21(DE3).  
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 For equipment needed and composition of reagents/buffers, we refer to the 
materials section at the end of the protocol (Section  14.3 ).  

   14.2.2 
Identifi cation of the Optimal Expression Conditions in  L emo21( DE 3) Using 
Whole - Cell and In - Gel Fluorescence 

 The fi rst step in optimizing membrane protein overexpression using Lemo21(DE3) 
is to identify the concentration of  l  - rhamnose that gives the highest expression 
yields (i.e., the highest amount of full - length membrane protein – GFP fusion/ml 
of culture). We standard perform the initial screen at 30    ° C since we have noticed 
that using different temperatures with Lemo21(DE3) usually does not lead to 
improved overexpression yields. The following steps refer to the screening for one 
construct, but many constructs can be screened in parallel.

   1)     Transform the expression vector encoding the membrane protein – GFP 
fusion of interest into Lemo21(DE3). Always use fresh transformants (not 
older than 4 – 5 days) for overexpression experiments. 

  Note: The use of glycerol stocks as starting material can lead to severe reduction of 

expression yields and is not recommended .  

  2)     Set up an overnight culture in a 15 - ml Falcon tube containing 3   ml LB 
medium with 34    μ g/ml chloramphenicol (for maintaining pLemo) and the 
corresponding antibiotic for the expression vector used (50    μ g/ml kanamycin 
for pGFPd/e). Incubate in a shaking incubator at 30    ° C, 220   rpm. 

  Note: If  “ leaky ”  expression of the target membrane protein is toxic, the addition of  l  -

 rhamnose to the plates used for the transformation and the overnight culture will reduce 

the toxicity of the  “ leaky ”  expression.   

  3)     Prepare eight 50 - ml Falcon tubes with 12   ml LB medium each, containing 
the appropriate antibiotics. Add  l  - rhamnose to seven of the Falcon tubes to 
a fi nal concentration of 10, 50, 100, 250, 500, 1000, and 2000    μ M. 

  Note: We use these concentrations of  l  - rhamnose by default for the overexpression 

screening but they may of course be adapted.   

  4)     Inoculate each Falcon tube with a 50 - fold dilution of the overnight culture. 
Incubate at 30    ° C, 220   rpm and monitor the OD 600  of the cultures.  

  5)     At an OD 600  of around 0.4 – 0.5 (this OD 600  will be reached approximately 
2 – 2.5   h after inoculation) induce expression of the membrane protein – GFP 
fusion by adding IPTG to a fi nal concentration of 0.4   mM. At 4, 8 and 24   h 
after induction take 1   ml of culture for whole - cell fl uorescence measure-
ments using a plate reader (see Step 8). Simultaneously, take 100    μ l for OD 600  
measurements and approximately 500    μ l for measuring in - gel fl uorescence 
(see Steps 9 – 14). The whole - cell and in - gel fl uorescence measurements will 
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allow determining the optimal concentration of  l  - rhamnose for the overex-
pression of a membrane protein. 

  Note: As mentioned above, screening at different temperatures usually does not lead to 

improved overexpression yields in Lemo21(DE3). However, if severe degradation of the 

membrane protein – GFP fusion is observed, a switch to lower expression temperatures or 

a shortening of induction times may be considered. Expression at lower temperatures 

usually results in a different optimal  l  - rhamnose concentration .  

  6)     Transfer 1   ml of culture volume to a 1.5 - ml Eppendorf tube and collect the 
cells by centrifugation for 2   min at 15   700    g . Carefully remove the 
supernatant.  

  7)     Resuspend the pellet in 100    μ l ice - cold PBS and leave it on ice for at least 
30   min. This will allow the GFP moiety to fold. Alternatively, wash the cell 
pellet once in between using 1   ml ice - cold PBS and repeat the centrifugation 
step.  

  8)     Transfer the 100 -  μ l suspension into to a black Nunc 96 - well optical bottom 
plate and measure GFP fl uorescence (emission: 512   nm, excitation: 485   nm) 
in a microtiter plate spectrofl uorometer. For maximal sensitivity select the 
option  “ bottom read. ”  

  Note: The use of a black Nunc 96 - well optical bottom plate is recommended to reduce 

background signal due to stray light. To estimate membrane protein overexpression 

levels from whole - cell fl uorescence, see  “ Expression and isolation of GFP - His 8  ”  (Section  
  14.4   ). Measuring whole - cell fl uorescence does not allow discriminating between the 

full - length fusion protein and degradation products. GFP is an exceptionally stable 

molecule and remains fl uorescent even if the membrane protein of interest has been 

degraded. The level of background fl uorescence is usually quite low, but can lead to 

overestimation of membrane protein expression yields especially if protein expression 

levels are very low. Measure whole - cell fl uorescence of cells harboring an empty expres-

sion vector to account for background fl uorescence. If expression yields are lower than 

200    µ g/l, the signal - to - noise ratio may be improved by increasing the amount of cells 

analyzed; use 5   ml of culture for fl uorescence measurements.   

  9)     To measure in - gel fl uorescence harvest the cells from approximately 500    μ l 
of culture volume by centrifugation for 2   min at 15   700    g . Carefully remove 
the supernatant.  

  10)     Measure the OD 600  of the culture using an appropriate dilution. 

  Note: OD 600  values vary between different spectrophotometers. Make sure the measured 

values are within the linear range of the spectrophotometer.   

  11)     Resuspend the cell pellets in PBS to an equal OD 600  (we dilute to a fi nal con-
centration of 0.2 ODU/10    μ l PBS). Add an equal volume of SB buffer to each 
suspension (fi nal concentration 0.1 ODU/10    μ l solution). Ensure homogene-
ity of the cell suspension. If available different concentrations of purifi ed GFP 
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of a known concentration (see  “ Expression and isolation of GFP - His 8  ”  
(Section   14.4  )) may be included in the analysis from here on. This will allow 
for an accurate estimation of overexpression yields, and help to discriminate 
between the full - length membrane protein – GFP fusion and degradation 
products. 

  Note: Instead of adjusting the cell suspensions to the same OD 600  they may also be 

adjusted to the same fl uorescence levels (useful if screening various constructs with dif-

ferent expression levels as determined by whole - cell fl uorescence). That way, weak bands 

can be detected easily without interference from neighboring, stronger bands.   

  12)     Incubate all samples (cell suspensions and purifi ed GFP) for 5 – 10   min at 
37    ° C. 

  Note: Incubation at temperatures higher than 37    ° C is not recommended as this can 

lead to aggregation of membrane proteins and loss of GFP fl uorescence. If frozen cells 

are used add MgCl 2  to a fi nal concentration of 1   mM and DNase I/benzonase (1 – 5 

units/10    µ l) to the samples and incubate for 15   min on ice before adding SB buffer to 

yield a homogenous suspension.   

  13)     Analyze a fraction of each sample corresponding to 0.1 – 0.2 ODU by means 
of standard SDS – PAGE including an appropriate molecular weight marker.  

  14)     Rinse the gel with distilled water and detect in - gel fl uorescence with a CCD 
camera system. Expose the gel to blue light at 460   nm and capture images 
with increasing exposure time until the desired band intensity is reached. 
Fluorescence intensities can be quantifi ed using appropriate software and 
expression yields estimated by comparing intensities to a GFP reference 
sample of known concentration. 

  Note: GFP - His 8  has a molecular weight of approximately 28   kDa; however, GFP 

remains folded in SDS and the apparent molecular weight in SDS gels is lower (approxi-

mately 20   kDa). For a protocol for the overexpression and isolation of GFP - His 8 , see 

 “ Expression and isolation of GFP - His 8  ”  (Section   14.4  ).   

  15)     Stain the gel for 2   h in Coomassie staining solution and destain in destaining 
solution.     

   14.2.3 
Scaling Up of Expression and Isolation of Membranes 

 In this protocol we use 2.5 - l baffl ed shaker fl asks for scaling up the expression. 
However, it is also possible to use fermenters (we have successfully used 15 - l 
fermenters for scaling up expression using Lemo21(DE3)).

   16)     Setup an overnight culture in a 200 - ml shaker fl ask containing 20   ml LB 
medium with the appropriate antibiotics (see Step 2). Incubate at 30    ° C, 
220   rpm in a shaking incubator.  
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  17)     Inoculate 1   l of LB medium (with appropriate antibiotics and the optimal 
concentration of  l  - rhamnose as determined in Step 5) with the overnight 
culture in a 2.5   l baffl ed shaker fl ask and incubate at 30    ° C, 220   rpm.  

  18)     Induce protein expression as described before, at an OD 600  of approximately 
0.4 – 0.5 using 0.4   mM IPTG (fi nal concentration) for the time determined to 
be optimal by the overexpression screen. Before harvesting the cells take 1   ml 
of culture for measuring whole - cell fl uorescence. 

  Note: From here on, all steps should be carried out on ice or at 4    ° C. Centrifugation steps 

are performed at 4    ° C.   

  19)     Harvest the cells by centrifugation for 20   min at 6200    g . Discard the super-
natant and carefully resuspend the pellet in 50   ml ice - cold PBS.  

  20)     Pellet the cells according to the previous step, discard the supernatant, and 
resuspend the pellet in 10   ml ice cold PBS. If needed, the pellet or the sus-
pension can be frozen in liquid nitrogen and stored at  − 80    ° C up to 6 months. 
Freezing and thawing may facilitate breaking the cells.  

  21)     Add 1   mg/ml Pefabloc SC (or another protease inhibitor mix of your choice), 
1   mM EDTA, and 0.5   mg/ml lysozyme (fi nal concentration), and incubate on 
ice for 30 – 60   min. Subsequently, add 5    μ g/ml DNase I and 2   mM MgCl 2 , and 
incubate for another 10 – 15   min. Break the cells using a French press 
(18   000   psi for at least two cycles) or a method of your choice. Most cells are 
broken when the suspension has turned translucent. 

  Note: The lysozyme version, LysY, expressed by Lemo21(DE3) is not lytic   [8]  . Adding 

lysozyme is not essential; however, it facilitates breaking the cells. Other methods than 

French pressing to break cells (e.g., Constant Systems cell disrupter or sonication) can 

be used.   

  22)     Clear the suspension of unbroken cells/debris by centrifugation at 24   000    g  
for 20   min. Transfer the supernatant (containing the membranes) to a clean 
tube and repeat the centrifugation step.  

  23)     To collect the membranes, centrifuge the supernatant for 45   min at 150   000    g . 
Discard the supernatant and resuspend the membrane pellet in 10   ml ice -
 cold PBS using a disposable 10 - ml syringe with a 21 - gage needle.  

  24)     Fill up the centrifugation tube with ice - cold PBS and harvest the membranes 
once more for 45   min at 150   000    g . This step will remove residual EDTA 
which otherwise would interfere with the  immobilized metal - affi nity chro-
matography  ( IMAC ) later on.  

  25)     Resuspend the membrane pellet in 5   ml ice - cold PBS essentially as described 
before. Determine protein concentration with a standard BCA assay. 

  Note: If desired, membrane suspensions may be frozen in liquid nitrogen and stored at 

 − 80    ° C for up to 6 months. However, some membrane protein crystallographers avoid 
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freezing and storing of membranes, and continue with purifi cation immediately as 

repeated freezing/thawing may negatively affect the material.      

   14.2.4 
Identifi cation of a Suitable Detergent Using Fluorescence - Detection 
Size - Exclusion Chromatography 

 Next, a detergent has to be identifi ed that can be used to extract the overexpressed 
membrane protein from the membrane optimally. Importantly, the membrane 
protein should remain stable in the detergent used. Each detergent has a specifi c 
 critical micellar concentration  ( CMC ) that depends on both the temperature and 
composition of the solubilization buffer used (e.g., salt content and pH). To effi -
ciently solubilize a membrane protein work well above the CMC of a detergent. 
In Table  14.1  we have listed the detergents and their concentrations we routinely 
use for the solubilization of membranes.

   26)     Adjust the portion of the membrane suspension used for detergent screening 
to a concentration of 3.75   mg of protein/ml. This will yield a fi nal protein con-
centration of 3   mg/ml in the next step. Transfer aliquots of 800    μ l of membrane 
suspension into 1.5 - ml Beckman pollyallomer microcentrifuge tubes.    

  27)     Dissolve the detergents to be screened for in PBS to 5    ×    the fi nal 
concentration.  

  28)     Add 200    μ l of each detergent to each of the tubes and incubate the samples 
for 1   h under mild agitation.  

  Table 14.1    Detergents. 

   Name     Type  a)       Molecular 
weight  

   Aggregation 
number  b)    

   CMC (mM)  c)       CMC (% w/v)  c)       Percentage for 
solubilization (%)  d)    

  DDM    N    510.6    78 – 149    0.17    0.0087    1  
  UDM    N    496.6    74    0.59    0.029    1  
  DM    N    482.6    69    1.8    0.087    1  
  Cymal 7    N    522.5      –    0.19    0.0099    1  
  Cymal 6    N    508.5    63    0.56    0.028    2  
  nOG    N    292.4    78    18    0.53    2  
  LDAO    Z    229.4    76    1 – 2    0.023    1  
  CHAPS    Z    614.9    10    8    0.49    1  
  Triton X - 100    N    647    75 – 165    0.23    0.015    1 (v/v)  

    a)      N    =    nonionic, Z    =    zwitterionic.  
   b)      Molecular weight of the micelle divided by the 

molecular weight of the detergent.  
   c)      CMC depends on temperature and solution 

conditions. For solubilizing and purifi cation of 
membrane proteins one has to always work above 
the CMC.  

   d)      Percentage (w/v) of detergent as used in the 
detergent screen (Steps 26 – 32).  

  Suppliers like Anatrace sell different detergent 
grades; some crystallographers prefer the highest 
grade (e.g., Anagrade), but for most applications 
less - expensive alternatives (e.g., Sol - Grade) are 
suffi cient.   
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  29)     Pellet nonsolubilized material by centrifugation for 45   min at 100   000    g .  

  30)     Transfer the supernatant to a clean tube and measure GFP fl uorescence in 
100    μ l of the supernatant (see Step 8). To determine the percentage of deter-
gent solubilized GFP resuspend the nonsolubilized pelleted membranes in 
the same buffer volume and compare fl uorescence to that of the detergent 
solubilized membranes.  

  31)     Repeat Steps 26 – 30 to determine the optimal protein to detergent ratio with 
the best detergent (as established in Step 30). Keep the percentage of deter-
gent constant but increase the amount of protein (starting from 3   mg/ml). 
The optimal protein to detergent ratio is the point at which linear increase 
in protein still yields a linear increase in GFP fl uorescence. 

  Note: None of the detergents listed in Table    14.1    interferes with GFP fl uorescence.   

  32)     To assess the stability of a membrane protein – GFP fusion in a particular 
detergent its monodispersity in this detergent can be rapidly 
monitored by  size - exclusion column chromatography  ( SEC ) followed by frac-
tionation into a 96 - well plate for measuring the fl uorescence in each well 
(Step 8)  [5, 6] . 

  Note: As originally outlined by Kawate and Gouaux, an in - line detector, such as a 

Prominence    high - performance liquid chromatography   (  HPLC   ) device (Shimadzu) can 

be used for higher sensitivity   [14]  . Notably, fl uorescence - detection SEC (  (  FSEC   ) has also 

successfully been used to screen for optimal solubilization conditions using whole cells as 

starting material (e.g.,   [14, 16, 17]  ). In addition, it is to be kept in mind that the addi-

tion of lipids to the buffers used for the purifi cation of a membrane protein can consider-

ably improve the quality of the isolated material (e.g.,   [18]  ).      

   14.2.5 
Purifi cation of the Membrane Protein  GFP  - Fusion and Recovery of the Membrane 
Protein from the Fusion 

    33)     Solubilize the membranes, using the established optimal protein/detergent 
ratio by incubating membrane – detergent mixture for 1   h under mild 
agitation.  

  34)     Pellet unsolubilized material by centrifugation for 45   min at 100   000    g  and 
transfer the supernatant to a fresh tube. Take 100    μ l of the supernatant to 
measure GFP fl uorescence as described in Step 8 and estimate the percent-
age of solubilization (see Step 30). Keep another 100    μ l for subsequent analy-
sis of the purifi cation as described below (Steps 44 – 45).  

  35)     Pack a XK 16/20 column with Ni - NTA resin (binding capacity 50   mg of 
protein/ml resin). It is recommended to use an excess of resin; we use 
around 1   ml of Ni - NTA resin per milligram of membrane protein – GFP 
fusion to be purifi ed, but this can easily be scaled down.  
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  36)     Equilibrate the Ni - NTA column with fi ve column volumes of Buffer A.  

  37)     Add imidazole to a fi nal concentration of 10   mM to the solubilized mem-
branes, and load them onto the Ni - NTA column at a fl ow rate of approxi-
mately 0.3 – 0.5   ml/min.  

  38)     Wash the column with around 20 column volumes of 4% Buffer B (see 
Section  14.3 ) at a fl ow rate of 1   ml/min to remove contaminants  

  39)     Wash with a gradient of 4 – 25% Buffer B over 20 column volumes at a fl ow 
rate of 1   ml/min and collect fractions. 

  Note: Once the wash and elution conditions have been established, step gradients instead 

of continuous gradients can be used: wash for 20 column volumes at 2% less than the 

highest percentage of Buffer B where protein was still bound to the column.   

  40)     Elute the membrane protein – GFP fusion with 50% Buffer B at a fl ow rate 
of 1   ml/min and collect all fractions. 

  Note: Save 100 -  µ l samples from fl ow - through, wash, and elution fractions (store at 4    ° C). 

These will later be used to assess the quality and integrity of the purifi ed material (see 

Steps 44 and 45).   

  41)     Measure GFP fl uorescence in the different fractions (fl ow - through, wash, 
elution). 

  Note: If the amount of overexpressed protein has exceeded the capacities of the purifi ca-

tion system this will be evident as a fl uorescence signal in the fl ow - through fraction. To 

increase the yield of the membrane protein – GFP fusion increase the bed volume or, if 

necessary, change to a volume with a larger diameter. In case of nonspecifi c binding of 

membrane protein to Ni - NTA resin, add 5 – 10   mM imidazole to buffer used in batch 

binding.   

  42)     Determine the amount of membrane protein – GFP fusion in each fraction 
as described in  “ Expression and isolation of GFP - His 8  ”  (Section  14.4 ). 

  Note: The use of the BCA assay to estimate the amount of fusion protein in the fractions 

is not recommended as the BCA assay measures total protein and the presence of con-

taminants may lead to misestimating expression yields. Additionally, the imidazole used 

for elution cross - reacts with the assay at concentrations above 50   mM (  http://
www.piercenet.com/fi les/1296dh4.pdf) .  

  43)     To recover the membrane protein from the membrane protein – GFP 
fusion incubate the membrane protein – GFP fusion with His - tagged TEV 
protease for 10   h or overnight at 4    ° C (or another site - specifi c protease if a 
different cleavage site was chosen). Dialyze into an appropriate crystallization 
buffer. 

  Note: For commonly used detergents like DDM and Triton X - 100 equimolar amounts 

of TEV protease typically suffi ce for a complete overnight digest. We generally dialyze 
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into a crystallization buffer containing 20   mM Tris - HCl, pH 7.5, 150   mM NaCl and 

the concentration of detergent at 3 times the CMC.   

  44)     Determine total protein concentrations in the different, fractions (including 
the ones saved from the IMAC purifi cation) using the BCA assay.  

  45)     Add an appropriate amount of protein in a 10 -  μ l volume to 10    μ l of SB buffer. 
Analyze the different fractions using SDS – PAGE followed by in - gel fl uores-
cence and Coomassie staining/destaining. This will allow assessing the effi -
ciency of the IMAC purifi cation (binding/elution of the membrane protein 
fusion), the integrity of the fusion protein, and the effi ciency of protease 
cleavage. 

  Note: The different fractions obtained after purifi cation may of course also be analyzed 

accordingly before proceeding with protease cleavage.   

  46)     If the protease digest was complete, pass the digest through a 0.22 -  μ M fi lter 
to remove any precipitation and then load the digested material through a 
5 - ml His - Trap ™  column either by the use of a peristaltic pump or an appro-
priate sized syringe and collect the fl ow - through. The recovered fraction 
should not be fl uorescent! 

  Note: As some membrane proteins are sensitive to high concentrations of imidazole we 

prefer to use the more weakly binding Ni - NTA resin in the fi rst IMAC step in 35. 

However, for removal of the tag and of contaminants such as AcrB   [19]  ) the His - Trap ™  

column is preferred as it has better binding capacity.   

  47)     Wash the column with 20   ml of crystallization buffer containing 30   mM 
imidiazole and collect the fl ow - through. Repeat this step with buffer contain-
ing 250   mM imidiazole. Concentrate the digest in Centricon concentrators 
to around 0.5   ml using an appropriate molecular weight cut - off and measure 
concentration of protein in each fraction. 

  Note: As untagged protein can still bind to the resin we include an additional wash step 

to ensure that all untagged protein is recovered.   

  48)     Analyze the purifi ed protein found typically in the fi rst fraction by standard 
gel fi ltration using a Superdex 200 10/30. At this stage one symmetric peak 
similar to that observed by FSEC in Step 32 is expected.  

  49)     If the protein is to be used for crystallization trials concentrate to around 
5 – 10   mg/ml in Centricon concentrators using an molecular weight cut - off as 
large as possible to minimize over - concentration of free detergent. Excessive 
detergent can interfere with crystallization. 

  Note: This is more problematic with mild detergents that have a large micelle - size (e.g., 

DDM is 72   kDa)   [20]  . Typically we start with 100 - kDa cut - off concentrators and only 

change to 50   kDa if our target protein is present in our 100 - kDa concentrator fl ow -

 through fraction.       



 402  14 Rapid Optimization of Membrane Protein Production

   14.3 
Materials 

   14.3.1 
Reagents 

     •      BCA protein assay kit (Pierce).  

   •      Buffer A: PBS with 0.1% DDM (or other detergent at 5    ×    CMC (for CMCs, see 
Table  14.1 )).  

   •      Buffer B: 500   mM imidazole in Buffer A.  

   •      Buffer C: 20   mM Tris - HCl (pH 7.5), 5   mM EDTA (pH 8), and 100   mM NaCl.  

   •       3((3 - Cholamidopropyl)dimethylammonio)propanesulfonic acid  ( CHAPS ) 
(Sigma), 10% (w/v).  

   •      Chloramphenicol (Sigma), 34   mg/ml stock solution in ethanol.  

   •      Coomassie staining solution: Coomassie Brilliant Blue R - 250 (Fluka) 0.1%, 
40% (v/v) methanol, 7% (v/v) acetic acid.  

   •      Cymal 6 (Anatrace), 10% (w/v).  

   •      Cymal 7 (Anatrace), 10% (w/v).  

   •      Destaining solution: 30% (v/v) methanol, 10% (v/v) acetic acid.  

   •      DNase I from bovine pancreas Type IV lyophilized powder (Sigma).  

   •      Imidazole, for molecular biology, minimum 99% (Sigma).  

   •       Isopropyl  β  -  d  - 1 - thiogalactopyranoside  ( IPTG ) (Saveen), 1   M solution, fi lter 
sterilized.  

   •      Kanamycin monosulfate (Sigma), 50   mg/ml stock solution, fi lter sterilized.  

   •      Lemo21(DE3) can be obtained from Xbrane Bioscience AB ( www.xbrane.com ) 
or from New England Biolabs as competent cells ( http://www.neb.com/
nebecomm/products/productC2528.asp ).  

   •       l  - Rhamnose (Sigma).  

   •       Lysogeny broth  ( LB  medium) (Difco) LB medium is usually referred to as Luria 
Bertani broth.  

   •      MgCl 2 , 1   M solution.  

   •       N , N  - Dimethyldodecylamine  N  - oxide ( lauryldimethylamine - oxide  ( LDAO )) 
(Fluka), 10% (w/v).  

   •        n  - Decyl -  β  -  d  - maltopyranoside  ( DM ) (Anatrace), 20% (w/v).  

   •        n  - Dodecyl -  β  -  d  - maltopyranoside  ( DDM ) (Anatrace), 20% (w/v).  
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   •      Ni - NTA Superfl ow (Qiagen).  

   •        n  - Octyl -  β  -  d  - glucopyranoside  ( nOG ) (Anatrace), 20% (w/v).  

   •        n  - Undecyl -  β  -  d  - maltopyranoside  ( UDM ) (Anatrace), 20% (w/v).  

   •       Phosphate - buffered saline  ( PBS ): 1.44   g Na 2 HPO 4  · 2H 2 O (8.1   mM phosphate), 
0.25   g KH 2 PO 4  (1.9   mM phosphate), 8.00   g NaCl, 0.2   g KCl in 1000   ml H 2 O; 
adjust pH to 7.4 using 1   M NaOH or 1   M HCl.  

   •      Pefabloc SC (Biomol).  

   •       Solubilization buffer  ( SB ): 200   mM Tris - HCl, pH 8.8, 20% glycerol, 5   mM 
EDTA, pH 8.0, 0.02% Bromphenol Blue, make aliquots of 700    μ l and keep at 
 − 20    ° C. Before use, add 200    μ l 20% SDS and 100    μ l 0.5   M dithiothreitol.  

   •      Triton X - 100 (Sigma), 20% (v/v).     

   14.3.2 
Equipment 

     •       Ä KTAprime or higher  Ä kta system (GE Healthcare).  
   •      Beckman pollyallomer 1.5 - ml microcentrifuge tubes.  
   •      Beckman TLA100 benchtop ultracentrifuge equipped with Beckman TLA100 rotor.  
   •      Centricon centrifugal fi lter unit (Millipore); cut - off 30   000, 50   000, and 100   000 

nominal molecular weight limit) depending on size of protein and detergent.  
   •      LAS - 1000 CCD camera system (Fujifi lm).  
   •      Nunc 96 - well optical bottom plate, black (Nunc).  
   •      Poly - Prep chromatography columns (Bio - Rad).  
   •      Shaking incubator with temperature control (we use New Brunswick Innova 

44 shakers).  
   •      SpectraMaxGeminiEM microplate spectrofl uorometer (Molecular Devices).  
   •      Superdex 200   10/300   GL Tricorn gel fi ltration column (GE Healthcare).  
   •      Thermomixer comfort (Eppendorf) equipped with thermoblocks for 1.5 - ml 

microcentrifuge tubes.  
   •      Tunair 2.5 - l baffl ed shaker fl asks.  
   •      UV - 1601 UV/Vis spectrophotometer (Shimadzu).  
   •      XK 16/20 column (GE Healthcare) or larger column.      

   14.4 
Expression and Isolation of  GFP  - His 8  

 Both whole - cell fl uorescence and in - gel fl uorescence can be used to estimate 
expression yields and require purifi ed GFP - His 8  as a reference. For a detailed 
protocol, see  [4] . For the sake of completeness, we outline a slightly modifi ed 
version of the protocol below.
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   1)     Transform Lemo21(DE3) with a plasmid encoding GFP fused to a His 8  puri-
fi cation tag. We standard use pET20bGFP - His 8  (Amp R )  [4] .  

  2)     When using Lemo21(DE3) to express GFP - His 8  add  l  - rhamnose to a fi nal 
concentration of 750    μ M, chloroamphenicol (34    μ g/ml), and ampicillin 
(100    μ g/ml)  [8] .  

  3)     Express GFP - His 8  for approximately 8   h as described in Steps 16 – 18 and 
process the cells according to Steps 19 – 22. Proceed with the supernatant 
rather than the pellet from Step 22.  

  4)     Purify GFP - His 8  according to the purifi cation procedure outlined in Steps 
31 – 41 in the main protocol. 

  Note: Wash the Ni - NTA column with 20 column volumes of 10% Buffer B and elute 

with 50% Buffer B.   

  5)     Pool the major GFP - His 8  - containing fractions (as determined by fl uorescence) 
and dialyze overnight in Buffer C. As soluble GFP - His 8  is expressed to very 
high yields and serves as a reference only it is not essential to retain all of it, 
but the protein should contain as little contaminants as possible.  

  6)     Determine the protein concentration using a BCA assay according to the 
instructions of the manufacturer and measure GFP fl uorescence from 0.01 to 
0.3   mg/ml GFP - His 8 . Check the purity of GFP - His 8  by using standard SDS –
 PAGE followed by Coomassie staining/destaining.  

  7)     Plot the GFP fl uorescence versus the protein concentration and use the slope 
of the plot to convert the GFP fl uorescence from any 100 -  μ l sample to mg/ml 
of GFP - His 8 .  

  8)     Estimate expression yields by dividing the molecular weight of the expressed 
membrane protein – GFP fusion by 28   kDa (molecular weight of GFP - His 8 ) and 
multiply the obtained value with the amount of GFP - His 8  as determined in 
the previous step. 

  Note: GFP fl uorescence is dampened by whole cells/membranes. Whole cells dampen 

the GFP fl uorescence by a factor of approximately 1.5, membranes by a factor 

of 1.3    [4]  .     

   14.5 
Conclusions 

 GFP - fusions and Lemo21(DE3) form the ideal combination for the rapid optimiza-
tion of membrane protein production in  E. coli . It should be noted that GFP -
 fusions can also be used for the optimization of soluble proteins in the cytoplasm 
of  E. coli   [21] , and that Lemo21(DE3) can also be used for optimizing the expres-
sion of soluble proteins in both the cytoplasm and periplasm.  
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 Abbreviations 

 CHAPS     3((3 - Cholamidopropyl)dimethylammonio)propanesulfonic acid 
 CMC     critical micellar concentration 
 DDM      n  - Dodecyl -  β  -  d  - maltopyranoside 
 DM      n  - Decyl -  β  -  d  - maltopyranoside 
 FSEC     fl uorescence - detection size - exclusion column chromatography 
 GFP     Green Fluorescent Protein 
 HPLC     high - performance liquid chromatography 
 IMAC     immobilized metal - affi nity chromatography 
 IPTG     Isopropyl  β  -  d  - 1 - thiogalactopyranoside 
 LB     Lysogeny broth 
 LDAO     lauryldimethylamine - oxide 
 nOG      n  - Octyl -  β  -  d  - glucopyranoside 
 PAGE     polyacrylamide gel electrophoresis 
 PBS     Phosphate - buffered saline 
 RNAP     RNA polymerase 
 SB     Solubilization buffer 
 SDS     sodium dodecyl sulfate 
 SEC     size - exclusion column chromatography 
 TEV     tobacco etch virus 
 UDM      n  - Undecyl -  β  -  d  - maltopyranoside 
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– engineering higher stability 288, 289
– expression systems 301–303
– heterologous expression 221–225

– lipid-detergent mixtures 367
– mammalian cell expression 151, 219, 302
– numbers of 2

– oligomerization 254
– P. pastoris expression 86–89, 94–98, 302
– pharmaceutical role 109, 219, 261, 297
– post-translational modifi cations 255, 256
– R. sphaeroides 174
– S. cerevisiae 47, 50, 52–59, 302
– schematic structure 220

– sequence modifi cation 257
– solubilization and purifi cation 238, 324
– stabilizing 
– – alanine-scanning and single-clone 

screening 290, 291
– – random mutagenesis and 96-well 

screening 291–294
– structures 299
– see also CXCR1; rhodopsin; adenosine A1; 

adenosine A2aR; adrenergic beta1; 
adrenergic b2; cannabinoid 

G418 selection marker 40, 41

GAL gene family 38, 39

galactokinase 39

galactose 38
gel fi ltration 125, 127, 306

– see also size-exclusion chromatography (SEC)
gene delivery, mammalian systems 143, 

144, 145, 146, 147
genetic selection 280
gentamicin 121

glucagon-like peptide-1 receptor 47
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glucose transporters 82–85

glucosidases 149

glutamate receptors 234, 332
– metabotropic 222, 225, 234
– vesicular 84, 85

glutamine synthetase 143
glutathione S-transferase (GST) 287, 288, 

303–305
glycan processing 148, 149

glyceraldehyde-3-phosphate dehydrogenase 39

glycerol-3-phosphate transporter 258
glycerophospholipids 45, 46
glycophorin A 253
P-glycoproteins 82–85, 371

glycosyl phosphatidylinositol 210
glycosylation
– mammalian cells 148, 149
– P. pastoris 76, 77
– rhodopsin 255, 256

– S. cerevisiae 43, 44
glycosylphosphatidylinositol (GPI) anchors 

150
Golgi apparatus, glycosylation 43
gonadotropin releasing hormone type I 

receptor 145

GPCRs, see G-protein-coupled receptors 
(GPCRs)

Grace’s supplemented medium (TNM-FH 
medium) 116

gramicidin 260
Green Fluorescent Protein (GFP) 4, 48, 139, 

203, 229, 257, 331

– GFP-His8 396, 403, 44
– optimization of membrane protein 

production 391–405
green monkey kidney (COS-1) 139, 222

Group IB secreted phospholipase A2 204, 
205–207

Group V secreted phospholipase A2 204

Group X secreted phospholipase A2 204, 207

growth factors
– ErbB 92, 93, 144, 155, 157
– fi broblast 144

– immobilization 159
– insulin-like 158
growth hormone-releasing hormone 56, 57

GST, see glutathione S-transferase (GST)
GTP-binding proteins 3
GTPγS binding 120, 122

h
heat-shock response, S. cerevisiae 49
hemagglutinin 331

hemifl uorinated surfactants 322

heterologous expression
– GPCRs 221–225

– membrane proteins 1, 2, 167, 168
– photosynthetic bacteria 174
– in S. cerevisiae 37
heteronuclear single-quantum correlation 

(HSQC) spectra 309, 310

high-copy plasmids, S. cerevisiae 40, 41

High Five cell line 115, 116, 120, 122–124, 
126, 233

high-throughput (HTP) screening 4, 327, 328
His tag 331, 332
histamine H1 receptor 223, 232, 237, 238
histamine H2 receptor 56, 57

histamine H3 receptor 118–120, 121–124, 
125–128

homolog screening 278
homologous recombination
– recombinant baculovirus 113
– S. cerevisiae 37, 40–42
homology (comparative) modeling 203
horseradish peroxidase 186
host strains
– E. coli 16, 17, 19
– P. pastoris 78, 79, 82–92, 94
– R. sphaeroides 172, 173

– S. cerevisiae 38–40, 52, 54, 56, 58

– see also individual strains

human calcium receptor 145

human embryonic kidney (HEK) cells 47, 
139, 222, 234

human proteins, palmitoylation 212
human serum paraoxonase 1 (PON1) 204, 

210
hydrophobic absorption 374, 375
hydrophobic mismatch 376–378
hydrophobic patch proteins 201, 202, 203, 

204, 207–210
hydrophobic thickness 376, 377

hydrophobicity, protein 328
hyperglycosylation 43, 44

i
imetit 128, 129

imidazole 191, 332, 400, 401
immobilization, growth factors 159
immobilized metal-affi nity chromatography 

(IMAC) 397, 401
immunoaffi nity 332
immunoblotting 181, 182, 184, 185, 193

– development 186, 187
– rhodopsin 256

immunofl uorescence 147
immunotoxin Cyt2Aa1 90, 91
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IMPs, see integral membrane proteins (IMPs)
in cubo methods 6
in-gel fl uorescence 391, 394–396, 403, 404
“In Membrane” 3

in meso methods 6
inclusion bodies 13, 319
– CXCR1 304, 305, 306
– GPCR expression 228, 229
inducible promoters 38, 39

induction
– autoinduction systems 24, 173, 174
– in bacterial systems 18, 19–21
– IPTG 18, 19, 21, 391, 392, 394
infl uenza A virus 265–267
infrared (IR) spectroscopy 337, 338

– ligand binding 341
inositol-1,4,5-triphosphate (IP3) 213, 214

insect cells
– baculovirus infection of 115–118
– GPCR expression 222, 223, 231–233, 239, 

302
– post-translational modifi cations 148

– see also baculovirus-infected insect cells
insulin-like growth factor-binding protein 

(IGFBP) 158
integral membrane proteins (IMPs)
– characterization 318, 319, 334–341
– directed evolution of a GPCR for higher 

expression 280–286
– engineering higher stability 288–294
– purifi cation 288, 317, 318, 331, 325–334
– random mutagenesis and dot-blot 

screening 286–288
– solubilization 317, 318, 319–325
integrated membrane yeast two-hybrid 

(iMYTH) 60
integrating plasmids 41, 42, 54

interleukin-8 (IL-8) 298, 299

intestinal peptide transporter 82, 83

intracytoplasmic membrane (ICM) 168, 169, 
170, 172, 173, 174, 189, 193

intrinsic fl uorescence 340
inward-rectifi ed K+ channel 84, 85

ion channels 156, 174
– chloride channel PAB2010 92, 93

– K+ channels 84, 85

– voltage-dependent anion channel 
(VDAC-1) 372

ion-exchange chromatography 328
ionic detergents 321, 322, 342, 344, 346

– characteristics 363
– see also nonionic detergents; zwitterionic 

detergents
isatin-bound monoamine oxidase 88, 89

isoelectric focusing 328
isoelectric point (pI) 328, 329
isopropyl- -D-thiogalactopyranoside (IPTG) 

induction 18, 19, 21, 391, 392, 394
isothermal titration calorimetry 339

k
kanamycin 393, 394
Klett–Summerson colorimeter 183

Komagataella pastoris 76
Komagataella phaffi i 76
Krafft point 321
KRX strain 17, 21
KT3 tag 331

Kv1.1 protein 144

l
lac promoter 15, 16–18, 19
– lacUV5 15, 18, 19, 20, 391, 392
LacI repressor protein 15, 16–18, 19, 20
lactose permease (LacY) 258, 259, 376
lauryldimethylamine-N-oxide (LDAO) 125, 

345, 363, 398

– protein yield 126

– structure 365

lectin affi nity 332, 333
lectin-like oxLDL receptor 1 90, 91

Lemo21(DE3) strain 16, 21, 22, 23, 391–405
leukotriene B4 receptors 88, 89, 221, 228, 229
leukotriene C4 synthase 90, 91

lidocaine 157
ligand binding assays 118, 119, 125
– CXCR1 307, 308

– IMPs 339–341
– radioligand 284, 291, 292
ligation-independent cloning (LIC) 170, 171, 

172, 175–179
light-harvesting antennae (LHI) 170, 171, 

174, 254
light scattering 335
lipid anchor proteins, covalent 201, 202, 

204, 210–212
lipid-binding-domain proteins 201, 202, 204, 

212–214
lipid requirements
– mammalian systems 148, 149, 150
– P. pastoris 77
– S. cerevisiae 44–47
– in solubilization 325
lipids
– composition 375–381
– detergent-free 370–372
– lipid/detergent ratio 365, 368, 370, 371
– mesophase crystallization 6
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– nanodisks 370–372
– see also phospholipids
LipofectamineTM 2000 146
lipofection 143
lipopeptide detergents 322
liposomes 372
– cationic 143, 146
– detergent saturation 375

– reconstitution of proteoliposomes 372–375
liquid chromatography
– FPLC 191, 192, 304, 305, 306

– RP-HPLC 266
Lon protease 28
low-affi nity cation transporter 82, 83

low-copy plasmids, S. cerevisiae 40, 41

LYS2 selection marker 40, 41

lysophosphatidic acid 56, 57

lysozyme 397

m
M2 protein 265–267
magic angle spinning 5, 300
magnetic beads 291, 292, 333, 334
maltose binding protein (MBP) 25, 226, 227
mammalian cells 139–161
– antiapoptosis engineering 152–156
– biotherapeutics 139, 157–159
– cancer cell lines 157, 158
– cell culture types and media optimization 

140–150
– chaperones 156, 157
– expression by virus vectors 150–152
– GPCR expression 219, 223, 224, 234, 239, 

302
– membrane protein case studies 144, 145

– post-translational modifi cations 148

mannose 148
mannose-binding protein 331

mannosidases 43, 149

MAPAS method 208
mean fl uorescence intensity 282, 283
media optimization
– mammalian cells 141, 142
– see also cell cultures
melatonin 56, 57, 224, 236

melittin signal sequence 120, 121

membrane fi ltration 330
membrane insertion 251, 252
membrane isolation
– Lemo21(DE3) 396–398
– photosynthetic bacteria 188
membrane scaffold protein (MSP) 370, 371
metabotropic glutamate receptor 224, 225, 234
metal-affi nity chromatography 29, 50

– immobilized 397, 401
metal-dependent hydrolase 92, 93

metallothionein 38, 39

methanol utilization 75–78
methionine sulfoximide 143
methotrexate 143
(R)- -methylhistamine 128, 129

[3H]-(N)- -methylhistamine 120, 122, 125, 
126, 127, 130

MG1 cell line 115
micelles 319, 320
– detergent saturation 375

– formation 362

– mixed detergents 365, 366–368
– in solubilization process 323

– see also critical micelle concentration 
(CMC)

microsomes, phospholipids in 45

Mistic fusion proteins 14
mitochondria, phospholipids in 45

mitochondrial ADP/ATP carrier 338

mixed detergent systems 365, 366–370
molecular weight 252
monoamine oxidase 61, 88–91

monotopic-integral proteins 201
MPEx 48
2µ-based plasmids 40, 41, 50, 52, 54, 56, 58

µ-opioid receptor 86–89, 144, 224, 230, 238
multidrug resistance protein 82, 83

multiplicity of infection (MOI) 116
mutagenesis, see random mutagenesis; 

site-directed mutagenesis
mutants in mannan biosynthesis (mnn) 43
Myc tag 331

Mycobacterium tuberculosis 2, 3
myristoylation of proteins 149, 150, 202, 211

n
15N isotopic labeling 76
N-methyl-D-aspartate receptors (NMDA) 

145

n-ocytl- -D-glucopyranoside (NOG) 125, 
126, 398

N-terminus
– fusion partners 25, 227
– modifi cations 256, 257
Na/K-ATPase 88–91, 378
nanodisks, lipid 370–372
native sources 1, 249, 256, 264, 265
– drawbacks 337
Nav1.8 channel 157
NEB Express Iq strain 16, 19
necrosis 152
neurokinin NK1 221
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neurological disorders 158
neuromedin U receptor 88, 89

neuropeptide Y2 221

neuropeptide Y4 236

neurotensin 281–284, 290, 292, 293

– BODIPY-neurotensin 281, 283

– GPCRs 221, 226, 231, 234, 236

– S. cerevisiae 56, 57

7 nicotinic acetylcholine receptor (nAChR) 
156

NIH Protein Structure Initiative 202
nonaethylene glycol monodecyl ether C12E9 

346

nonionic detergents 320, 321, 325, 342

– characteristics 364
nonspecifi c electrostatic proteins 201, 202, 

204, 204–207
NR vectors 18

NTR1 281
nuclear magnetic resonance (NMR) 5
– bicelle/membrane protein 370
– CXCR1 304, 308–310
– fos-choline 12 364
– GPCRs 220, 226, 227, 233, 298, 300, 301
– IMPs 337, 338
– ligand binding 341
– nanodisks 372
– proteoliposomes 373
– recoverin 211

nucleotide-binding domain 60

o
octyl- -D-glucopyranoside (OG) 342, 348, 

364, 381
OD600 394–396
odorant receptor 236, 237
olfactory receptor 226, 238
oligomeric state, protein 334–336
oligomerization, membrane proteins 253, 

254
oligonucleotide primers, design 177, 178
OmpA 252
OmpF porin 5
OmpT protease 28
opioids 56, 57, 224

– see also µ-opioid receptor
opsin 224

OPTI-MEM® I 146
Orientations of Proteins in Membranes 

(OPM) database 203, 204, 205, 208
oriented sample (OS) solid-state NMR 300, 

301, 308, 309
overexpression
– chaperone 26, 27

– UPR activation 49
Overnight ExpressTM autoinduction system 

24
oxidosqualene cyclase 88, 89

p
p8-derived fusion proteins 14, 15
PAFAH-II 204, 209

palmitoylation 149, 212, 255, 256
PAOX1 promoter 79, 93
paraoxonase 1 (PON1) 204, 210
parathyroid hormone 224

Parkinson’s disease 156
pASK75 vector 18, 20
pBAD vectors 17, 18, 19, 24
PCR, see polymerase chain reaction (PCR)
PDC, see protein–detergent complex (PDC)
pDESTTM8 destination vector 121

Penta-His HRP (horseradish peroxidase) 186
peptides 253
– formyl peptides 56, 57

– fusion peptides 52, 54, 56, 58

– glucagon-like 47
– histamine H3 receptor 120, 121, 124, 125
– intestinal transporter 82, 83

– lipopeptide 322
– membrane targeting 25, 26
– neuropeptides 221, 236

perfusion culture 141, 142

peripheral membrane proteins 3, 201–215
– classes 201, 202

– defi nition 201
– protein data bank entries 203, 204

permeability transition pore (PTP) 153, 154

peroxisomal membrane protein 92, 93

peroxisomes 77, 78, 144

– phospholipids in 45

pET vectors 16–18, 20, 23, 24
pGEX2a 303, 305
pH gradient 329
phase diagrams 320

phase separation 342–345, 320, 321, 334
phosphatidate lipids 378, 379

phosphatidylcholine 45, 46
phosphatidylethanolamine 45, 46
phosphatidylserine 45
phosphocholine lipids 378, 379, 380
phosphoethanolamine lipids 376, 378, 379

phosphoinositides 45
phospholemman 90, 91

phospholipase
– phospholipase C 204

– secreted phospholipase A2 (sPLA2) 204, 
205–207
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phospholipids 258, 259, 308
– detergent combinations 367–370
– detergent-like 364, 365
– S. cerevisiae 44–46
phosphorylation 148

phosphotidylinositol 45
photosynthetic bacteria 167–197
– autoinduction 173, 174
– detergent solubilization and 

chromatographic purifi cation 189–192
– expression constructs preparation 175–179
– expression strategies 170–174
– host strains 172, 173

– large-scale culture 187, 188
– physiology 168, 169, 170
– protein identifi cation and purity 

assessment 192
– see also Rhodobacter sphaeroides

photosystem II/light harvesting complex II 
254

physical selection 280
Pichia pastoris 75–99
– biotechnological tool 76, 77
– expression conditions and culturing 

formats 80, 81
– GPCR expression 2, 86–89, 94–98, 225, 

230, 231, 302
– host strains and plasmids 78, 79, 82–92, 

94
– methanol utilization 75–78
– recombinant membrane proteins from 

81, 82–92

– transformation and clone selection 80
pKi, histaminergic ligands 129

plaque-forming unit 116
plasma membrane
– phospholipids in 45

– Pma1p role in 51, 60
plasma platelet-activating factor 

acetylhydrolase (pPAFAH) 204, 208–210
plasmids
– bacterial systems 16, 17, 21, 23
– P. pastoris 78, 79, 82–92

– photosynthetic bacteria 170–172, 175, 
176, 179–181

– R. sphaeroides 180, 181
– S. cerevisiae 40–42, 50, 52, 54, 56, 58

platelet-activating factor acetylhydrolase Type 
II (PAFAH-II) 204, 212

pleckstrin homology (PH) domain 204, 
213

pLemo plasmid 16

pLysS plasmid 16, 21
Pma1p 50, 51, 60

polyacrylamide gel electrophoresis (PAGE), 
see sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE)

polydispersity 13
polyhedrin promoters 114
polyhistidine tag 29, 232
polymerase chain reaction (PCR)
– epPCR 281–283, 293

– photosynthetic bacteria 178, 179
– S. cerevisiae 42
polymorphonuclear neutrophils 298, 299
polyoxyethylenes 364
poly(vinylidene fl uoride) membrane 185, 

186
porins
– aquaglyceroporin 84, 85

– aquaporins 84, 85, 259
– crystallization 5, 6
porous bead volume 329
post-translational modifi cations
– mammalian cells 139, 147–150
– membrane proteins 254–256
– peripheral membrane proteins 202, 203
– S. cerevisiae 43, 44
– see also glycosylation; palmitoylation
pQE vectors 18, 19
prediction methods, membrane proteins 

251
prenylation of proteins 149, 150
pRKPLHT1/pRKLICHT1 170, 172, 174–177
PrlF antitoxin 28
proapoptosis proteins 153, 154
prokaryotic proteins 278
– expression yield 29
– higher stability 289, 290
promoters
– bacterial systems 15, 16–18, 19, 20
– baculovirus-infected insect cells 114
– inducible and constitutive 38, 39
– mammalian cells 143, 144, 145

– P. pastoris 79, 93
– Saccharomyces cerevisiae 38, 39, 52, 54, 

56, 58

– see also individual promoters

proteases 152, 319
– quality control 27, 28
– TEV protease 400
protein denaturation 363
– mitigating 366–381
protein–detergent complex (PDC) 6, 322, 

323, 324
– stability 325, 326
protein engineering
– antiapoptosis 152–156
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– higher expression 278–280
– higher stability 288–294
protein kinase C 204

protein–protein interaction 332
proteoliposomes, reconstitution 372–375
proteolytic processing 148

puc operons 170, 171, 173
pUC vectors 15, 18

puf operons 170, 171, 173, 174
purifi cation 5, 118, 119
– and contaminants 260
– CXCR1 305, 306
– detergents and 118, 119, 125, 126, 189, 

190
– GPCRs 238
– IMPs 288, 317, 318, 331, 325–334
– membrane protein GFP-fusion 333–334
– new approaches 327–333
– process 335–339
– rhodopsin 261–264
– RPE65 264, 265
purinergic receptors 58, 59

putative membrane protein 92, 93

Pyrococcus horikoshii 278

q
quality control proteases, bacterial systems 

27, 28

r
radioligand binding assay 284, 291, 292
radioligands 118, 19, 126, 130
Ralstonia metallidurans 278
random mutagenesis 279–281, 286–288
– GPCR stabilization 291–294
– prokaryotic IMPs 289, 290
– stable proteins 381
receptor smoothened HuMOR 86, 87

receptor tyrosine kinases (RTKs) 155, 157
recombinant protein production 334
– from affi nity chromatography 331, 332
– from baculovirus-infected insect cells 

111, 113–115
– from Pichia pastoris 81, 82–92

– S. cerevisiae 37, 40–42
reconstitution
– CXCR1 304, 305, 307
– proteoliposomes 372–375
recoverin 204, 211
refolding
– CXCR1 304, 305–307
– inclusion bodies 228, 229
restriction enzyme digestion 178
retina rod cells, see rod cells

retinal pigmented epithelium-specifi c 
protein 65 (RPE65) 260, 264, 265

reverse-phase high-performance liquid 
chromatography (RP-HPLC) 266

rhaBAD promoter 18, 19, 21
L-rhamnose 18, 19, 22, 23, 391, 392, 394, 

395
Rhodobacter sphaeroides 169, 170, 171, 174
– cytochrome c2 from 205
– detergent solubilization 189
– GPCRs 221, 228
– ligation-dependent cloning 177, 178
– plasmid DNA transfer to 180, 181
– preparation of specialized membranes 

192–194
– small-scale screening of target protein 

181–187
– strains 172, 173

Rhodopseudomonas viridis 1
– photosynthetic reaction centre 6
rhodopsin 4, 58, 59, 219, 222, 224, 227
– glycosylation 255, 256

– hydrophobic mismatch 377
– oligomerization 254
– test case protocols 261–264
ribosomal binding sites (RBSs) 15
– Rhodobacter 177
RNA polymerase 18, 19
– T7 16, 17, 20–23, 391, 392
rod cells
– GPCR expression 234, 235, 239, 257
– rhodopsin 255, 256

rod outer segments (ROS) 261–263
Rosetta 17

Rous sarcoma virus 143
RPE65 (retinal pigmented epithelium-

specifi c protein 65) 260, 264, 265

s
Saccharomyces cerevisiae 37–62
– case studies 49–61
– cellular responses to protein expression 49
– crystal structures from expression 61

– expression conditions 42
– GPCR expression 225, 229, 278, 302
– host strains 39, 40, 52, 54, 56, 58

– lipid requirements 44–47
– plasmids and homologous recombination 

40–42, 50, 52, 54, 56, 58

– post-translational modifi cations 43, 44
– promoters 38, 39, 52, 54, 56, 58

– selection markers 40, 41

– signal sequences 47
– topology determination 47, 48
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– tractable targets 4
sample homogeneity, protein 334–336
saturation, detergent 375
screening method 279, 280, 285, 286–288
– 96-well assay format 289, 290, 291–294
– dot-blot detection 230, 286–288
– single-clone screening 290, 291
SDS, see sodium dodecyl sulfate (SDS)
SDS–PAGE, see sodium dodecyl sulfate–

polyacrylamide 
gel electrophoresis (SDS–PAGE)

SEC, see size-exclusion chromatography (SEC)
Sec translocase 14, 25, 26
secreted phospholipase A2 (sPLA2) 204, 

205–207
secretin 222

sedimentation equilibrium 335, 336
sedimentation velocity 335, 336
selection markers
– P. pastoris 79

– S. cerevisiae 40, 41

selection method 280, 282, 285, 286
Semliki Forest virus 151, 152
sequence modifi cations 256–258
serotonin 58, 59

serotonin 5-HT 221, 226
serotonin transporter 82, 83

serum
– baculovirus-infected insect cells 115, 116
– mammalian cell culture 142, 146, 158
– paraoxonase 1 (PON1) 204, 210
Sf9 cell line 2, 115–117, 120, 222, 223, 232, 

233
– RPE65 expression 264
Sf21 cell line 115, 116, 223, 233
Shaker B protein 144

signal recognition particle (SRP) 15, 25, 28
signal sequences
– melittin 120, 121

– S. cerevisiae 47
simian virus 40 143
Sindbus virus 151
single-clone screening 290, 291
Single Protein Production (SPP) System 22
single-spanning membrane proteins 13
Single Step strain 17

site-directed mutagenesis 43, 50, 51
size-exclusion chromatography (SEC) 252, 

257, 306, 307
– fl uorescence-detection 398, 399
– IMP characterization 334, 335
– IMP purifi cation 328, 329
– see also gel fi ltration
sodium cholate 344, 362

sodium deoxycholate 344, 347

sodium dodecyl sulfate (SDS) 120, 123, 
124, 344, 347

– characteristics 362, 363
sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS–PAGE) 29, 252
– CXCR1 purifi cation 306

– GFP fl uorescence 391
– photosynthetic bacteria 181, 182, 183, 

184–186, 192
– RPE65 purifi cation 265

sodium/glucose cotransporter 82, 83

solid-state NMR 5, 300, 301, 308, 309, 310, 
373

solubilization 5
– CMC in 324, 398

– GPCRs 238, 324
– histamine H3 receptor 118, 119, 125, 126

– IMPs 317, 318, 319–326
– photosynthetic bacteria 189, 190
– process 323, 324, 365, 366
– vs stability of detergents 361–366
soluble proteins, numbers 2

solution NMR 5, 300, 308, 310

somatostatin 58, 59

Sonic Hedgehog 150
spectroscopy, see circular dichroism (CD) 

spectroscopy; fl uorescence correlation 
spectroscopy; infrared (IR) spectroscopy; 
transverse relaxation optimized 
spectroscopy (TROSY)

spheroplasts 193, 194
sphingolipids 46
sPLA2 207

SPOCTOPUS 48
Spodoptera frugiperda 114, 233
ST8Sia protein 144

stability
– engineering higher stability 288–294
– protein–detergent complex 325, 326
– vs solubilization of detergents 361–366
stability index 292, 294

stable isotope-labeled proteins 235
stable proteins, making/selection 381
static light scattering 335
Ste2p 50, 224

11 -OH steroid dehydrogenases 88, 89

sterols
– S. cerevisiae 37, 46, 47
– see also cholesterol
Stoke’s radius of soluble proteins 335, 340
Strep tag 331

streptavidin-coated magnetic beads 291, 
292, 333
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structural analysis 5–7
– membrane proteins 249–261
subcellular fractionation 174, 327
sucrose density gradient centrifugation 193
sucrose monododecanoate 125, 126

surface plasmon resonance 119, 339
suspension cell culture 141, 142
synaptic adhesion-like molecule 145

t
T4 DNA polymerase 172

T5 promoter 18, 19
T7 expression 16–18, 19–25
T7 lysozyme (lysY) 16–18, 20–22
T7 RNA polymerase 16, 17, 20–23, 391, 

392
tac promoter 15, 18, 19
tachykinin 223

tags
– bacterial systems 28, 29
– IMP purifi cation 330, 331, 332
– S. cerevisiae 53, 55, 57, 59

– see also individual tags

Terrifi c Broth (TB) 24
tetA promoter 18, 20
tetraspanin 92, 93

TEV protease site 121, 125
Thermotoga maritima 367
Thermus thermophilus 278
thioperamide 128, 129

“three-detector method” 335
thrombin 29
thromboplastin, tissue factor 90, 91

thromboxane 224

thyroid-stimulating hormone 221

titerless infected cell preservation and 
scale-up (TIPS) 115

TM0026 367
tobacco etch virus (TEV) 29, 120
– protease 400
TOP10 strain 17, 22
TOPCONS 48
topology
– membrane proteins 392–394
tractable targets 4
transfection, mammalian cell cultures 143, 

146, 147
transient receptor potential melastatin, or 

channel 145

translocons 252
transmembrane helices
– association motifs 253, 254
– prediction 251
transmembrane regions 13

– M2 protein from infl uenza A virus 265–267
transporter proteins
– ABC transporters 60, 82, 83

– copper transporter 82, 83, 145

– from E. coli 236

– glycerol-3-phosphate transporter (GlpT) 
258

– from P. pastoris expression 82–85

transverse relaxation optimized spectroscopy 
(TROSY) 5, 339, 341

trc promoter 15, 18, 19
Trichoplusia ni 115, 223, 233
tripod amphiphiles 322
Triton X-100 342, 346, 364, 398

Triton X-114 342, 364
Trypan blue dye exclusion 116
trypsin digestion 120, 140
– histamine H3 receptor 123, 124

tryptophan 340
tunable T7 expression systems 21, 22
Tuner strain 17, 21
turbidity 375

“two-detector method” 335

u
n-undecyl- -D-maltopyranoside (UDM) 398

unfolded protein response (UPR), S. 

cerevisiae 49
URA3 selection marker 40, 41

v
vacuolar protein sorting (VPS) genes 51
vacuole, phospholipids in 45

vasopressin 58, 59, 236

vectors
– bacterial systems 15, 16–18, 19, 20
– virus vectors 150–152
– see also expression vectors; individual 

vectors

Venezuelan equine encephalitis virus 151
vesicular glutamate transporter 84, 85

viral titers 115
virus vectors
– mammalian cells 150–152
– see also baculovirus-infected insect cells
voltage-dependent anion channel (VDAC-1) 

372
voltage-dependent K+ channel 84, 85

voltage-sensitive K+ channel 84, 85

w
water, in membrane proteins 259
water channel proteins, from P. pastoris 

expression 84, 85
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Western blot analysis 29, 118, 120, 123, 
147, 155

whole-cell fl uorescence 391, 394–396, 403, 
404

x
X-ray crystallography 5, 298, 299
– GPCRs 4
Xenopus laevis 225, 235, 257

y
yeast
– post-translational modifi cations 148

– see also Pichia pastoris; Saccharomyces cerevisiae

YidC protein 14, 23, 27

z
zwitterionic detergents 320, 345, 347, 348

– characteristics 363, 364
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