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Preface

The previous edition of Transmembrane Signaling Protocols was published
in 1998. Since then the human genome has been completely sequenced and
new methods have been developed for the use of microarrays and proteomics
to analyze global changes in gene expression and protein profiles. These
advances have increased our ability to understand transmembrane signaling
processes in much greater detail. They have also simultaneously enhanced our
ability to determine the role of a large number of newly identified molecules in
signaling events. In addition, novel video microscopy methods have been
developed to image transmembrane signaling events in live cells in real time.

In view of these major advances, it is time to update the previous edition.
Because of the success of that volume, we have chosen to keep the essential
character of the book intact. Introductory chapters from experts have been
included to provide overall perspective and an overview of recent advances
in signal transduction pathways. The individual chapters now include compre-
hensive detailed methods, studies in genetically tractable systems, fluorescence
microscopy in live single cells, ex vivo analysis of primary cells from trans-
genic mice, as well as genomic and proteomic approaches to the analysis
of transmembrane signaling events.

We would like to express our deep gratitude to the coauthors of this publica-
tion.  We hope that Transmembrane Signaling Protocols, Second Edition will
serve as a valuable resource for future progress in the study of signal transduc-
tion pathways.

Hydar Ali
Bodduluri Haribabu
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1

Transmembrane Signaling by G Protein-Coupled Receptors

Louis M. Luttrell

Summary
G protein-coupled receptors (GPCRs) make up the largest and most diverse family of

membrane receptors in the human genome, relaying information about the presence of
diverse extracellular stimuli to the cell interior. All known GPCRs share a common
architecture of seven membrane-spanning helices connected by intra- and extracellular
loops. Most GPCR-mediated cellular responses result from the receptor acting as a
ligand-activated guanine nucleotide exchange factor for heterotrimeric guanine nucleotide-
binding (G) proteins whose dissociated subunits activate effector enzymes or ion chan-
nels. GPCR signaling is subject to extensive negative regulation through receptor
desensitization, sequestration, and down regulation, termination of G protein activation
by GTPase-activation proteins, and enzymatic degradation of second messengers. Addi-
tional protein–protein interactions positively modulate GPCR signaling by influencing
ligand-binding affinity and specificity, coupling between receptors, G proteins and
effectors, or targeting to specific subcellular locations. These include the formation of
GPCR homo- and heterodimers, the interaction of GPCRs with receptor activity-modi-
fying proteins, and the binding of various scaffolding proteins to intracellular receptor
domains. In some cases, these processes appear to generate signals in conjunction with,
or even independent of, G protein activation.

Key Words: G protein-coupled receptor; heterotrimeric guanine nucleotide-binding
protein; second messenger; signal transduction; G protein-coupled receptor kinase;
arrestin.

1. Introduction
The G protein-coupled, or seven membrane-spanning, receptors (GPCRs)

constitute the largest and most diverse superfamily of cell surface receptors in
the mammalian genome. Approximately 800 distinct genes encoding functional
GPCRs make up greater than 1% of the human genome (1,2). With alternative
splicing, it is estimated that 1000 to 2000 discrete receptor proteins may be
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expressed. In nematodes, the situation is even more dramatic. In
Caenorhabditis elegans, genes encoding more than 1000 GPCRs comprise 5%
of the genome (3). Such evolutionary diversity generates GPCRs that detect an
extraordinary array of extracellular stimuli, from neurotransmitters and pep-
tide hormones to odorants and photons of light. Humans literally see, smell,
and taste the world through GPCRs. Internally, GPCRs function in neurotrans-
mission, direct neuroendocrine control of physiological homeostasis and repro-
duction, regulate hemodynamics and intermediary metabolism, and influence
the growth, proliferation, differentiation, and death of multiple cell types. Not
surprisingly then, it is estimated that more than half of all drugs in current
clinical use target GPCRs, acting either to mimic endogenous GPCR ligands,
to block ligand access to the receptor, or to modulate ligand production (4).

The basic model of GPCR-signaling derives from the ability of these recep-
tors to act as ligand-activated guanine nucleotide exchange factors (GEFs) for
heterotrimeric guanine nucleotide-binding (G) proteins that transmit signals
intracellularly through the activation of effector enzymes or ion channels. This
fundamental paradigm of receptor biology accounts for most of the GPCR-
mediated cellular responses described to date. Recent work, however, has indi-
cated that GPCRs participate in numerous other protein–protein interactions
that generate intracellular signals in conjunction with, or even independent of,
G protein activation. Indeed, whole genome analyses suggest that some seven
membrane-spanning receptors that are not G protein-coupled, such as the
frizzled receptors, are nonetheless evolutionary branches of the GPCR phylo-
genetic tree (5). This chapter will review the fundamentals of GPCR signaling
and many of the processes that positively or negatively regulate GPCR func-
tion. In addition, we examine recent data supporting a role for other GPCR-
binding proteins in the transduction of putatively “G protein-independent”
signals.

2. The Receptor–G Protein–Effector Model of GPCR Signaling
The seminal work of Gilman and Rodbell and their colleagues established

the hypothesis that a regulatory element was interposed between hormone re-
ceptors that controlled adenylate cyclase activity and the enzyme itself (6–8).
The reconstitution of hormone-sensitive adenylate cyclase activity in the UNC
variant of S49 lymphoma cells (9), followed by the purification of the G/F
protein (10), and the discovery that the regulator of rod outer segment cyclic
guanosine monophosphate (cGMP)-specific phosphodiesterase (Gt or
transducin), G/F (Gs), and the islet-activating protein (pertussis toxin) sub-
strate (Gi) were members of a family of structurally homologous guanine
nucleotide-binding regulatory proteins (11) lead to the now classic tripartite
paradigm of GPCR signaling.
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In the model, depicted schematically in Fig. 1, the binding of a “first-mes-
senger” hormone to the extracellular or transmembrane domains of a GPCR
triggers conformational changes that are transmitted through the intracellular
receptor domains to promote coupling between the receptor and its cognate
heterotrimeric G proteins. The receptor stimulates G protein activation by cata-
lyzing the exchange of guanosine triphosphate (GTP) for guanosine diphos-
phate (GDP) on the Gα subunit and dissociation of the GTP-bound Gα subunit
from the Gβγ subunit heterodimer. Once dissociated, free Gα-GTP and Gβγ
subunits regulate the activity of enzymatic effectors, such as adenylate cycla-
ses, phospholipase C (PLC) isoforms, and ion channels, to generate small mol-
ecule “second messengers.” Second messengers, in turn, control the activity of
protein kinases that regulate key enzymes involved in intermediary metabo-
lism. Signaling continues until the intrinsic GTPase activity of the Gα subunit
returns the G protein to the inactive heterotrimeric state.

Fig. 1. The basic G protein-coupled receptor (GPCR)–G protein–effector model of
GPCR signaling. The three principle components of GPCR signaling are the
heptahelical receptor, heterotrimeric G protein, and effector enzyme. The receptor
detects the presence of a hormone (H) or “first messenger” in the extracellular millieu.
The heterotrimeric G protein dissociates into a guanosine triphosphate (GTP)-bound
Gα subunit and Gβγ heterodimer upon interaction with a ligand-bound receptor. The
effector, which is typically an enzyme or ion channel, is activated by free Gα-GTP or
Gβγ subunits, and produces small molecule “second messengers” that transmit signals
intracellularly.
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2.1. The GPCR

In the early 1980s, the sequencing and subsequent cloning of the bovine
retinal photoreceptor, rhodopsin, revealed a novel mammalian protein struc-
ture with similarity to bacteriorhodopsin, a light-sensitive proton pump found
in halophilic bacteria. With the cloning of the β2 adrenergic receptor in 1986
and other receptor sequences that soon followed, it became clear that this basic
architecture, consisting of an extracellular N-terminus, seven membrane-spanning
α-helices connected by intracellular and extracellular loops, and an intracellular
C-terminus, was representative of a large family of membrane receptors (12).

2.1.1. Receptor Architecture

Although X-ray crystallographic data currently are available only for
rhodopsin (13), sequence similarities, hydropathy plots, and a large amount of
biochemical and mutagenic data support the conclusion that all GPCRs exhibit
a seven transmembrane architecture. As shown schematically in Fig. 2A, the
GPCRs contain seven membrane-spanning α-helices (TMI-VII), linked by
three alternating intracellular and extracellular loops (i1-3 and e1-3). The trans-

Fig. 2. (opposite page) Structure and phylogeny of G protein-coupled receptors
(GPCRs). (A) Schematic diagram of the predicted heptahelical structure of the β2
adrenergic receptor. Seven membrane-spanning domains are connected by three extra-
cellular (e1–e3) and three intracellular (i1–i3) loops. The approximate positions of
posttranslational modification, including glycosylation of the extracellular N-termi-
nus and palmitoylation of the intracellular C-terminus, are indicated. Residues in-
volved in epinephrine binding, and predicted sites of cAMP-dependent protein kinase
and G protein receptor kinase phosphorylation are shown. (B) Schematic representa-
tion of the phylogenetic relationships of the five main GPCR families according to the
GRAFS system of classification (adapted from ref. 5). The glutamate receptor family
contains the metabotropic glutamate, GABAB, and calcium-sensing receptors, plus the
Taste1 receptors. The Rhodopsin receptor family is the largest, with 241 non-olfactory
and 701 total GPCRs divided into four groups. The α group is comprised five main
branches: the prostaglandin, amine, opsin, melatonin, and melanocortin/edg/cannab-
inoid/adenosine receptor clusters. The β group has no main branches and contains
receptors for peptide hormones. The γ group has three major branches: the somatosta-
tin/opoiod/galanin, melanocortin-concentrating hormone, and chemokine receptor
clusters. The δ group has four main branches: the Mas-related, glycoprotein, purin,
and olfactory receptor clusters. The olfactory receptor cluster (arrow), containing
approx 460 genes, is omitted for clarity. The adhesion receptor family consists of
receptors with GPCR-like seven transmembrane-spanning domains fused to one or
more functional domains with adhesion-like motifs in the N-terminus. The Frizzled/
Taste2 receptor family contains the frizzled and Taste2 receptor clusters. The Secretin
receptor family has no main branches and contains receptors for large peptides, such as
vasoactive intestinal peptide, calcitonin, glucagon, parathyroid hormone, and secretin.



G
 Protein-C

oupled R
eceptors

7

7



8 Luttrell

membrane domains share the highest degree of sequence conservation, whereas
the intracellular and extracellular domains exhibit extensive variability in size
and complexity. The extracellular and transmembrane regions of the receptor
are involved in ligand binding, whereas the intracellular domains are important
for signal transduction and for feedback modulation of receptor function. One
or more sites for N-glycosylation are present within the N-terminus or, less
often, the extracellular loops. Most GPCRs have in common two Cys residues
that form a disulfide bridge between e1 and e2 that is critical for normal pro-
tein folding, and another Cys residue in the C-terminal domain that serves as a
site for palmitoylation. This lipid modification leads to the formation of a puta-
tive fourth intracellular loop.

2.1.2. Receptor Taxonomy

Several classification systems have been devised that group GPCRs based
on their ligands or sequence similarities. The widely used A through F classifi-
cation system of Kolakowski (14), for example, divides the GPCRs into six
families, of which three (Families A, B, and C) contain the majority of known
human receptors. In this system, Family A is made up of the rhodopsin-related
receptors and is by far the largest group, containing the receptors for biogenic
amines and other small nonpeptide ligands, chemokines, opioids and other
small peptides, protease-activated receptors, and receptors for glycoprotein
hormones. Family B GPCRs, the second largest group, contains receptors that
bind to higher molecular-weight peptide hormones, such as glucagon, calcito-
nin, and parathyroid hormone. Family C, the smallest group, contains the
metabotropic glutamate receptors, the γ-aminobutyric acid (GABA)B receptor,
and the calcium-sensing receptor.

As genome-wide data from a number of species have become available, it
has been possible to model the phylogeny of the GPCRs in some detail. Analy-
sis of the chromosomal positions and sequence fingerprints of a large number
of GPCRs has led Fredriksson et al. to propose the GRAFS classification sys-
tem, in which the receptors are grouped into five families: glutamate, rhodop-
sin, adhesion, frizzled/taste2, and secretin (5,15). This comprehensive system,
which is diagrammed in simplified form in Fig. 2B, proposes that GPCRs in
the GRAFS family arose from a common ancestor and evolved through gene
duplication and exon shuffling. The GRAFS system contains some surprising
relationships, such as the proposed link between Frizzled receptors, which gen-
erally are not thought to signal via heterotrimeric G proteins, and TAS2 group
of taste receptors. Such phylogenetic linkages hint that the term “G protein-
coupled receptor” may be a partial misnomer for a superfamily of seven trans-
membrane receptors that use diverse signaling mechanisms.
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2.1.3. Receptor Structure–Function Relationships

GPCRs act as ligand-activated GEFs for heterotrimeric G proteins. As such,
they have the potential to act catalytically in that one GPCR may activate mul-
tiple G proteins. In the rod outer segment, for example, a single light-activated
activated rhodopsin catalyzes the activation of hundreds of transducin mol-
ecules (16). Free G protein subunits then act on enzymatic effectors or ion
channels, producing a pool of second messengers that control effector activity.
The presence of multiple enzymatic steps in the GPCR signaling cascade cre-
ates the potential for tremendous signal amplification. As a result of this
amplification process, a full biological response often can be obtained with as
little as 5% receptor occupancy, a phenomenon that early pharmocologists
referred to as “spare receptors.”

The binding of an agonist to the transmembrane or extracellular domains of
a GPCR produces conformational changes in the receptor that are transmitted
to the intracellular domains in contact with the G protein (17,18). Early study
of the pharmacology of adrenergic receptors revealed the existence of two ago-
nist affinity states of the receptor, the relative proportions of which are modu-
lated by the presence of guanine nucleotides. The model developed to explain
these phenomena predicts that in the presence of GDP, agonist promotes the
formation of a high-affinity ternary complex among agonist, GPCR, and
heterotrimeric G protein (19). In the absence of the G protein, or when the
presence of GTP allows for receptor-catalyzed G protein activation, the recep-
tor resides in a low-affinity state. Subsequently, this model was refined to
account for the phenomena of constitutively active GPCRs and the existence
of full and partial agonists, neutral antagonists, and inverse agonists. In the
extended ternary complex model, the GPCR is presumed to exist in a sponta-
neous equilibrium between two states, one inactive (R) and the other active
(R* [20]). In the model, the efficacy of a ligand reflects its ability to alter the
equilibrium between R and R*. A full agonist preferentially stabilizes the R*
conformation, pulling the equilibrium toward the active state. In contrast, a
neutral antagonist binds indiscriminately to both R and R* and exerts its
effects only by excluding the binding of other ligands, whereas an inverse ago-
nist binds preferentially to R and pulls the equilibrium toward the inactive state.
This model explains the ability of some ligands to suppress the constitutive
activity of mutationally activated GPCRs (21).

Despite its power to predict the behavior of GPCRs binding to different
classes of drug, the extended ternary complex model still presupposes that
GPCRs exist in only two conformations. Several studies suggest that more
complex models are necessary to account for all aspects of GPCR function
(22,23). In the case of the M2 muscarinic acetylcholine and N-formyl peptide
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receptors, the binding of receptor to arrestins, proteins that block receptor–G
protein coupling, also induces a receptor conformation with increased affinity
for agonists, but not antagonists (24,25). Such findings have led to speculation
that the agonist–receptor–arrestin complex represents an “alternative ternary
complex.” On the basis of experimental observations made by fluorescence
lifetime spectroscopy, Swaminath et al. (26) recently have developed a model
for β2-adrenergic receptor activation that predicts two distinct agonist-induced
conformations, one of which supports G protein activation, and a second that is
necessary for receptor internalization. Moreover, certain GPCR ligands appear
to be capable of selectively inducing each of these states. The µ-opioid ligands
DAMGO and morphine are equipotent with respect to G protein activation but
differ in their ability to induce receptor desensitization (27). Two endogenous
ligands for the CCR7 chemokine receptor, CCL19 and CCL21, appear to
exhibit similar properties, in that both stimulate G protein coupling, but only
CCL19 promotes arrestin binding and desensitization (28). Conversely, cer-
tain angiotensin II analogs that act as antagonists with respect to PLC signaling
are nonetheless capable of inducing β-arrestin recruitment, receptor sequestra-
tion, and mitogen-activated protein (MAP) kinase activation (29). The recent
finding that angiotensin AT1a receptors can internalize and signal through a
β-arrestin-dependent mechanism in the apparent absence of G protein coupling
(30) suggests that the “alternative ternary complex” may in fact represent a
distinct signaling state of the receptor.

2.2. The Heterotrimeric G Protein

Heterotrimeric G proteins provide the “missing link” between GPCRs in the
plasma membrane and the enzymatic effectors that convey information about
the presence of an external stimulus to the cell interior. Heterotrimeric G pro-
teins are a group of GTPases that share a common multi-subunit structure.
They are composed of a 39- to 52-kDa GTP-binding Gα subunit that possesses
intrinsic GTPase activity and a tightly linked heterodimeric Gβγ subunit that is
noncovalently bound to the Gα subunit in its inactive GDP-bound state.

2.2.1. G Protein Taxonomy

In contrast to the immense sequence diversity found in GPCRs, there are
comparatively few genes encoding each of the heterotrimeric G protein sub-
units (31). The 16 known mammalian Gα subunit genes are grouped by
sequence homology into four families. With splice variants, approx 20 distinct
Gα subunit proteins are expressed. The Gαs family contains the adenylate
cyclase-stimulatory α subunit, Gαs, and the olfactory α subunit, Gαolf. The
Gαi family includes the adenylate cyclase-inhibitory α subunits, Gαi1, Gαi2,
Gαi3, and Gαo; two isoforms of the retinal α subunit, transducin or Gαt; the
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taste α subunit, gustducin or Gαgust; and Gαz, an α subunit whose function is
not well understood. The Gαq family includes two α subunits that regulate
PLC activity, Gαq and Gα11, as well as Gα14 and Gα15. Finally, the Gα12
family contains Gα12 and Gα13, two α subunits whose function also is
poorly understood.

In addition to the Gα subunits, there are five known Gβ subunits and 12 Gγ
subunits. Most, but not all, Gβ and Gγ subunit pairs can form stable
heterodimers in vitro, suggesting that they may combine in vivo to generate a
diverse array of Gβγ subunit heterodimers (32). In combination with the Gα
subunits, Gβγ subunit diversity creates the potential for upward of 1000 pos-
sible G protein heterotrimer combinations. Still, the role of subunit diversity in
heterotrimer formation and its effect on signaling by G proteins are not well
understood (33). Tissue-specific variation in the complement of accessible G
protein heterotrimers could expand the diversity of GPCR-mediated responses.
It is clear that some combinations form the bulk of the heterotrimeric G protein
in specific tissues, for example Gβ1γ1 is the predominant form associated with
Gαt in the retina, and that specific Gβγ subunit heterodimers can differentially
regulate certain effectors (34).

2.2.2. G Protein Structure–Function Relationships

The Gα subunits share approx 40% sequence homology, corresponding prin-
cipally to the regions of the protein that form the guanine nucleotide binding
pocket. Most of the known Gα subunit–effector interactions involve this cen-
tral core. More divergence is found in the N-terminus, which is required for
Gβγ subunit binding, and in the C-terminus, which participates in the associa-
tion with both receptors and effectors. Crystallographic studies of Gαt and
Gαi1 reveal that the Gα subunit is composed of two major domains: a GTP–
GDP binding domain that is similar to in structure to p21ras, and an α-helical
domain that in inserted into the Ras-like domain (35,36). GTP hydrolysis is
associated with order–disorder transitions in which the “switch II” and “switch
III” regions of the Ras-like domain melt, whereas the N- and C-termini
become ordered, consistent with the loss of an effector binding site and gain of
a Gβγ binding site.

Gβ subunits are all approx 36 kDa in size, and share a common three-dimen-
sional structure with an N-terminal coiled-coil structure that associates tightly
with the Gγ subunit (31). The remainder of the protein resembles a seven-
bladed propeller, with each blade composed of interlocking β-sheets. Gγ sub-
units are all 7–8 kDa and possess a C-terminal Cys-Ala-Ala-x motif, which
serves a site for prenylation, a lipid modification that is essential for membrane
localization. In the heterotrimeric state, the Gβ subunit contacts the N-terminal
and switch II regions of the Gα subunit and precludes access to the guanine
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nucleotide-binding pocket. The mostly α-helical Gγ subunit is tightly embed-
ded in the surface of the Gβ subunit and does not make contact with Gα (35,36).
Although none of the Gα subunits possess membrane-spanning domains, all
associate with the plasma membrane (37). Gαi and Gαo are posttranslationally
modified by the addition of the fatty acid myristate to an N-terminal glycine
residue, and this lipid modification is required for membrane association. All
Gα subunits, with the exception of Gαt, also undergo palmitoylation of one or
more N-terminal cysteine residues, which is also important for membrane lo-
calization. Unlike myristoylation, however, this is a reversible modification.
Upon binding of GTP and Gβγ subunit dissociation, palmitate is cleaved.
Reassociation of the Gα and Gβγ subunits promotes repalmitoylation.

2.3. The G Protein-Regulated Effector

The third component of the GPCR signaling system is the G protein-regulated
effector, which is typically an enzyme or ion channel. Although it was origi-
nally thought that only Gα subunits interacted with effectors, it is now clear
that both GTP-bound Gα and Gβγ subunits regulate effector activity (38).

The most widely studied G protein-regulated enzymes are the adenylate
cyclases, which catalyze the conversion of adenosine triphosphate (ATP) to
the intracellular second messenger cyclic-adenosine 3',5'-monophosphate or
cyclic adenosine monophosphate (cAMP). cAMP regulates the activity of the
cAMP-dependent protein kinase (PKA), as well as certain cAMP-regulated
guanine nucleotide exchange factors, such as Epac1 and Epac2, that activate
low-molecular-weight GTPases (39). The 10 cloned adenylate cyclases all
share a common 12 membrane-spanning domain architecture but vary signifi-
cantly in tissue distribution and in regulation by G protein subunits (40). All of
the adenylate cyclases are stimulated by Gαs. Some are also stimulated by Gβγ
subunits or by calcium–calmodulin, but only in the presence of active Gαs,
allowing for “conditional stimulation,” in which activation of more than one
type of GPCR might be required for full cyclase activity. Gαi mediates inhibi-
tion of some, but not all, adenylate cyclase isoforms, as do Gαo and intracellu-
lar calcium. The activity of some adenylate cyclases also is modulated through
phosphorylation by the second messenger-dependent protein kinases PKA and
protein kinase C (PKC).

The four PLC-β isoforms are also regulated by G proteins (41). PLC cata-
lyzes the hydrolysis of membrane phosphatidylinositol to yield two intracellu-
lar second messengers, inositol 1,4,5-trisphosphate, which controls calcium
efflux from the endoplasmic reticulum, and diacylglycerol, which along with
calcium, controls the activity of several isoforms of PKC. PLCβ1–3 are acti-
vated independently by both Gα subunits of the Gq family and by Gβγ sub-
units. The PLCβ2 and PLCβ3 isoforms are more sensitive to Gβγ subunit
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regulation than PLCβ1, and usually account for the activation of PLC by
GPCRs coupled to Gi family proteins. Gβγ subunits may also directly regulate
phospholipase A2 activity in some settings. In the rod cells of the retina, acti-
vated transducin stimulates a cGMP phosphodiesterase, leading to closure of
plasma membrane sodium channels, hyperpolarization of the plasma mem-
brane, and signaling of second-order retinal neurons (16,17). Other ion chan-
nels function as direct G protein-regulated effectors. Direct interaction between
channel components and G protein subunits may account for the inhibition of
high voltage “N-type” calcium channels by GPCRs acting via subtypes of Gαo,
and the stimulation of “L-type” calcium channels by GPCRs acting via Gαs
(42,43). Gβγ subunits are the physiological activator of the inward-rectifying
muscarinic-gated potassium channel, IKACh, which mediates the cardiac re-
sponse to vagal stimulation (42).

Finally, some kinases, notably the GPCR kinases (GRK)2 and GRK3, are
directly regulated by Gβγ subunits (44). These GRKs, which play a central role
in receptor desensitization and also may phosphorylate nonreceptor substrates,
possess C-terminal regulatory domains that bind free Gβγ subunits. Binding to
the Gβγ subunits of activated G proteins allows the kinase to translocate from
the cytosol to the plasma membrane where it gains access to substrate.

3. Negative Regulation of GPCR Signaling
Mechanisms to dampen GPCR signals exist at every level, from receptor to

G protein to effector. Second messengers are degraded enzymatically by cAMP
phosphodiesterases, phosphatidylinositol phosphatases, and diacylglycerol ki-
nases. In some cases, the degradative enzymes are recruited into the proximity
of the activated effector enzyme by binding to other GPCR regulatory pro-
teins. For example, some isoforms of cAMP phosphodiesterase (PDE) bind
directly to β-arrestins, proteins involved the in physical uncoupling of acti-
vated receptors from G proteins (45,46). Stimulation of β2-adrenergic recep-
tors causes β-arrestin-dependent recruitment of PDE4D3 and PDE4D5 to the
receptor, promoting cAMP degradation and accelerated termination of mem-
brane-associated PKA activity. Effector activity is modulated both by the avail-
ability of free G protein subunits and by feedback inhibition, as in the regulation
of certain isoforms of adenylate cyclase by PKA or PKC phosphorylation. Gα
subunit activity is modulated by protein–protein interactions that accelerate
the normally slow intrinsic GTPase activity of the protein. In some cases this
GTPase-activating protein (GAP) activity is an inherent property of the effec-
tor, such that interaction of the Gα–GTP complex with the effector leads to an
acceleration of GTP hydrolysis and a return to the inactive state (47,48). In
other cases, GAP activity is conferred by members of a large family of proteins
called regulators of G protein signaling, or RGS proteins, that interact with the
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Gα subunit and stabilize the transition state for GTP hydrolysis (48,49). Some
19 mammalian genes containing RGS core domains are known. Most act as
GAPs toward Gi proteins, and some additionally act as GAPs for Gq proteins.
Gβγ subunit function is also under control. In the retina, the Gβγ subunit-bind-
ing protein phosducin can sequester free Gβγ subunits, thereby modulating the
Gβγ–Gαt interaction (50).

The GPCR itself is the target for extensive negative regulation. The pro-
cesses that regulate GPCR responsiveness at the receptor level typically are
divided, based on mechanism, into receptor desensitization, sequestration, and
downregulation. Together, they lead sequentially to the uncoupling of receptor
from G protein, removal of receptors from the plasma membrane, receptor re-
cycling or degradation, and reduced synthesis of new receptors. Figure 3 de-
picts these processes schematically.

3.1. Heterologous vs Homologous Desensitization

Desensitization begins within seconds of agonist exposure and is initiated
by phosphorylation of the receptor. Second messenger-dependent protein kinases,
including PKA and PKC, phosphorylate serine and threonine residues within
the cytoplasmic loops and C-terminal tail domains of many GPCRs. Phosphory-
lation of these sites directly impairs receptor–G protein coupling. For example,
PKA phosphorylation of purified β2 adrenergic receptors in vitro is sufficient
to impair receptor-stimulated Gs activation in the absence of other proteins
(51). Agonist occupancy of the target GPCR is not required for this process.
Thus, receptors that have not bound agonist, including receptors for other
ligands, can be desensitized by the activation of second messenger-
dependent protein kinases. This lack of requirement for receptor occupancy
has led to the use of the term heterologous desensitization to describe the pro-
cess (52). In some cases, such as the β2-adrenergic and murine prostacyclin
receptors, PKA phosphorylation also alters the G protein-coupling selectivity

Fig. 3. (opposite page) Desensitization, sequestration, and recycling of G protein-
coupled receptors (GPCRs). Within seconds of hormone (H) binding, GPCRs are phos-
phorylated by second messenger-dependent protein kinases (PKA/C) or by GPCR
kinases (GRKs). PKC/A phosphorylation produces heterologous desensitization,
whereas GRK phosphorylation promotes β-arrestin (β-arr) binding and homologous
desensitization. β-Arrs engage clathrin and β2-adaptin (AP-2), causing agonist-occu-
pied receptors to cluster in clathrin-coated pits, where they undergo dynamin (Dyn)-
dependent endocytosis. Once internalized, GPCRs traffic from clathrin-coated vesicles
into early endosomes, where they are sorted either into recycling endosomes for
resensitization and return to the plasma membrane, or into late endosomes, from which
they are either slowly recycled or targeted to lysosomes for degradation.
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of the receptor to favor coupling to the adenylate cyclase inhibitory Gi protein,
over the stimulatory Gs protein, causing the PKA-phosphorylated receptor to
“reverse direction” with respect to cAMP production (53–55). The phospho-
rylation-induced “switch” in G protein coupling also may couple the receptor
to alternative signaling pathways, leading for example, to activation of MAP
kinases (56).

Like heterologous desensitization, homologous desensitization involves
receptor phosphorylation, in this case by specialized GRKs. Unlike heterolo-
gous desensitization, homologous desensitization is a two-step process in
which receptor phosphorylation is followed by the binding of an arrestin pro-
tein, whose role is to physically uncouple the receptor and the G protein.

There are seven known GRKs (44). Rhodopsin kinase (GRK1) and GRK7
are retinal kinases involved in the regulation of rhodopsin photoreceptors,
whereas GRK2–GRK6 are expressed more widely. Membrane targeting of all
of the GRKs apparently is critical to their function and is conferred by a C-
terminal tail domain. GRK1 and GRK7 each possess a C-terminal Cys-Ala-
Ala-x motif. Light-induced translocation of GRK1 from the cytosol to the
plasma membrane is facilitated by the posttranslational farnesylation of this
site. The β-adrenergic receptor kinases (GRK2 and GRK3) have C-terminal
Gβγ subunit-binding and pleckstrin-homology domains and translocate to the
membrane as a result of interactions between these domains and free Gβγ-
subunits and inositol phospholipids. Palmitoylation of GRK4 and GRK6 on
C-terminal cysteine residues leads to constitutive membrane localization. Tar-
geting of GRK5 to the membrane involves the electrostatic interaction of a
highly basic 46 residue C-terminal domain with membrane phospholipids.

GRKs phosphorylate GPCRs on serine and threonine residues in the i3 loop
and C-terminal tail. In contrast to PKA and PKC, GRKs preferentially phos-
phorylate receptors that are in the agonist-occupied conformation. Furthermore,
GRK phosphorylation alone has little direct effect on receptor–G protein cou-
pling. Rather, the principal function of the GRK in GPCR desensitization is to
the increase receptor affinity for arrestins. In vitro, GRK2 phosphorylation of
the β2 adrenergic receptor increases receptor affinity for β-arrestin 1 by 10- to
30-fold (57). It is the binding of arrestin to receptor domains involved in G
protein coupling rather than GRK phosphorylation per se that leads to homolo-
gous desensitization.

Four functional members of the vertebrate arrestin gene family have been
cloned (58,59). The two arrestins expressed in the retina, visual arrestin
(S antigen or arrestin 1) and cone arrestin (X-arrestin or C-arrestin), exist pri-
marily to regulate photoreceptor function. The nonvisual arrestins, β-arrestin 1
(arrestin 2) and β-arrestin 2 (arrestin 3), regulate the activity of most of the
other GPCRs in the genome. All four arrestins bind specifically to activated,
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GRK-phosphorylated GPCRs and block the receptor–G protein interaction. In
addition to their role in desensitization, β-arrestins have functions that are not
shared with the visual arrestins. The β-arrestin C-terminal tail contains binding
motifs for clathrin (60) and the β2-adaptin subunit of the AP-2 complex (61)
that allows β-arrestin to act as an adapter protein that targets GPCRs to clathrin-
coated pits for endocytosis. It is these additional interactions that distinguish
the two arrestin subfamilies and make β-arrestin binding integral to the pro-
cesses of GPCR endocytosis, intracellular trafficking, resensitization, and
downregulation.

In some cases, GRKs may mediate GPCR desensitization through a phos-
phorylation-independent mechanism. In addition to its C-terminal Gβγ bind-
ing domain, GRK2 possesses an N-terminal domain with homology to RGS
proteins (62). Although this RGS homology domain has little or no GAP activ-
ity, it can bind directly to free Gαq/11 subunits. The recently solved crystal
structure of the GRK2-Gβγ subunit complex demonstrates that the kinase do-
main, RGS homology domain, and Gβγ binding domain of GRK2 reside at the
three vertices of the protein, suggesting that GRK2 may be able to simulta-
neously interact with the receptor, free Gαq/11, and Gβγ subunits (63). In the
case of the mGluR1a metabotropic glutamate receptor, receptor desensitiza-
tion does not require GRK2 kinase activity; desensitization occurs because
receptor-bound GRK2 sequesters Gβγ and prevents its reassociation with GDP-
bound Gαq/11 once GTP hydrolysis has occurred (64).

3.2. Sequestration

Internalization of GPCRs, also termed receptor sequestration or endocyto-
sis, occurs more slowly than desensitization, involving a period of several min-
utes after agonist exposure. Most, but not all, GPCRs undergo sequestration,
and for many the process can be blocked by inhibiting the function of dynamin,
a large GTPase necessary for the fission of clathrin-coated vesicles from the
plasma membrane. It is now clear that GRK-mediated GPCR phosphorylation
and β-arrestin binding provide the mechanism by which many GPCRs are tar-
geted for clathrin-dependent endocytosis (58,59). Once β-arrestins bind GRK-
phosphorylated GPCRs, LIEF/L and RxR motifs near the β-arrestin C-terminus
engage clathrin and β2 adaptin, respectively, leading to the clustering of recep-
tors in clathrin-coated pits and removal from the plasma membrane.

GPCRs can be grouped on the basis of their pattern of interaction with the
two β-arrestin isoforms (65–67). “Class A” receptors, which include the β2
and α1B adrenergic, µ-opioid, endothelin A and dopamine D1A receptors, bind
to β-arrestin 2 with higher affinity than β-arrestin 1. In addition, their interac-
tion with β-arrestin is transient. β-Arrestin is recruited to the receptor at the
plasma membrane and translocates with it to clathrin-coated pits. Upon inter-
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nalization of the receptor, the receptor-β-arrestin complex dissociates.
β-Arrestin then recycles to the plasma membrane while the internalized recep-
tor proceeds into an endosomal pool. “Class B” receptors, represented by the
angiotensin AT1a, neurotensin 1, vasopressin V2, thyrotropin-releasing hor-
mone and neurokinin NK-1 receptors, bind β-arrestin 1 and β-arrestin 2 with
equal affinity. These receptors form stable complexes with β-arrestin, such
that the receptor-β-arrestin complex internalizes as a unit that is targeted to
endosomes. Studies done by reintroducing β-arrestin 1 or 2 singly into a
β-arrestin 1/2 null background have shown that β2 adrenergic receptor endocy-
tosis involves primarily β-arrestin 2, whereas either β-arrestin can support
AT1a receptor sequestration, consistent with the hypothesis that β-arrestin 1
and β-arrestin 2 differentially regulate GPCR sequestration (68).

β-Arrestin function is further regulated by posttranslational modification,
notably phosphorylation and ubiquitination. Cytoplasmic β-arrestin 1 is sto-
ichiometrically phosphorylated on S412, which lies within the C-terminal regu-
latory domain (69). Dephosphorylation of S412 occurs on receptor binding,
and phosphomimetic mutations at these sites impair clathrin binding and GPCR
endocytosis without affecting β-arrestin 2-mediated receptor desensitization,
suggesting that phosphorylation of S412 regulates the ability of β-arrestin 1 to
engage the endocytic machinery. A similar story applies to β-arrestin 2, except
that the phosphorylated residues, S361 and T383, are further removed from the
clathrin and AP-2 binding motifs (70).

Regulated ubiquitination of β-arrestin 2 also plays an important role in
GPCR endocytosis and trafficking. Both β-arrestin 2 and β2 adrenergic recep-
tors are rapidly and transiently ubiquitinated in response to agonist (71).
β-Arrestin 2 ubiquitination is catalyzed by the E3 ubiquitin ligase, Mdm2,
which binds directly to β-arrestin. Ubiquitination of the receptor is catalyzed
by an as-yet-unidentified ubiquitin ligase but still requires the presence of
β-arrestin. β-Arrestin 2 ubiquitination is apparently required for β2 receptor
internalization, whereas ubiquitination of the receptor is involved in receptor
degradation, but not internalization. The V2 vasopressin receptor also under-
goes β-arrestin-dependent ubiquitination. Unlike the β2 adrenergic receptor,
the V2 receptor-associated β-arrestin 2 remains stably ubiquitinated as it traf-
fics with the receptor into the endosomal pool. Like the β2 adrenergic receptor,
ubiquitination of the V2 receptor itself is not required for endocytosis, but does
accelerate receptor degradation (72). Expression of a β-arrestin 2-ubiquitin
chimera causes the β-arrestin to remain associated with both β2 and V2 recep-
tors as they internalize, suggesting that de-ubiquitination of β-arrestin 2 is a
trigger for dissociation of the receptor-β-arrestin complex (73).

Despite the broad applicability of the preceding model, it is clear that
β-arrestin-dependent desensitization and sequestration are not inextricably
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linked. In the case of the PAR1 receptor, phosphorylation and β-arrestin 1 bind-
ing are required for receptor desensitization but not for clathrin-dependent
endocytosis, which proceeds normally when the receptor is expressed in a
β-arrestin 1/2 null background. Interestingly, a C-terminal phosphorylation site
mutant of PAR-1 fails to internalize in either a β-arrestin-replete or β-arrestin-
null background, suggesting that PAR1 receptors use a phosphorylation-
dependent, β-arrestin-independent mechanism for endocytosis (72). Similar
results have been obtained using the N-formyl peptide receptor and the soma-
tostatin receptor type 2A (75,76). Other GPCRs that undergo β-arrestin-medi-
ated desensitization appear to internalize via clathrin-independent mechanisms.
Internalization of angiotensin AT1a and m2 muscarinic acetylcholine recep-
tors is insensitive to expression of dominant inhibitory mutants of either
β-arrestin or dynamin (77,78). β1-Adrenergic receptor mutants lacking GRK
phosphorylation sites exhibit impaired β-arrestin recruitment and clathrin-
mediated endocytosis but still internalize through an alternative pathway that
involves PKA phosphorylation and can be blocked by pharmacological disrup-
tion of caveloae (79). Collectively, these data indicate that, at least under cer-
tain circumstances, β-arrestin-dependent receptor desensitization and
sequestration are dissociable processes.

3.3. Resensitization, Recycling, and Downregulation

After endocytosis, GPCRs enter either a rapid recycling pathway leading to
return to the plasma membrane or a “slow-recycling” pathway from which most
receptors are targeted for degradation. The stability of the GPCR–β-arrestin
interaction is a major determinant of path taken by the internalized receptor.
Receptors like the β2 adrenergic receptor that dissociate from β-arrestin on
endocytosis transit to an acidified endosomal vesicle fraction that is enriched
in GPCR-specific protein phosphatase PP2A activity (80). After receptor
dephosphorylation and ligand dissociation in this acidified environment, β2
receptors return to the plasma membrane via recycling endosomes. In contrast,
receptors like the V2 vasopressin receptor, which remain β-arrestin-bound as
they internalize, recycle slowly and tend to be degraded. Switching the C-ter-
minal tails of the β2 and V2 receptors, which converts the β2 receptor into a
Class B receptor and the V2 receptor into a Class A receptor, reverses the
pattern of dephosphorylation and recycling (81).

The Rab family of small Ras-like GTPases regulates the budding, transport,
docking, and fusion of intracellular vesicles. Several of the Rab GTPases,
including Rab4, Rab5, Rab7, and Rab11, are involved in regulating GPCR
endocytosis and sorting between early, late, and recycling endosomes and
lysosomes (82). Many GPCRs rapidly accumulate in Rab5 positive early
endosomes, and Rab5 is required for GPCR endocytosis, as well as vesicle
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fusion and GPCR sorting. Interestingly, Rab5 binds directly to the C-terminal
tail of the angiotensin AT1a receptor, and angiotensin binding leads to Rab5
GDP/GTP exchange, suggesting that some GPCRs directly regulate their own
intracellular trafficking (83). Rab4 also localizes to early and recycling
endosomes and appears to be involved in rapid plasma membrane recycling
but not in the initial endocytosis of GPCRs. Rab11 appears to regulate the slow
recycling of GPCRs, whereas Rab7 controls GPCR trafficking between late
endosomes and lysosomes.

Other protein–protein interactions involving GPCRs modulate endocytic
sorting and influence the fate of the internalized receptor. Binding between a
DSLL motif at the extreme C-terminus of the β2 adrenergic receptor and the
PDZ-domain containing protein NHERF-1/EBP50, has been implicated in
directing the β2 adrenergic receptor into the recycling pathway (84). Con-
versely, a candidate GPCR-associated sorting protein (GASP) has been identified
that binds to the C-terminus of the δ-opioid receptor and preferentially targets the
receptor to lysosomes for proteolytic degradation (85). Transferring the PDZ
domain-binding motif of the β2 receptor onto the δ-opioid receptor, causes it
to reroute from the degradative pathway into the rapid recycling pathway (86).

Other components of the GPCR desensitization machinery also recruit pro-
teins involved in GPCR internalization and trafficking. GRK2 has been shown
to associate with actin and with a novel ARF6 GTPase-activating protein called
GIT-1 (87). β-Arrestins complex with ARNO, an ARF guanine nucleotide
exchange factor, which along with GIT-1, regulates ARF function (88). ARFs
are small GTPases involved in vesicle trafficking and sorting, and both GIT-1
and ARF6 are involved in GPCR endocytosis.

Downregulation of GPCRs, the persistent loss of cell surface receptors that
occurs during a period of hours to days, is the least understood of the processes
controlling GPCR responsiveness. Control of cell surface receptor density
occurs partially at the transcriptional level, but the removal of agonist-occu-
pied receptors from the cell surface and their sorting for either degradation or
recycling to the membrane is also important, at least in the early stages of
downregulation.

4. Positive Regulation of GPCR Signaling

Interactions between GPCRs and numerous other proteins modulate the
specificity, selectivity, and time course of signaling by the basic GPCR–G pro-
tein–effector module. Recent data indicate that GPCRs frequently are orga-
nized into multi-receptor or multiprotein “signalsomes” that influence the
response to receptor activation. Protein–protein interactions that positively
modulate GPCR signaling by influencing ligand binding, coupling to G pro-
teins and effectors, or targeting to specific subcellular locations, include GPCR



G Protein-Coupled Receptors 21

dimerization, the interaction of GPCRs with receptor activity-modifying pro-
teins (RAMPs), and the binding of various scaffolding proteins to the GPCR i3
loop and C-terminus. Many of these regulatory interactions are depicted in
Fig. 4.

4.1. Dimerization

Coprecipitation approaches, complementation studies using mutated or chi-
meric receptors, and fluorescence energy transfer measurements all support
the conclusion that many, if not most, GPCRs can exist as homodimers,
heterodimers, or higher order multimers (89–91). For example, the finding
that the internal tethered ligand of one protease-activated receptor can

Fig. 4. Protein–protein interactions that regulate G protein-coupled receptor
(GPCR) localization, trafficking, and signaling specificity. Many GPCRs form either
homodimers or heterodimers with other GPCRs. Dimerization affects trafficking of
nascent GPCRs to the plasma membrane, receptor pharmacology, and signaling speci-
ficity. The interaction of calcitonin receptor-like receptor and calcitonin receptors with
single transmembrane receptor activity-modifying proteins is necessary for receptor
trafficking and confers unique ligand-binding properties on the receptor. Interactions
between the intracellular domains of GPCRs and numerous other proteins target re-
ceptors to specific intracellular loci, or modulate the specificity, selectivity and time
course of signaling by the basic GPCR–G protein–effector module.
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“transactivate” other family members (92,93) fits the notion that the PAR
receptors are very closely associated. Fluorescence or bioluminescence reso-
nance energy transfer methods demonstrate that many homodimeric or
heterodimeric GPCR combinations are allowed (89–91). Recently, direct measure-
ments performed on reconstituted functional leukotriene B4 receptor:Gαi2β1γ2
complexes indicate an 2R:Gαβγ stoichiometry, consistent with a dimeric
receptor interacting with a single heterotrimeric G protein (94). Comparison of
the crystallographic structures of rhodopsin and transducin indicates that a
monomeric receptor cannot account for all of the known contact points between
receptor and G protein (95), whereas atomic force microscopy has shown that
native rhodopsin in the murine rod outer segment exists primarily as dimers (96).

In a number of cases, GPCR dimers appears to form shortly after synthesis,
and in some cases, dimerization is the prerequisite for trafficking nascent
receptors to the plasma membrane. The clearest example of such an obligatory
role for receptor dimerization is the GABAB receptor (97–99). The GABABR1,
which contains the structural determinants necessary for ligand binding but not
for G protein coupling (99), is retained in the endoplasmic reticulum as an
immature glycoprotein unless it is coexpressed with a second GABAB receptor
transcript, the GABABR2. The GABABR2 alone can reach the cell surface and
is capable of G protein coupling but cannot bind ligand (100). Dimerization of
the two receptors, which is mediated by their C-terminal tails, masks an endo-
plasmic reticulum retention sequence located in the tail of the GABABR1, and
allows for correct processing and membrane transport of GABABR1 (101).
Thus, the GABABR2 functions as a chaperone for GABABR1 through the for-
mation of an obligatory heterodimer. Similarly, coexpression of truncated D2
dopamine or V2 vasopressin receptors with their intact counterparts inhibits
the trafficking and function of the intact receptor, suggesting that dimer forma-
tion prior to membrane delivery may be a general process (102,103). In other
cases, dimerization appears to be regulated on the plasma membrane, posi-
tively or negatively, by agonist binding. Ligand binding to the CCR2b, CCR5,
and CXCR4 chemokine receptors, for example, promotes the formation of re-
ceptor dimers from essentially undetectable basal levels (104–106).

The potential for receptor oligomerization to increase the diversity of GPCR
signaling is enormous. Receptor pharmacology, G protein-coupling efficiency,
downstream signaling, and the endocytosis of activated receptors are all influ-
enced by the formation of receptor multimers. For example, in cells expressing
both the δ-opioid and κ-opioid receptors, high-affinity binding of subtype
selective ligands is enhanced when ligands for both receptors are available,
suggesting that the receptors exhibit cooperative binding when heterodimerized
(107). Similarly, interaction between µ-opioid and δ-opioid receptors leads to
altered pharmacology suggestive of cooperative ligand binding (108). Ago-
nist-induced trafficking of opioid receptors is also influenced by



G Protein-Coupled Receptors 23

heterodimerization. The nonselective opioid agonist etorphine, which causes
internalization of δ-opioid, but not κ-opioid receptors, does not cause δ-opioid
receptor internalization when it is coexpressed with κ-opioid receptor (107).

Heterodimerization between more distantly related receptors also modulates
GPCR function. For example, the AT1a angiotensin receptor heterodimerizes
with several other GPCRs, including the B2 bradykinin and β adrenergic
receptors. Interaction between AT1a and B2 receptors increases the efficiency
of Gi and Gq activation, and increases potency and efficiency of angiotensin
II, a vasopressor, while decreasing that of bradykinin, a vasodepressor
(109,110). In cardiomyocytes, blockade of β receptors inhibits the signaling
and trafficking of the AT1 receptor by inducing functional uncoupling of the
AT1 receptor from its cognate Gq protein without affecting angiotensin bind-
ing. In a reciprocal manner, selective blockade of the AT1 receptor uncouples
the β receptor from Gs and inhibits downstream signaling. Inhibition of the
two receptors by a single antagonist apparently results from direct interactions
occurring at the receptor level (111).

As the preceeding examples illustrate, the potential for complex
crossregulation generated by GPCR heterodimerization is vast and as yet
poorly understood. However the pharmacotherapeutic implications are clear
(112–114). In vivo studies of preeclampsia in humans (110), of morphine anal-
gesia in rats (115), and of cardiac function in mice (111) suggest that formation
of GPCR heterodimers leads to physiologically relevant changes in drug phar-
macology that present opportunities for selective enhancement or dampening
of receptor function.

4.2. RAMPs

The pharmacology of at least two GPCRs is determined not strictly by the
intrinsic structure of receptor but by their interaction with members of a family
of novel transmembrane proteins, called RAMPs. The three known RAMP pro-
teins are 148- to 174-amino acid single transmembrane domain glycoproteins
with large extracellular domains and short cytoplasmic domains (116,117).
RAMPs form complexes with the calcitonin receptor-like receptor (CRLR) and
calcitonin receptor and control receptor trafficking and function. RAMP bind-
ing to the CRLR is required for transport of nascent receptors to the plasma
membrane. Furthermore, the specific CRLR–RAMP complex determines the
ligand specificity of the receptor. The CRLR–RAMP1 complex acts as a
receptor for the calcitonin gene-related peptides, a pleiotropic family of neu-
ropeptides with homology to calcitonin, amylin and adrenomedullin. When
CRLR is complexed with RAMP2 or RAMP3, it functions as an
adrenomedullin receptor. Similarly, complexes between a naturally occurring
splice variant of the calcitonin receptor and RAMP1 or RAMP3 yields a func-
tional amylin receptor. RAMP expression is modified under various forms of



24 Luttrell

physiological stress and in response to glucocorticoids, suggesting that cellular
responsiveness to certain hormones may be regulated through control of acces-
sory proteins.

4.3. PDZ Domain-Containing Proteins

Postsynaptic density of 95-kDa (PSD95)-disc large zona occludens (PDZ)
domains are protein–protein recognition domains that specifically bind to short
peptide motifs usually located at the C-terminus of proteins. PDZ domain-
containing proteins often possess other protein interaction domains, and commonly
serve as scaffolds for protein localization, trafficking, or complex assembly.
The C-terminal tails of several GPCRs, including the β2 adrenergic receptor,
5HT2a-c serotonin receptors, SSTR2 somatostatin receptor, the mGluR1a and
mGluR5 metabotropic glutamate receptors, and the parathyroid hormone PTH/
PTHrP receptor, end in a PDZ domain-binding motif. Not surprisingly, a number
of PDZ domain-containing proteins have been shown to interact with these
GPCRs and to play important roles in modifying receptor function (118,119).

The Na+/H+ exchanger regulatory factor/ezrin binding protein 50 (NHERF/
EBP50) is a 55-kDa protein with two tandem PDZ domains that originally was
identified as a required protein for PKA-mediated inhibition of the NHE3 Na+/H+

exchanger in renal and gastrointestinal epithelial cells. The first PDZ domain
of NHERF/EBP50 binds to the β2 adrenergic receptor via the last four amino
acids of the receptor C-terminus (120). This interaction results in agonist-
dependent clustering of NHERF and contributes to β2 adrenergic receptor-
mediated stimulation of NHE3 via a potentially cAMP-independent mecha-
nism. In addition, the NHERF1/EBP-50 protein, through its ezrin/radixin/
moesin (ERM) motif, links β2 adrenergic receptors to the actin cytoskeleton.
As previously mentioned, disruption of this interaction leads to incorrect
postendocytic sorting of the receptor and accelerated receptor degradation (84).
PLC-β1 and the PTH1 parathyroid hormone receptor interact with the first and
second PDZ domains of NHERF1/EBP-50, respectively. In cells that express
NHERF1/EBP-50, like the brush border of the proximal renal tubular epithe-
lium, the PTH1 receptor stimulates phosphatidylinositol hydrolysis and inhib-
its adenylate cyclase by coupling to Gi/o family G proteins. In cells that lack
NHERF1/EBP-50, adenylate cyclase activation through Gs coupling predomi-
nates (121). The pattern of G protein and effector coupling can be reversed by
overexpression of NHERF1/EBP-50. Disrupting the interaction between
NHERF1/EBP-50 and actin blocks apical localization of PTH1 receptors and
inhibits PLCβ-induced calcium influx, indicating that NHERF1/EBP-50 both
controls receptor localization and specifies G protein and effector coupling (122).

Additional GPCR–PDZ domain-containing protein interactions influence
trafficking and localization of GPCRs. PSD-95 binds to the β1 adrenergic
receptor C-terminus and decreases receptor endocytosis (123), whereas another
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PDZ domain-containing protein that binds the same C-terminal epitope, mem-
brane-associated guanylate kinase inverted-2 (MAGI-2), a multidomain scaf-
folding protein containing six PDZ domains, markedly enhances β1 receptor
internalization (124). The PDZ domain of the src homology (SH)3 multiple
ankrin domain-containing protein (Shank)/somatostatin receptor interacting
protein (SSTRIP) associates with the C-terminus of the somatostatin SST2
receptor. Shank/SSTRIP contains multiple protein interacting domains, includ-
ing six N-terminal ankrin repeats, single SH3 and PDZ domains, seven proline
rich domains, and a C-terminal sterile α motif. Both SST2 receptors and Shank/
SSTRIP colocalize to neuronal postsynaptic densities, suggesting that Shank/
SSTRIP plays a role in SST2 receptor targeting. In addition, the sterile α motif
domain may mediate SST2 receptor dimerization (125).

Protein interacting with C kinase 1 (PICK-1) is a single PDZ domain-con-
taining protein that binds to PKCα. Binding of the PICK-1 PDZ domain to the
C-terminus of the mGluR7a receptor is required for clustering the receptor at
presynaptic terminals, and for coupling the receptor to inhibition of P/Q type
calcium channels via a Go-PLCβ-PKC dependent pathway (126,127). The
multi-PDZ domain protein 1 (MUPP1), which contains 13 PDZ domains,
interacts with the C-termini of the serotonin 5HT2a, 5HT2b, and 5HT2c sub-
types, via PDZ domain 10. Coexpression of MUPP1 with 5HT2c receptors
leads to receptor clustering. Although no functional role of the interaction has been
identified, the pattern of expression of the two proteins coincides in the rat brain,
suggesting that MUPP1 may function in GPCR signalsome assembly (128).

Spinophillin is a PDZ domain-containing protein that localizes to dendritic
spines and binds to protein phosphatase 1 (PP1) and F-actin. Spinophillin in-
teracts with both D2 dopamine and α2a-c adrenergic receptors via a non-PDZ-
domain-mediated mechanism involving the i3 loop of the receptor and a region
of the protein located between the F-actin binding and PDZ domains (129,130).
Spinophillin can bind to both the D2 receptor and PP1 simultaneously, sug-
gesting that it plays a role in scaffolding GPCRs and their regulators to specific
cell surface microdomains.

4.4. Other GPCR-Interacting Proteins

A number of other protein–protein interactions involving GPCRs recently
have been identified. Some appear to control receptor trafficking or subcellular
localization, whereas others scaffold protein complexes that dictate the speci-
ficity of the GPCR–G protein–effector interaction (119).

The Homer proteins share a 120 amino acid N-terminal Ena/VASP homol-
ogy 1/WASP homology 1 (EVH) domain that has been implicated in the con-
trol of actin filament dynamics. This domain interacts with polyproline
sequences in several signaling and scaffolding proteins located at glutaminergic
postsynaptic sites, including mGluR1α, mGluR5, Shank/SSTRIP, IP3 recep-
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tors, ryanodine receptors, and P/Q type calcium channels (131). Homer 1a
expression in the hippocampus is upregulated by excitatory synaptic activity
and triggers the targeting of mGluR5 to axon and dendrites. Homer 1b/c, Homer
2, and Homer 3, but not Homer 1a, have C-terminal coiled-coil motifs that
confer homo- and hetero-oligomerization properties. Both the mGluR1α and
mGluR5 receptors terminate with PDZ domain-binding motifs that, along with
a polyproline sequence in the mGluR C-terminal tail, mediates mGluR binding
to Homer. In neurons, nascent mGluRs accumulate in the endoplasmic reticu-
lum in association with Homer 1b. Excitation-induced expression of Homer
1a, which cannot oligomerize with the other Homers proteins and therefore
acts as a “dominant-negative” for Homer-induced receptor clustering, promotes
mGluR trafficking to the plasma membrane. At the membrane, the receptors
appear to dissociate from Homer 1a and engage in interactions with Homer 1c
and other mGluR-interacting proteins (132).

The dopamine receptor-interacting protein (DRIP78) of 78 kDa binds to a
highly conserved C-terminal hydrophobic motif in GPCRs that functions as an
export sequence from the endoplasmic reticulum. DRIP78 binding to D1 dopa-
mine receptors leads to receptor retention in the endoplasmic reticulum and
delayed posttranslational processing of the receptor (133). Conversely, inter-
action of the t-complex testis-expressed 1 (Tctex-1) protein with the C-termi-
nus of rhodopsin is required for receptor transport to the rod outer seqment
(134). Mutations in the rhodopsin sequence that binds Tctex-1 are associated
with retention of rhodopsin in the cell body and the development of retinitis
pigmentosa (135).

Other GPCR-binding proteins affect signaling by targeting effector enzymes
or regulatory proteins to the receptor. A kinase anchoring proteins (AKAPs)
localize PKA to its substrates by interacting with the RII regulatory subunit of
the kinase. The β2 adrenergic receptor C-terminus interacts with a complex
containing Gravin, an AKAP of 250 kDa, PKA, PP2A, and PP2B (136). Ago-
nist stimulation of the receptor brings additional proteins into the complex,
including GRK2, β-arrestin, and clathrin. Suppression of Gravin expression
does not affect receptor desensitization, but markedly reduces the sequestra-
tion and resensitization of β2 receptors. Similarly, AKAP150, the rat homolog
of human AKAP 79, interacts with the β2 adrenergic receptor C-terminus and
coprecipitates with the receptor from rat brain in complex with PKA, PKC, and
PP2B (137). The AKAP 79/150 interaction appears to facilitate receptor
desensitization, both by targeting PKA to the receptor and by increasing GRK2
activity (138). The angiotensin receptor-associated protein (ATRAP) selec-
tively binds to the C-terminus of the angiotensin AT1a receptor (139). ATRAP
localizes to endoplasmic reticulum, Golgi and endocytic vesicles, and appears
to constitutively shuttle toward the plasma membrane. Binding of AT1a receptors
to ATRAP inhibits coupling to PLC and markedly reduces AngII stimulated
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transcriptional activity and cell proliferation. Calcium–calmodulin and Gβγ
subunits compete for a common binding site on the C-terminus of the mGluR7,
and are involved in the inhibition of Ca2+ channels by this receptor (140).

Actin-binding protein 280 (ABP-280 or filamin A) is a cytoplasmic protein
that contains an actin-binding domain at its N-terminus. ABP-280 interacts
with the i3 loop of the D2 and D3 dopamine receptors. Its expression fosters
D2 receptor clustering at the plasma membrane and enhances the ability of D2
receptors to inhibit adenylate cyclase. The interaction with ABP-280 may be
inhibited by PKC phosphorylation of the receptor i3 loop, allowing for PKC
activation to modulate D2 receptor coupling (141). Similarly, Muskelin binds
to the α splice variant of the prostaglandin E2 receptor and affects coupling to
Gi and receptor internalization (142).

The 14-3-3 proteins are a family of at least seven acidic brain proteins that
have been shown to modulate the function of a variety of signaling molecules
by binding to phosphorylated serine/threonine motifs. 14-3-3 proteins exist as
dimers, which may allow coordination of signal transduction. The 14-3-3 ζ
isoform interacts with the i3 loop of α2 adrenergic receptors (143), whereas
the GABABR1 receptor interacts with the 14-3-3 η and ζ isoforms (144). These
interactions may be involved in regulating GPCR dimerization, activation of
the Ras/Raf cascade, and the localization of RGS proteins. Additional direct or
indirect interactions between the C-terminus of GPCRs and cytoskeletal or
cytoskeleton-associated proteins that may regulate GPCR localization or func-
tion have been reported, including binding to myosin heavy chain IIa, 4.1N,
actin, spectrin, and CapZ (119).

5. Novel Mechanisms of GPCR Signaling
As evident from the preceding discussion, many GPCRs engage in protein–

protein interactions that control spatial organization of GPCRs and modify the
function of the basic GPCR–G protein–effector module. Additional lines of
evidence, however, suggest that the full diversity of GPCR-mediated signals
cannot be explained solely on the basis of traditional models of GPCR signal-
ing. Most prominent are the effects of GPCR stimulation of cellular growth,
proliferation, and differentiation, which in many systems are demonstrably in-
dependent of the activation of second messenger-dependent protein kinases.
Study of the mechanisms underlying these responses has led to the discovery
that GPCRs employ a number of novel signal transduction mechanisms, some
of which appear not to require G protein activation. Several of these interac-
tions are shown schematically in Fig. 5.

5.1. Crosstalk Between GPCRs and Other Membrane Receptors

Stimulation of most GPCRs leads to the rapid activation of MAP kinases.
Mammalian cells contain three major classes of MAP kinase, the extracellular
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signal-regulated kinases (ERKs), c-Jun N-terminal kinase/Stress-activated pro-
tein kinases (JNK/SAPK), and p38/HOG1 MAP kinases. The ERK pathway is
important for control of the G0-G1 cell cycle transition and the passage of cells
through mitosis or meiosis, whereas the JNK/SAPK and p38/HOG1 MAP
kinases are involved in regulation of growth arrest, apoptosis, and activation of
immune and reticuloendothelial cells in response to a variety of environmental
and hormonal stresses (145,146). MAP kinases are regulated through a series
of modular kinase cascades, each of which is composed of three kinases that
successively phosphorylate and activate the downstream component. It is now
clear that a complex set of GPCR-derived signals converge to determine the
activity of the MAP kinase modules, and that the extent to which different
inputs contribute to MAP kinase activation varies widely between different
receptors and cell types. Moreover, the exact mechanism employed to activate

Fig. 5. Novel mechanisms of G protein-coupled receptor (GPCR) signaling.
Recent data indicate that GPCRs can use multiple intermediates to signal intracellu-
larly. Crosstalk between GPCRs and focal adhesions or “transactivated” receptor tyro-
sine kinases activates tyrosine kinase signaling cascades and initiates Ras-dependent
signaling. The intracellular domains of some GPCRs may interact directly with src
homology (SH)2, SH3, or PDZ domain-containing adapters or enzymes. Arrestins also
function as signaling adapters by recruiting Src family kinases or components of mito-
gen-activated protein kinase pathways to GPCRs. Because arrestin binding uncouples
GPCRs from G proteins, these “arrestin-dependent” signals may represent a form of
second-wave signaling by desensitized GPCRs.
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the MAP kinase appears to determine where, and for how long, the MAP kinase is
active, which in turn affects the functional consequences of MAP kinase acti-
vation.

Early studies of the mechanisms of GPCR-stimulated ERK activation found
that these signals often involved the activation of Src family nonreceptor tyro-
sine kinases and the low-molecular-weight G protein, Ras, intermediates in
signaling by classical receptor tyrosine kinase (RTK) growth factor receptors
(147,148). One basis for this convergence lies in crosstalk between GPCRs
and either RTKs or focal adhesion complexes, either of which can scaffold the
assembly of a Ras activation complex.

At least two RTKs, those for platelet-derived growth factor and epidermal
growth factor (EGF), can be “transactivated” by GPCRs (149,150). The best-
understood mechanism of RTK transactivation is through the autocrine/para-
crine generation of EGF receptor ligands via a process termed ectodomain
shedding (151). Each of the known ligands for the EGF receptor, including
EGF, transforming growth factor (TGF)-α, heparin-binding (HB)-EGF,
amphiregulin, betacellulin, and epiregulin, is synthesized as a transmembrane
precursor that is proteolyzed to produce a soluble growth factor. Of these,
amphiregulin, HB-EGF and TGF-α have been shown to undergo GPCR-stimu-
lated release in various cell types (152). In fibroblasts, both Gi/o-coupled and
Gq/11-coupled receptors activate EGF receptors by generating HB-EGF. For
Gi/o-coupled GPCRs, HB-EGF shedding and EGF receptor transactivation are
mediated by Gβγ subunits, whereas HB-EGF shedding in response to stimula-
tion of Gq/11-coupled receptors is mediated by Gq/11α subunits. GPCR-
mediated transactivation does not typically involve activation of either PLCβ
isoforms or ion channels. The G protein effectors that regulate ectodomain
shedding are poorly defined, although phosphatidylinositol-3' kinases (153)
and Src family kinases have been proposed as early intermediates in the path-
way (154,155). Proteolysis of the HB-EGF precursor is mediated by members
of the ADAM family of matrix metalloproteases (MMPs), one of which,
ADAM 12, has been implicated GPCR-mediated HB-EGF shedding in the
heart (156). Several of the ADAMs, notably ADAM-9, -10, -12, -15, -17, and
-19, possess consensus SH3 domain binding motifs within their short intracel-
lular domains that might mediate interaction with Src family kinases. Although
HB-EGF released in response to GPCR stimulation can cause paracrine activa-
tion of EGF receptors in adjacent cells (151,155), β2 adrenergic receptors
coprecipitate with transactivated EGF receptors, suggesting that transactivation
normally occurs over very short distances in the context of GPCR–RTK com-
plexes (157).

Because EGF receptors can be transactivated by many extracellular stimuli
in addition to those transmitted by GPCRs, their principal function may be to
integrate mitogenic signals from multiple sources (158). In some cases, the
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mitogenic response to GPCR stimulation has been attributed to Ras-dependent
signals arising from transactivated EGF receptors. In cardiac fibroblasts, for
example, angiotensin II-stimulated ERK activation and DNA synthesis are both
EGF receptor-dependent (159). Similarly, NK1 receptor-mediated ERK acti-
vation and DNA synthesis in U-373 MG cells is blocked by either pharmaco-
logical inhibition of the EGF receptor or expression of a dominant-negative
EGF receptor mutant (160).

A second form of GPCR crosstalk involves the focal adhesion complex.
Focal adhesions form when integrin heterodimers, which serve as extracellular
matrix receptors, cluster at points of contact between the cell surface and spe-
cific matrix proteins, such as fibronectin. Gαq/11-dependent activation of a
calcium- and cell adhesion-dependent focal adhesion kinase family member,
Pyk2, leads to Ras-dependent ERK activation (161). In this system, intracellu-
lar calcium, released as a result of PLCβ-mediated inositol trisphosphate pro-
duction, triggers Pyk2 autophosphorylation, recruitment of c-Src, tyrosine
phosphorylation of Shc, and Ras-dependent ERK activation (162).

The involvement of a second cell surface receptor in this form of GPCR
signaling imparts a conditional nature to the response and allows for
crossregulation of receptor classes. Because Pyk2 activation requires both the
presence of focal adhesions and a GPCR-derived calcium signal, the pathway
is functional only in adherent cells that express Pyk2 (163). Prior stimulation
of 5HT receptors in primary renal mesangial cells renders cells insensitive to
subsequent EGF exposure owing to the rapid transactivation-dependent internal-
ization of nearly the entire complement of EGF receptors on the cell surface (164).

5.2. Alternative Mechanisms of GPCR Signaling

The intracellular domains of several GPCRs can bind, either directly or
through adapter proteins, to enzymatic effectors, including GEFs for small G
proteins, nonreceptor tyrosine kinases, and components of several of the MAP
kinase pathways, raising the prospect that some GPCR signals may arise from
“G protein-independent” activation of effectors.

5.2.1. GPCRs as Signaling Scaffolds

A number of direct associations between GPCRs and putative effector
enzymes or adapters have been reported, including PDZ domain-mediated, as
well as SH2 and SH3 domain-mediated, protein–protein interactions. As pre-
viously noted, binding of the PDZ domain of NHERF/EBP50 to the C-termi-
nus of β2 adrenergic and PTH/PTHrP receptors may confer the ability to
regulate NHE3 activity (120). A novel mechanism of GPCR-mediated activa-
tion of Ras family GTPases involves direct binding of the C-terminus of the β1
adrenergic receptor to the PDZ domain of cAMP-regulated Ras GEF (CN-Ras
GEF [165]).
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Some GPCRs are substrates for tyrosine phosphorylation, which can lead to
their association with SH2 domain-containing proteins. For example, the
β2-adrenergic receptor can be phosphorylated on tyrosine residues by the insu-
lin receptor tyrosine kinase (166). This reportedly leads to direct association of
the receptor with the adapter proteins Grb2 and Shc, central elements in the
control Ras activity. Stimulation of the JAK-STAT pathway of transcriptional
regulation by angiotensin AT1a receptors involves tyrosine phosphorylation
of Tyr319 in the AT1a receptor tail by an Src family kinase, followed by asso-
ciation of JAK2 with the receptor (167). In this case, the binding of JAK2,
which does not have an SH2 domain, appears to be indirect, and may be medi-
ated by members of the SHP family of SH2 domain-containing tyrosine phos-
phatases (168). JAK2 recruitment to the receptor appears to be necessary, but
not sufficient, for activation of the JAK–STAT pathway by angiotensin, which
still requires Gq/11-dependent PKC activation (169).

Several GPCRs contain relatively large proline-rich inserts in their intracel-
lular loops that could mediate binding to proteins containing SH3 domains.
The β3 adrenergic receptor, for example, which does not recruit β-arrestin,
binds to the c-Src SH3 domain in an agonist-dependent manner via proline-
containing motifs in its i3 loop and C-terminus (170). This interaction may
contribute to the ability of β3 adrenergic receptors to activate the ERK path-
way, a response that still requires activation of pertussis toxin-sensitive G proteins.

5.2.2. GPCR-Binding Proteins as Signaling Scaffolds

Many GPCR-associated proteins, such as Shank/SSTRIP, PICK-1, MUPP1,
Spinophillin, Homer proteins, AKAP 79/150 and 14-3-3, bind other signaling
molecules, suggesting the hypothesis that GPCRs might signal by “coupling”
to non-G protein-regulated effectors. However, the most compelling data indi-
cating that GPCRs can act through G protein-independent signaling mecha-
nisms concern the role of β-arrestins in forming an alternative ternary complex
for GPCR signaling (171,172).

5.2.2.1. β-ARRESTINS AS SCAFFOLDS FOR MAP KINASE ACTIVATION

In COS-7 cells, overexpression of β-arrestin 2 paradoxically enhances
angiotensin AT1a receptor-mediated ERK1/2 activation while predictably at-
tenuating G protein-mediated phosphatidylinositol hydrolysis (173). Con-
versely, depletion of β-arrestins in HEK-293 cells using RNA interference
(RNAi) inhibits AT1a receptor mediated ERK1/2 activation and receptor se-
questration, while markedly enhancing second messenger production. Stimu-
lation of a G protein-uncoupled mutant AT1a receptor (DRY/AAY) with
angiotensin II fails to induce detectable G protein loading, but still promotes β-
arrestin 2 recruitment, receptor sequestration, and ERK1/2 activation that is
abolished when β-arrestin 2 is selectively depleted by RNA interference
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(30,174). In an analogous fashion, exposure of the wild-type AT1a receptor to
the synthetic peptide angiotensin antagonist [Sarcosine1,Ile4,Ile8] AngII
induces β-arrestin 2 recruitment and ERK1/2 activation in the absence of
detectable G protein activation. This signal too is abolished by depletion of
β-arrestin 2 by RNAi. Analogous results have been reported for the β2-adre-
nergic receptor, where ligands such as propranolol and ICI118551, which func-
tion as inverse agonists for Gs-stimulated adenylate cyclase activation,
nonetheless act as partial agonists for ERK1/2 activation (175). ERK1/2 acti-
vation by β2 receptor inverse agonists is absent in β-arrestin 1/2 null MEFs,
but can be restored by expression of β-arrestin 2, suggesting that signaling in
the absence of G protein activation is mediated through β-arrestins. Collec-
tively, these data suggest that β-arrestin binding to a GPCR, in the absence of
G protein activation, is both necessary and sufficient for ERK1/2 activation.

The β-arrestin-dependent activation of ERK1/2 results from scaffolding of
the MAP kinase pathway by GPCR-bound β-arrestin. In KNRK cells, stimula-
tion of the PAR2 protease-activated receptor induces assembly of a complex
containing the internalized receptor, β-arrestin 1, Raf-1 and activated ERK1/2
(176). Similar results have been obtained for the angiotensin AT1a receptor
(177). Angiotensin II stimulation triggers the formation of complexes contain-
ing AT1a receptor, β-arrestin 2, and the component kinases of the ERK cas-
cade, cRaf-1, MEK1, and ERK2. The NK1 neurokinin receptor provides a third
example. Activation of NK1 receptors causes the formation of complexes com-
prising internalized receptor, barrestin, c-Src, and ERK1/2 (178). When asso-
ciated with Class B GPCRs, such as the PAR2, AT1a, and NK-1 receptors,
β-arrestin–ERK complexes localize to endosomal vesicles along with the
sequestered receptor. The C-terminus of β-arrestin 2 contains a classical leu-
cine-rich nuclear export sequence, which probably contributes to the nuclear
exclusion of β-arrestin-bound MAP kinases (179). Because ERK1/2 activated
in this manner is spatially constrained, it does not induce transcription of Elk-
1 driven reporters, and unlike Ras-dependent ERK1/2 activation by transactivated
EGF receptors, does not enhance mitogenesis.

Presumably, the existence of distinct mechanisms of ERK1/2 activation
allows GPCRs to exert control over the substrate specificity and function of
these multifunctional kinases. In addition to phosphorylating nuclear transcrip-
tion factors, ERK1/2 phosphorylates numerous plasma membrane, cytoplas-
mic and cytoskeletal substrates, including several proteins involved in GPCR
signaling, such as β-arrestin 1 (180) , GRK2 (181), and GAIP (182). Phospho-
rylation of GRK2 by ERK1/2 enhances its rate of degradation, and the process
is accelerated by overexpression of β-arrestin 1, suggesting that β-arrestins
may target ERK1/2 to GRK2 (183). In NIH-3T3 cells, PAR2 receptors stimu-
late prolonged activation of a discrete pool of ERK1/2 that is retained in recep-
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tor-β-arrestin-ERK1/2 complexes. In a chemotactic gradient, these complexes
are enriched in pseudopodia. PAR-2 receptor-mediated cytoskeletal reorgani-
zation, polarized pseudopod extension and chemotaxis are ERK1/2-dependent
and inhibited by expression of a dominant-negative mutant of β-arrestin 1, sug-
gesting that the formation of β-arrestin-ERK1/2 signaling complexes at the
leading edge of a cell may direct localized actin assembly and drive chemotaxis
(184). Consistent with this hypothesis, T- and B-cells from β-arrestin 2 knock-
out mice are strikingly impaired in their ability to chemotax in response to
CXCL12 in transwell and in transendothelial migration assays (185). Thus, the
different mechanisms of ERK1/2 activation may permit selective regulation of
cell proliferation, GPCR desensitization, and cell migration.

β-Arrestins also scaffold other MAP kinase modules. β-Arrestin 2 binds to
Ask 1 and the neuronal JNK/SAPK isoform, JNK3 (186). Ask1 binds the
β-arrestin 2 N-terminus, whereas JNK3 binding is conferred by an RRSLHL
motif in the C-terminal half of β-arrestin 2 (187). β-Arrestin 2 forms com-
plexes with Ask1, MKK4, and JNK3 but not JNK1 or JNK2 and dramatically
increases Ask1-dependent phosphorylation of JNK3. As with ERK1/2, the
active JNK3 pool is retained in the cytosol by the nuclear export sequence
contained within β-arrestin2 (179). In HeLa and HEK293 cells, overexpres-
sion of β-arrestin 2 enhances ERK1/2 and p38 MAP kinase activation, as well
as the chemotactic response to activation of CXCR4 and CXCR5 chemokine
receptors (188). Conversely, suppression of endogenous β-arrestin 2 expres-
sion by antisense or RNAi attenuates CXCR4-mediated cell migration. In this
system, inhibition of p38 MAP kinase, but not ERK1/2, blocked the effect of
β-arrestin 2 on chemotaxis, suggesting that β-arrestin may act as a positive
regulator of chemokine receptor-mediated chemotaxis by enhancing activation
of the ASK1/p38 MAP kinase pathway.

5.2.2.2. β-ARRESTINS AS ACTIVATORS OF SRC FAMILY TYROSINE KINASES

Another signaling role of β-arrestins involves the activation of Src family
tyrosine kinases. β-Arrestin 1 and β-arrestin 2 bind directly to Src kinases and
recruit them to agonist-occupied GPCRs. In HEK-293 cells, stimulation of β2
adrenergic receptors leads to the assembly of a complex containing activated
c-Src, β-arrestin and the receptor, and colocalization of the receptor with both
proteins in clathrin-coated pits (189). Similar results have been obtained in
KNRK cells, where β-arrestins are involved in recruiting c-Src to the NK-1
receptor (178); in neutrophils, where β-arrestins recruit the Src family kinases
Hck and Fgr to the CXCR-1 receptor (190); and in the rod outer segment, where
bleached rhodopsin, visual arrestin, and Src assemble to form a multimeric
complex (191). Src binding to arrestins is mediated in part by an interaction
between the SH3 domain of the kinase and proline-rich PXXP motifs in the
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globular β-arrestin N-domain. β-Arrestin 1 has three such motifs, spanning
residues 88–91, 121–124, and 175–178, whereas visual arrestin has only a
single such motif. All three of the β-arrestin 1 PXXP motifs reside on the sol-
vent exposed surface of the molecule, where they would be available for SH3
domain binding, and a P91G/P121E mutant of β-arrestin 1 is impaired in c-Src
binding (189,192), suggesting that at least two of the motifs contribute to Src
binding. A second major site of interaction appears to involve the N-terminal
portion of the catalytic (SH1) domain of Src and additional epitopes located
within the N-domain of β-arrestin 1 (193).

GPCR stimulation results in the Src-mediated phosphorylation of several
proteins directly involved in the modulation of GPCR signaling, including
dynamin, GRK2, and Gαq/11 subunits. Activation of β2 adrenergic receptors
results in rapid Src-dependent tyrosine phosphorylation of dynamin on Y597,
which stimulates dynamin self-assembly, increases its GTPase activity, and
enhances GPCR endocytosis (194 ). These effects are blocked by expression of
a β-arrestin dominant-negative. GRK2 is another potential substrate for
β-arrestin-bound Src (195). β2 Adrenergic or CXCR4 receptor stimulation in
HEK-293, Jurkat, or C6 cells stimulates Src-mediated GRK2 phosphorylation,
which is followed by rapid ubiquitination and proteosomal degradation of the
GRK. This may represent a feedback mechanism for regulating GRK levels
and GPCR signaling.

β-Arrestin-dependent Src activation also affects endocytic and exocytic
vesicle trafficking. β-Arrestin 1 recruits Src to ETA endothelin receptors in
3T3-L1 cells, leading to Src activation, Src-dependent tyrosine phosphoryla-
tion of Gαq/11 subunits, translocation of glucose transporter 4 (GLUT4)-con-
taining vesicles to the plasma membrane, and an increase in GLUT4-mediated
glucose uptake. Treatment with Src inhibitors, or microinjection of antibodies
against either the Src family kinase c-Yes or β-arrestin1, blocks ETA-stimu-
lated glucose uptake (196). In granulocytic neutrophils, activation of the
chemokine receptor CXCR1 by interleukin-8 stimulates the rapid formation of
complexes containing endogenous β-arrestin and the Src family kinases, Hck
or Fgr (190). The formation of β-arrestin-Hck complexes leads to Hck activa-
tion, trafficking of the complexes to granule-rich regions, and enhanced
chemoattractant-stimulated granule release.

Ras-dependent activation of the ERK1/2 MAP kinase cascade by many
GPCRs requires Src kinase activity (197). In some cases, the interaction
between β-arrestin and Src appears to play a role in the process. In HEK-293
cells, overexpression of β-arrestin 1 mutants that exhibit either impaired Src
binding or that are unable to target receptors to clathrin-coated pits, blocks β2
adrenergic receptor-mediated activation of ERK1/2 (189). In KNRK cells,
activation of NK1 receptors by Substance P leads to assembly of a scaffolding
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complex containing the internalized receptor, β-arrestin, Src and ERK1/2.
Expression of either a dominant-negative β-arrestin 1 mutant or a truncated
NK1 receptor that fails to bind β-arrestin blocks complex formation and inhib-
its both substance P-stimulated endocytosis of the receptor and activation of
ERK1/2 (178).

5.2.2.3. OTHER SIGNALING ROLES OF β-ARRESTINS

Another downstream signaling event that may involve β-arrestin-dependent
Src activation is activation of nuclear factor-κB. Dopamine D2 receptors
expressed in HeLa cells activate nuclear factor-κB through a pathway involv-
ing pertussis toxin-sensitive G proteins, Gβγ subunits, and Src family tyrosine
kinases. The signal is independent of PLC and phosphatidyinositol 3-kinase
activity, but is enhanced by overexpression of β-arrestin 1, suggesting that
β-arrestin recruitment, rather than activation of traditional heterotrimeric G
protein effectors, may be the initiating event in the process (198).

The frizzled family of seven membrane-spanning receptors is distantly
related to the GPCRs (5). Frizzleds bind ligands called Wnts, and are impor-
tant regulators of development in many organisms. Unlike the classical GPCRs,
frizzled receptors do not appear to couple to heterotrimeric G proteins. Rather,
they recruit the cytoplasmic proteins Dishevelled 1 and Dishevelled 2 (Dvl 1
and Dvl 2), which link the receptor to several signalling cascades, including
inhibition of glycogen synthase kinase-3β, stabilization of β-catenin, and acti-
vation of lymphoid enhancer factor. Interestingly, β-arrestin 1 has been identi-
fied as a binding partner of both Dvl 1 and Dvl 2 (199). Phosphorylation of Dvl
1 enhances its binding to β-arrestin 1, and overexpression of β-arrestin 1 along
with Dvl1 synergistically activates lymphoid enhancer factor transcription. In
addition, endocytosis of Frizzled 4 in response to the Wnt5A protein is mediated
by β-arrestin 2 that is recruited to the receptor by binding to phosphorylated
Dvl2 (200). These data further suggest that the arrestin proteins may function
as independent signal transducers, as well as mediators of receptor endocytosis.

6. Conclusions
As the most diverse type of cell surface receptor, the importance GPCR

signaling to clinical medicine cannot be overestimated. Visual, olfactory, and
gustatory sensation, intermediary metabolism, and cell growth and differentia-
tion are all influenced by GPCR signals. The basic receptor–G protein-effector
mechanism of GPCR signaling is tuned by a complex interplay of positive and
negative regulatory events that amplify the effect of a hormone binding the
receptor or that dampen cellular responsiveness. The association of heptahelical
receptors with a variety of intracellular partners other than G proteins has to
the discovery of potential mechanisms of GPCR signaling that extend beyond
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the classical paradigms. Although the physiologic relevance of many of these
novel mechanisms of GPCR signaling remains to be established, their exist-
ence suggests that the mechanisms of GPCR signaling are even more diverse
than previously imagined.
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Crosstalk Coregulation Mechanisms of G Protein-
Coupled Receptors and Receptor Tyrosine Kinases

Kanchana Natarajan and Bradford C. Berk

Summary
G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) are trans-

membrane receptors that initiate intracellular signaling cascades in response to a diverse
array of ligands. Recent studies have shown that signal transduction initiated by GPCRs
and RTKs is not organized in distinct signaling cassettes where receptor activation leads
to cell division and gene transcription in a linear manner. In fact, signal integration and
diversification arises from a complex network involving crosscommunication between
separate signaling units. Several different styles of crosstalk between GPCR- and RTK-
initiated pathways exist, with GPCRs or components of GPCR-induced pathways being
either upstream or downstream of RTKs. Activation of GPCRs sometimes results in a
phenomenon known as “transactivation” of RTKs, which leads to the recruitment of
scaffold proteins, such as Shc, Grb2, and Sos in addition to mitogen-activated protein
kinase activation. In other cases, RTKs use different components of GPCR-mediated
signaling, such as β-arrestin, G protein-receptor kinases, and regulator of G protein sig-
naling to integrate signaling pathways. This chapter outlines some of the more common
mechanisms used by both GPCRs and RTKs to initiate intracellular crosstalk, thereby
creating a complex signaling network that is important to normal development.

Key Words: G protein-coupled receptor; growth factor receptor; crosstalk;
transactivation; MAPK.

1. Introduction
Cells use a wide array of biochemical mechanisms to respond to extracellu-

lar signals, such as hormones, neurotransmitters, chemokines, odorants, and
light. Three major classes of receptors on the surface of the cell detect these
signals. The first class of receptor proteins is peripheral membrane proteins,
which adhere only loosely to the biological membrane with which they are
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associated. These molecules do not span the lipid bilayer core of the membrane
but attach indirectly, typically by binding to integral membrane proteins, or by
interactions with the lipid polar head. Another major class of receptors is rep-
resented by intracellular receptors, such as those for steroid hormones. A third
major class of receptors includes transmembrane proteins, which reside and
operate typically within a cell’s plasma membrane but also are found in the
membranes of some subcellular compartments and organelles. Binding of a
signaling molecule to the receptor on the extracellular domain helps transduce
the signal through the transmembrane domain to the intracellular space of the
cell. There are several types of transmembrane receptors including integrins, G
proteins, and protein tyrosine kinases.

All G protein-coupled receptors (GPCRs) identified to date share a typical
structural motif of seven membrane-spanning helices and are coupled with
heterotrimeric G proteins. Agonist-stimulated GPCRs function as guanosine
diphosphate (GDP)/guanosine triphosphate (GTP) exchange factors and pro-
mote the release of GDP and binding of GTP to the α-subunits. This process
activates the G protein by dissociating GTP-bound Gα from the heterodimeric
Gβγ subunit. Both GTP-Gα and Gβγ subunits interact with a variety of effec-
tor systems, such as adenylyl cyclase, phospholipase (PL) C isoforms, and ion
channels, thereby modulating cellular signaling pathways through second mes-
sengers cyclic adenosine monophosphate (cAMP), protein kinase (PK) C, and
Ca2+ and other intermediate molecules, such as phosphatidylinositol 3-kinase
(PI3K), reactive oxygen species (ROS), Pyk2, and Src (1).

Receptor tyrosine kinases (RTKs) comprise another class of transmembrane
proteins that span the membrane just once. Classically, RTKs are activated by
ligands, such as growth factors and insulin. Upon ligand binding and receptor
dimerization, the activated receptor acts as a tyrosine kinase, autophos-
phorylates itself on cytoplasmic tyrosine residues, and subsequently acts as a
scaffold to assemble signaling partners. Classically these include Shc, Grb2,
and Sos, which lead to Ras activation followed by an increase in mitogen-
activated protein kinase (MAPK) activity (2,3).

Initially, it was thought that GPCRs and RTKs, along with their respective
downstream effectors, represented distinct and linear signaling units that con-
verged on downstream targets, such as the MAPKs. Recently, it has become
clear that GPCR- and RTK-mediated signaling pathways are not mutually
exclusive of one another and often function as partners, with G protein partici-
pation being either upstream or downstream of the RTKs, stimulating interac-
tions at multiple levels between various molecules downstream of the receptors
(4,5). For example, both pathways involve tyrosine phosphorylation of Shc
and Ras activation upstream of MAPK activation (6–8). The involvement of
common molecules initiates an integration of diverse stimuli through complex
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cross-communication and provides intricate control over regulatory mecha-
nisms that affect cell proliferation, differentiation, growth, and survival. This
chapter reviews the signaling pathways associated with crosstalk between
GPCRs and RTKs that could be initiated by either GPCR or RTK ligands.

GPCRs initiate crosstalk in several different ways. In some cases, GPCRs
can form homodimers and heterodimers in order to increase functional
activity. Several such examples have been discovered, such as the
heterodimerization of the γ-aminobutyric acid receptors, the homodimerization
of the β2-adrenergic receptors, and the heterodimerization of the dopamine D2
and somatostatin SSTR5 receptor (9–11). In addition, treatment of cells with
ligands for GPCRs results in tyrosine phosphorylation and subsequent activation
of RTKs, by a phenomenon known as “transactivation” (12,13). In each case,
increased dimerization of the RTKs leads to the recruitment of scaffold proteins,
such as Shc, Grb2, and Sos, via their Src homology (SH)2 domains. Several
GPCR agonists, such as angiotensin II (AngII), lysophosphatidic acid (LPA),
bradykinin, and endothelin, transactivate RTKs such as the epidermal growth
factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR).

In recent years, different concepts have emerged to explain mechanisms of
transactivation as shown in Fig 1. Molecules such as PKC, Src, and ROS mediate
RTK transactivation. In general, both calcium-dependent and -independent
pathways leading to RTK transactivation have been suggested. One of the new
concepts in transactivation mechanisms is that of GPCR ligands activating

Fig. 1. Schematic showing G protein-coupled receptor–ligand-induced transactivation
of receptor tyrosine kinase.
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“sheddases,” proteases that cleave an RTK ligand molecule to its RTK-binding
form. This active ligand in turn activates the RTK. Another mechanism of
transactivation involves the creation of signaling domains by GPCR–ligand
interaction, where there is a movement of RTKs to a specific subcellular location,
leading to RTK–GPCR association and downstream signaling. Several adaptor/
scaffold proteins such as Gab1, IRS-1, and GIT1, which serve as docking sites
for multiprotein complexes at the RTK, also have been implicated as mediators
of GPCR-ligand induced RTK transactivation, Activation of protein tyrosine
phosphatases that “transinactivate” RTKs in response to GPCR activation also
have been recently suggested as a mechanism of GPCR–RTK crosstalk.

In some cases, the RTK activation of downstream effector responses is sen-
sitive to pertussis toxin, suggesting that G protein involvement is proximal to,
and downstream of the RTKs. In this model, the RTKs use several different
components of GPCR-mediated signaling, such as β-arrestin, regulator of G
proteins (RGS), and G protein receptor kinases (GRKs). Studies by various
groups have demonstrated two major models for G protein signaling down-
stream of RTKs. In the first scenario, activated RTKs have been shown to in-
duce the activation of G proteins by dissociating the Gα subunit from the Gβγ
subunit leading to downstream signaling (Fig. 2A) Alternatively, stimulation
of an RTK by a ligand leads to a direct association between GPCRs and RTKs
through scaffold proteins, such as RGS, leading to the use of G protein-associ-
ated molecules such as β-arrestin and Grk2, as shown in Fig. 2B. These data
indicate the involvement of GPCRs both upstream and downstream of the RTK
signal transduction. Outlined in Headings 2 and 3 are a few common examples
of crosstalk between GPCRs and RTKs. The novel crosstalk that may occur
between two different RTKs also will be discussed.

2. GPCR/G Protein Ligand-Initiated Receptor Crosstalk
2.1. Angiotensin II

AngII, a multifunctional octapeptide of the renin–angiotensin system, influ-
ences the function of cardiovascular cells via intracellular signaling that is ini-
tiated at the AngII type 1 and type 2 receptors (AT1R and AT2R), which are
GPCRs that have opposing effects on cell growth and other physiological func-
tions (14,15). Crosstalk exists between AT1R and AT2R, and studies performed
by Cui et al. demonstrate a role for SHP-1 tyrosine phosphatase in this cross
talk that regulates survival of fetal vascular smooth muscle cells (VSMCs) (16).
Activation of Gq/11 by AngII stimulates PLC to generate inositol (1,4,5)-triph-
osphate and diacyglycerol, thereby increasing intracellular Ca2+ levels and ac-
tivation of PKC. Downstream effectors of AngII signaling include the
following:

1. Extracellular signal-regulated kinase (ERK) 1/2, p38 MAPK, and JNK.
2. Tyrosine kinases, such as Src and Pyk2.
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3. PI3K and PKB/Akt.
4. Janus-activating kinase (JAK) and signal transducers and activators of transcrip-

tion (STATs).
5. RTKs, such as the EGFR and PDGFR (17–23).

2.1.1. EGFR Transactivation

AngII induces transactivation of the EGFR and, in turn, the EGFR serves as
a scaffold for assembling signaling molecules, such as MAPKs and Akt that
are important for downstream signaling, as well as the expression of the AT1R
signaling repertoire in VSMCs (20,24). Downstream, AngII-induced EGFR
transactivation plays a role in inducing eukaryotic translation initiation factor
4E and 4E binding protein 1 phosphorylation, thereby playing a role in transla-
tional control and protein synthesis and this process upregulates proteins like
the plasminogen activator inhibitor type 1 (25,26). AngII induces EGFR

Fig. 2. Schematic showing receptor tyrosine kinase (RTK)–ligand-induced crosstalk
with G protein-coupled receptors (GPCRs). (A) RTK–ligand-induced effect on G pro-
tein activation. (B) RTK–ligand-induced utilization of GPCR/G protein-regulating sig-
naling components.
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transactivation by both Ca2+-dependent and Ca2+-independent processes
(21,23,24,27,28). Three major mechanisms are involved in AngII-induced
EGFR transactivation—an upstream tyrosine kinase, ROS, or through the use
of metalloproteases that generate EGF-like ligands (sheddases in Fig. 1) In
addition, recent studies from our laboratory indicate a novel mechanism by
which glucose-dependent EGFR N-glycosylation and, hence, transactivation,
modulates AngII signal transduction (29).

2.1.1.1. NON-RTKS

Two major non-RTKs have been shown to be involved in EGFR
transactivation by AngII. Several studies done in VSMCs, cardiac myocytes,
and rat anterior pituatory cells have shown that c-Src is necessary for the
transactivation of the EGFR, and this in turn induces Ras/ERK activation
downstream (12,24,30–32). In rat liver epithelial cells, Li et al. proposed an
AngII-stimulated EGFR-dependent signaling pathway to Ras only when PKC
activity was inhibited (33). Interestingly, in VSMCs, AngII-induced p70rsk

activation is mediated via both the ERK and PI3K/Akt cascades that bifurcate
at the point of EGFR-dependent Ras activation (34).

Another non-RTK, the proline-rich kinase 2 (PYK2)/cell adhesion kinase β
also is induced by several GPCR agonists. Its role in the transmission of mito-
genic signals via EGFR transactivation is somewhat controversial as shown in
AngII-stimulated VSMCs, cardiac fibroblasts, and PC12 cells (27,35–37).
Tyrosine phosphorylated Src is often found in association with the transactivated
EGFR or with PYK2 on Gq-coupled receptor stimulation, suggesting activated
Src to be the primary mediator of EGFR transactivation (35,36,38).

In addition to activating Src and PYK2, AngII induces the JAK/STAT sig-
naling pathway, which has been implicated in ERK activation and subsequent
cell growth in VSMCs, cardiac fibroblasts, and cardiomyocytes (39–41).
Because JAK is involved in growth hormone-induced EGFR transactivation,
the possibility of JAK-dependent EGFR transactivation by AngII also exists (42).

2.1.1.2. REACTIVE OXYGEN SPECIES

The generation of ROS, such as superoxide and hydrogen peroxide (H2O2)
that act as intercellular and intracellular second messengers, is regulated by
cytokines and growth factors, including AngII, in several cell types (43,44).
AngII-induced transactivation of the EGFR is mediated, in part, through ROS
derived from nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase,
and this transactivation is strongly inhibited by antioxidants, such as, tiron, and
N-acetylcysteine (28,45–47). Once produced, ROS activate several receptor-
and non-RTKs, such as the JAK and Src families, PYK2, as well as the EGFR,
stimulating the formation of the Shc–Grb2–Sos complex at the EGFR. This
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complex subsequently activates Ras followed by the p38 MAPK and Akt/PKB
pathways downstream of the EGFR (48,49). In addition, AngII promotes the
movement of AT1R to caveolae and lipid rafts leading to AT1R–EGFR associa-
tion in VSMCs through the tyrosine phosphatase SHP-2 (20,50). Depletion of
membrane cholesterol by β-cyclodextrin disrupts caveolae structure and inhib-
its tyrosine phosphorylation of the EGFR and subsequent activation of PKB
induced by AngII.

2.1.1.3. METALLOPROTEINASE CLEAVAGE OF HEPARIN-BINDING EGF

Prenzel et al. first showed that a chimeric RTK in rat fibroblasts, consisting
of the EGFR ectodomain and the PDGFR transmembrane and intracellular
domain, was transactivated with GPCR ligands, whereas the endogenous
PDGFR was not, by the cleavage of proheparin-binding (pro-HB)-EGF to its
active form HB-EGF by matrix metalloproteinases (MMPs; [51]). Free
HB-EGF subsequently binds to the EGFR, leading to EGFR transactivation.
The role of MMPs in AngII-induced transactivation of the EGFR remains
controversial; studies done in our laboratory on VSMCs did not show inhibi-
tion of EGFR transactivation with MMP inhibitors, whereas other studies have
shown an inhibition by pharmacologically inhibiting the MMPs (22,23,52).
Eguchi et al. suggest that MMP-dependent EGFR transactivation by AngII
activates the ERK and p38 MAPK pathways, whereas JNK activation is regu-
lated independent of EGFR transactivation (23).

Recent data suggests that different proteases (sheddases) may cleave pro-
HB-EGF through PKC-dependent and PKC-independent mechanisms in
response to different stimuli. Some data suggest that PKC mediates AngII-
induced EGFR transactivation via activation of MMPs in response to GPCR
agonists coupled to Gq (26,51,53–56). However, other studies, such as those
done by Frank et al., showed that ROS transactivate EGF receptors through the
release of HB-EGF by metalloproteases in VSMCs and that this transactivation
is independent of PKC (57). In addition to the EGFR, the primary cognate
HB-EGF receptor Erb1 has also shown to be transactivated by AngII in human
prostate stromal cells, thereby promoting cell growth (58).

2.1.2. PDGFR Transactivation

Although PDGFR has two distinct receptor subtypes, rapid tyrosine phos-
phorylation of only the PDGFβ receptor by AngII has been reported (59–61).
This transactivation induces association of the activated receptor with p66Shc,
Grb2, and c-Src. In addition, PDGFR transactivation by AngII was not sensi-
tive to BAPTA-AM, suggesting that this transactivation pathway was Ca2+-
independent (59). Like AngII-induced EGFR transactivation, PDGFR
transactivation is redox-sensitive and is abrogated by N-acetylcysteine and
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Tiron. Recently, the potential downstream signaling of the PDGFR to ERK 1/2
via AngII-mediated transactivation was proposed in mesangial cells (62).
Additional studies by Conway et al. have shown that the activation of the
MAPK pathway is dependent on both Src and complex formation of Grb2 with
PI3K (63). New studies indicate that, like the EGF-family of ligands, a new
ligand for the PDGFRα, PDGF-C, could be another growth factor that is
released from the cell surface after limited proteolysis leading to transactivation
of the PDGFR (64).

2.1.3. Insulin-Like Growth Factor 1 Receptor Activation

Another growth factor receptor that is transactivated by AngII is the insulin-
like growth factor 1 receptor (IGF-1R) in VSMCs. IGF-1R becomes phospho-
rylated on its β-subunit and this in turn phosphorylates the adapter insulin
receptor substrate-1 (IRS-1 [65]). Transactivation of the IGF-1R has been
shown to play a critical role in PI3K activation by AngII, but does not seem to
be required for stimulation of the MAPK cascade (66). Touyz et al. demon-
strated that AngII stimulates production of NADPH-inducible ROS partially
through IGF-1R transactivation which leads to phosphorylation of p38 MAPK
and ERK5, but not ERK 1/2 (49). Also, the role of insulin receptor substrate
(IRS)-1-mediated signaling in response to AngII in VSMCs remains contro-
versial as inhibition of insulin and IGF-1 signaling by AngII at the levels of
IRS-1 and PI3K have been reported (67,68).

2.2. Lysophosphatidic Acid

LPA is an important component of serum that affects cell proliferation, sur-
vival, adhesion, and migration by transducing signaling through the Edg fam-
ily of receptors that are coupled to Gi, Gq/11, and G12/13 proteins. LPA
induces ERK 1/2 activation by mediator protein tyrosine kinases, such as Src,
PYK2, and transactivated EGFR (13,69–73). LPA-induced EGFR tyrosine
phosphorylation is weak but functionally significant in several cell lines tested
(74). Inhibition of LPA induced EGFR transactivation suppressed tyrosine
phosphorylation of adapter proteins Shc and Gab1, which in turn inhibited Shc-
Grb2 and Gab1-SHP2 association that was necessary for ERK 1/2 activation.
This indicates that LPA-induced transactivation is upstream of ERK 1/2 acti-
vation, c-fos induction and DNA synthesis (13,74,75).

Several studies have shown that LPA-mediated EGFR is dependent on cal-
cium and ROS (76–80). In addition, LPA has been identified as a major serum
factor for stimulating pro-HB-EGF ectodomain shedding via a Ras-Raf-
MAPK/ERK pathway to transactivate the EGF receptor (81,82). Recently, LPA
also has been shown to transactivate the HB-EGF receptors ErbB1 and ErbB4
via a Ca2+-dependent pathway (83).
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LPA receptors also interact with and transactivate the nerve growth factor
receptor TrkA, stimulating translocation of the TrkA receptor to the nucleus
and this regulates the ERK 1/2 pathway (84). LPA also mediates phosphoryla-
tion of the PDGFR-β in human bronchial epithelial cells via phospholipase D
(85). In addition to transactivating these growth factor receptors, LPA induces
phosphorylation of α1B-adrenoreceptor phosphorylation through dissociated
Gβγ subunits, EGFR transactivation, PI3K and PKC (86).

2.3. Endothelin

Endothelin (ET) isopeptides (ET-1, ET-2, and ET-3) are potent vasocon-
strictors that bind specific ET (ETA and ETB) receptors coupled to Gq proteins.
Similar to the angiotensin receptors, crosstalk between the two ET receptors
has also been reported in rat mesenteric arteries (87). Activation of GPCRs by
ET-1 phosphorylates the EGFR in a Ca2+- and MMP-dependent manner, fol-
lowed by an increased association of the phosphorylated EGFR with Shc and
Grb2, subsequently leading to MAPK phosphorylation, p70S6K activation,
c-fos induction, and cell proliferation (13,51,88,89). In addition, Hua et al. have
shown that ET-1 activates ERK 1/2 in mesangial cells predominantly through
a pathway involving EGFR transactivation and its attachment to caveolin, leading
to compartmentalization of these signaling molecules (90). In a rat cardiac allograft
model, Sihvola et al. demonstrated an increase in VSMC proliferation and mi-
gration via ET-1 induced PDGFR upregulation (91). ET-1 also signals through
other GPCRs. ET-1 and norepinephrine signaling crosstalk through differen-
tial pathways regulating myocardial contractility, and this is mediated by Ca2+

transients, PKA, PKC, PKG, and phosphatases (92). PKC also plays a major
role in ET-induced phosphorylation of the α1B-adrenergic receptor (93,94).

2.4. Bradykinin

Bradykinin is an inflammatory mediator that exerts its biological effects
through the activation of several bradykinin receptors. The B2 receptor (B2R)
is capable of coupling to different classes of G proteins in a cell specific and
time-dependent manner, resulting in simultaneous or consecutive initiation of
different signaling chains that may crosstalk. Blaukat et al. have shown that
bradykinin activates both Gαq and Gαi pathways simultaneously and coopera-
tive signaling between these two activated G protein pathways is required for a
synergistic stimulation of ERK 1/2 (95). Other studies have shown that the
activated bradykinin receptor coupled to Gαq can activate Gαi and subsequently
adenylate cyclase and cAMP. This activation leads to differential regulation of
PLC preventing multiple stimulation of MAPK (96). Bradykinin modulates
α1b-adrenoreceptor phosphorylation in rat-1 fibroblasts (97). The B2R also has
been shown to crosstalk with nucleotide receptors, such as P2Y, which are also
coupled to Gq (98,99).
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Schindelholz et al. report growth cone collapse of neuronal growth factor
(NGF)-differentiated PC12 cells evoked by bradykinin, mediated by c-Src and
paxillin, revealing a crosstalk between bradykinin and growth factor receptors,
such as the NGF receptor (100). Bradykinin-induced transactivation of the
KDR/Flk-1 (VEGF receptor 2) receptors associated with endothelial nitric
oxide synthase production has also been shown in endothelial cells (101,102).
Work done in several systems have shown that bradykinin induces
transactivation of the EGFR via both PKC-dependent and PKC-independent
mechanisms, which leads to phosphorylation of downstream molecules, such
as ERK 1/2, AMP responsive element-binding protein (CREB), nuclear factor
(NF)-κB, and E2F (103–105). EGFR transactivation by bradykinin also
induces desensitization of EGFRs by a process associated with the loss of cell-
surface EGFRs through clathrin-mediated endocytosis via β-arrestin and
dynamin (104). Whether calcium and calmodulin are required for EGFR
transactivation by bradykinin remains a matter of controversy (106–108). Finally,
novel findings by Graness et al. show bradykinin-mediated “transinactivation”
of EGFR by stimulation of a protein tyrosine phosphatase (109).

2.5. Sphinosine 1-Phosphate

Sphinosine 1-phosphate (S1P) is a bioactive lipid released by activated plate-
lets that induces cell processes, such as migration and proliferation by binding
the Edg family of GPCRs. S1P induces transactivation of the vascular EGFR
(VEGFR) in human umbilical vein endothelial cells, followed by Src activa-
tion and phosphorylation of the adaptor protein CrkII, to induce membrane
ruffling (110). In other studies, transactivation of the VEGFR by S1P is inde-
pendent of ROS and is mediated by Ca2+ and Src, leading to the activation of
the PI3K/Akt/endothelial nitric oxide synthase pathway (111). S1P also stimu-
lates Akt phosphorylation via Gi-dependent PDGFRβ transactivation (112).
Transactivation of EGFR by S1P has also been reported through a PKC-dependent
pathway that results in the activation of the Ras–MEK–ERK pathway (113).

2.6. Thrombin

Thrombin is a procoagulant protease that signals through the protease-
activated receptor family that are coupled to G proteins. Transactivation of the
EGFR on thrombin stimulation has been shown in a number of systems through
multiple mechanisms (114). Several groups also showed that thrombin
transactivates the EGFR via HB-EGF, Src, and PYK2 followed by increased
ERK 1/2 and p38 MAPK activation, leading to an increase in CREB activation
DNA synthesis and interleukin 6 gene expression (115–119). In rat VSMCs,
thrombin induces the release of basic FGF that results in FGF receptor
transactivation-mediated cell proliferation (120). Thrombin also induces IGF-
1R transactivation in rat VSMCs (121).
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2.7. Adrenoreceptor Agonists

AngII stimulates the release of norepinephrine from the sympathetic nerves
that is a ligand for the α1-adrenergic receptor. In carotid injury models, Majesky
et al. showed that α1-adrenergic stimulation caused PDGF-A expression, sug-
gesting crosstalk between AngII and PDGF signaling (122). Luttrell et al. also
have demonstrated EGFR transactivation by Gi coupled-α-adrenergic recep-
tors followed by tyrosine phosphorylation of the Shc adapter protein (12). In
addition, PDGFRs reduce actions of α1B-adrenergic receptors by phosphory-
lating the receptors and decreasing their association with their G proteins (93).

3. Growth Factor-Initiated Crosstalk Via G Proteins
3.1. Epidermal Growth Factor

Upon EGFR activation and autophosphorylation, numerous phospho-
tyrosines are generated that serve as docking sites for proteins, such as PLCγ,
Shc, Gab1, and Grb2, which in turn activate downstream pathways. However,
the EGFR also uses components involved in G protein signaling and
bidirectionally interacts with GPCRs. EGF stimulation leads to increased asso-
ciation of Gα12 with EGFR, which leads to the activation of PLCγ, ERK 1/2,
and increased DNA synthesis (123–125). EGFR interaction with Gαi inhibits
Gαi. EGFR kinase phosphorylates and associates with Gαs leads to the activa-
tion of Gαs and in the heart this mechanism leads to increased cAMP accumu-
lation via activation of adenylate cyclase (126–128).

Direct activation of EGFR also induces α1B-adrenergic receptor phosphory-
lation by PKC via activation of PI3K (93). Also, Maudley et al. reported that
the EGFR exists in a preformed complex with β2-adrenergic receptor
(129,130). Transactivation of EGFR by GPCR agonists leads to the β-arrestin
and Gβγ-mediated internalization of this complex, which is necessary for the
activation of MAPK. However, EGF itself can stimulate the recruitment of
β-arrestin to the EGFR, suggesting downstream interaction between the GPCR
and EGFR pathways (130). EGF is also known to regulate other GPCR signal-
ing component associations, such as that between GRK2 and PDEγ, thereby
regulating MAPK activation and EGF-mediated phosphorylation of RGS
increases GTPase activating protein activity (131,132).

3.2. Platelet-Derived Growth Factor

There is substantial evidence showing a requirement for G proteins in plate-
let-derived growth factor (PDGF)-stimulated pathways. Several studies have
shown that activation of c-Src and ERK 1/2 downstream of PDGF stimulation
is sensitive to pertussis toxin (63,133). In addition, Freedman et al. showed
that GTPγS binding to Gαi increases on PDGF stimulation (134). PDGF induc-
tion of ROS also seems to require coupling of Gαi1 and Gαi2 to the PDGFR
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(135). PDGF-induced cell migration requires the presence of EDG-1 a GPCR
for S1P that activates Rac-dependent pathways (136).

PDGFβ receptor signals through an endocytic pathway as well via GPCR-
dependent machinery. The GRK2/β-arrestin complex constitutively associates
with the PDGFR and is recruited via its association with the GPCR. On stimu-
lation with PDGF, c-Src is recruited to the PDFGR–GPCR complex leading to
β-arrestin-mediated signaling and ERK 1/2 activation (134,137). RGS proteins,
such as RGS2, that are GAPs involved in terminating GPCR signaling, are also
recruited to the plasma membrane after PDGF stimulation, suggesting another
component of GPCR signaling is involved in PDGFR signaling (138).

3.3. Neuronal Growth Factor

NGF promotes the survival and differentiation of neurons and signals
through its receptor TrkA, The TrkA receptor is constitutively bound to GRK2
and stimulation with NGF promotes binding of β-arrestin to this complex in a
Gαi/o-dependent manner. This initiates an integrative activation of the ERK 1/2
pathway via a process that involves β-arrestin 1 and clathrin-mediated endocy-
tosis of the TrkA–GPCR/B-raf/MEK-1 signal complex. NGF also reduces
cAMP levels in PC12 cells via a G protein-dependent mechanism (139).
Another level of GPCR crosstalk is with tyrosine kinase receptors through RGS
proteins, where the RGS serves as a scaffold bridging together GPCRs and
RTKs. Lou et al. were the first to show suppression of GPCR signaling by Trk,
which is dependent on a PDZ domain in the RGS protein GIPC (140).

3.4. Fibroblast Growth Factor

Fibroblast growth factors (FGFs) are members of a family of polypeptides
synthesized by a variety of cell types that signal through one of four FGF
receptors, i.e., FGFR1–4. Similar to other RTKs, FGFR stimulation with FGF
results in receptor dimerization, phosphorylation, and activation of the Ras–
Raf–MEK–MAPK pathway through either the Crk/FGFR substrate 2 (FRS2)/
Grb2/Sos or Shc/Grb2/Sos complex. Fedorov et al. have shown that that Giβγ
are involved in FGF-2 mediated activation of ERK 1/2 that promotes skeletal
muscle differentiation (141). Also, FGF-2 induces S1P-coupled Gi receptors
by activating sphingosine kinase-1, the enzyme that converts sphingosine to
S1P (142). It has also been demonstrated that FGF-2 promotes dissociation of
the Gsβγ heterotrimer, leading to Gαs stimulation of adenylyl cyclase and Gβγ
inhibition of NADPH oxidase (143).

3.5. Vascular Endothelial Growth Factor

VEGF is a cytokine that is essential for angiogenesis and endothelial cell
differentiation (vasculogenesis) during development (144,145). VEGF regu-
lates multiple biological functions through three major types of receptors—the
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RTKs Flt1 (VEGFR-1), KDR/Flk1 (VEGFR-2), and Flt-4 (VEGFR-3), a
nontyrosine kinase transmembrane protein Neuropilin-1 and heparan sulfate
proteoglycans (146–151). Zeng et al. have demonstrated that VEGFR-2 (KDR)
stimulates MAPK activation, migration, and proliferation via Gαq and Gβγ
subunits (152,153). Also, KDR signaling is downregulated by VEGFR-1 (Flt-1)/
Gi/Gβγ-mediated activation of cdc42 and Rho, demonstrating opposing effects
of the two VEGFRs (154).

3.6. Insulin and IGF

Insulin receptors have been shown to associate with and tyrosine phosphorylate
Gi and Gs in several studies (155,156). Also, insulin phosphorylates the β2
adrenergic receptor (β2-AR), leading to increased Grb2/β2-AR interaction. Grb2
inturn binds PI3K and dynamin, and this leads to the internalization of β2-AR.

IGF-1 is a 12-kDa mitogenic and survival factor hormone peptide secreted
by multiple cells that interacts with its own receptor, as well as the insulin
receptor. IGF-1 preferentially interacts with and uses the Gi-dependent signal-
ing pathway by promoting Giβγ dissociation to lower cAMP levels and acti-
vate ERK 1/2 and DNA synthesis in muscle cells and fibroblasts (157–159).

4. Growth Factor-Initiated RTK–RTK Crosstalk
Finally, EGFR and PDGFβ-R interact physically forming heterodimers and

stimulation by EGF has been shown to increase the tyrosine phosphorylation
of the PDGFβ-R leading to the recruitment of PI3K to the PDGFR (160,161).
Bagowski et al. also provided evidence for the negative regulation of EGF-
induced c-jun transcription by PDGF-mediated phosphorylation of the EGFR,
demonstrating crosstalk between different members of the RTK family (162).
Insulin receptors that are hormone-stimulated transactivate IGF-1 receptors
(163). Recently, Roudabush et al. showed that ERK 1/2 activation downstream
of IGF-1R stimulation is mediated by transactivation of the EGFR in Cos7
cells proposing an IGF-1R–EGFR crosstalk pathway based on metalloprotease-
induced shedding of pro-HB-EGF (164).

5. Other Ligand-Induced Receptor Crosstalk
5.1. Integrins

Integrins, which are the primary link between extracellular matrix ligands
and cytoskeletal structures, are a complex family of noncovalently associated
heterodimeric transmembrane receptors composed of α and β subunits. They
serve as both adhesive receptors and intracellular signaling mediators
(165,166). In addition to transmitting signals from the extracellular matrix to
the intracellular environment (“outside-in” signaling), integrins can be modi-
fied by agonists that bind nonintegrin cellular receptors like growth factor re-
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ceptors. This concept of “inside-out” signaling in turn regulates integrin acti-
vation and function. In addition, it has been shown that integrin activation of
growth factor receptors can occur even in the absence of the growth factor
(167–169).

RTKs and growth factors interact spatially at multiple levels. At the plasma
membrane, specific direct associations between integrins and RTKs, such as
the PDGFR, EGFR, the insulin receptor, the IGF-1R and the VEGFR2, have
been identified (170–172). Another level of interaction between growth factor
receptors and integrins is at the level of plasma membrane lipid rafts as shown
with PDGFR by Baron et al. (173,174). A third level of intersection between
the growth factor and integrin pathways are at more downstream signaling
molecules, such as focal adhesion kinase (FAK), and activation of a particular
signaling cascade directly by integrins could lead to growth factor dimerization
and phosphorylation/activation ultimately influencing MAPK activation (175,176).

In addition to interacting with growth factor receptors, integrins also inter-
act with GPCRs, such as the LPA receptor 3. Studies by Sengupta et al. show
that laminin-induced cell migration in ovarian cancer cells is mediated by LPA
via PLA2 and PI3K, revealing a new mechanism of crosstalk between a β1
integrin receptor and a GPCR (177).

6. Conclusion
Signaling cascades often were considered to be discrete signaling cassettes

that linked activation of a receptor to gene transcription and physiological func-
tion in a linear manner. Recent insights have broadened this view to encom-
pass a complex network that allows multiple levels of crosstalk between the
individual signaling units (stimulated by GPCR and RTK), leading to signal
integration. This selective crosscommunication between different receptor
classes generates common signals, including the stimulation of Ras GTPases
and MAPKs, that control cell proliferation, differentiation, growth, and survival.
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Protein–Protein Interactions in Signaling Cascades

Bruce J. Mayer

Summary
The process of signal transduction is dependent on specific protein–protein interac-

tions. In many cases, these interactions are mediated by modular protein domains that
confer specific binding activity to the proteins in which they are found. Rapid progress
has been made in the biochemical characterization of binding interactions, the identifi-
cation of binding partners, and determination of the three-dimensional structures of bind-
ing modules and their ligands. The resulting information establishes the logical
framework for our current understanding of the signal transduction machinery. In this
chapter, a variety of protein interaction modules that participate in signaling are dis-
cussed, and issues relating to binding specificity and the significance of a particular
interaction are considered.

Key Words: Modular domains; protein ligands; signal transduction; specificity; SH2
domain; SH3 domain; bromo domain; chromo domain; PDZ domain; ankyrin repeats.

1. Introduction
Understanding how signals from the outside environment are transmitted

into the cell and how those signals are interpreted and integrated within the
cytosol has been a long-standing goal of biological research. The past two decades
have seen tremendous progress toward this goal and have brought to light the
pivotal role played by specific protein–protein interactions (reviewed in refs. 1
and 2). Indeed, the way in which we regard signaling mechanisms has shifted
fundamentally from an earlier emphasis on the regulation of enzymes and their
substrate specificities to our current focus on the regulation and specificity of
protein binding interactions. We now fully appreciate that the cell is not a
simple aqueous solution but instead a dense gel of interacting proteins in which the
actual activity of an enzyme is as dependent on its binding partners and subcel-
lular localization as it is on the kinetic parameters of its catalytic activity.
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Early biochemical work on metabolic pathways had emphasized the con-
cepts of pathways and cascades, in which one step leads to subsequent steps in
a relatively linear fashion, often with amplification at each step. These con-
cepts proved inadequate, however, to fully describe signal transduction mecha-
nisms. A good example is the case of receptor tyrosine kinases. In the early
1980s, it was discovered that the receptors for many mitogenic growth factors,
such as epidermal growth factor and platelet-derived growth factor, were trans-
membrane protein tyrosine kinases. It seemed obvious that the key to under-
standing signal transmission would be to identify the substrate proteins
phosphorylated by the liganded receptors, which must surely include the effec-
tors responsible for stimulating the cell to proliferate. When lysates of growth
factor-stimulated cells were analyzed with phosphotyrosine (pTyr)-specific
antibodies, however, a problem arose: by far the most prominent tyrosine-phos-
phorylated protein was the receptor itself. Clearly this finding was inconsistent
with models in which the receptor initiates and amplifies a signaling cascade
by phosphorylating many substrate proteins. We now know that the key to
signal transmission in this case is the creation of binding sites on the receptor,
via autophosphorylation, for effector proteins containing modular protein bind-
ing domains (reviewed in ref. 3). From such findings a new paradigm for sig-
naling emerged, in which an enzyme’s most important function can be to
modify protein-binding activities in response to ligand.

When closely examined, even “classical” signaling pathways reveal the cen-
tral role of specific and regulated protein–protein interactions. Among the best-
understood signaling cascades are those mediated by heterotrimeric G proteins
(4,5). In the β-adrenergic pathway, for example, an agonist-stimulated recep-
tor activates many molecules of a heterotrimeric G protein, each of which can
then activate a molecule of the enzyme adenyl cyclase. The resulting rise in
intracellular cyclic adenosine monophosphate in turn activates many molecules
of protein kinase (PK) A, which then phosphorylate many intracellular pro-
teins on serine and threonine residues. The details of this relatively simple
signaling apparatus reveal at least five critical protein–protein interactions: The
heterotrimeric G protein binds to the liganded (but not the unliganded) recep-
tor; conformational changes brought about by receptor binding and concomitant
guanosine diphosphate release and guanosine triphosphate (GTP) binding induce
the dissociation of the α subunit of the G protein (Gα) from its β and γ subunits
(Gβγ), and from the liganded receptor; the released Gα subunit binds to and
activates the cyclase. Meanwhile, Gβγ binds to and relocalizes the β-adrener-
gic receptor kinase, leading to receptor phosphorylation and densensitization.
Finally, cyclic adenosine monophosphate binding causes the dissociation of the
regulatory subunit of PKA, thereby releasing the active catalytic subunit. Although
enzymes (kinases, GTPases) are involved, it is obvious that changes in pro-
tein–protein interactions play a central role in signal transmission.
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Much of current signal transduction research is directly or indirectly con-
cerned with the analysis of protein–protein interactions. Indeed, such interac-
tions are now thought to be so important to function that one of the first
experiments performed on a protein may be a search for its interaction part-
ners, and many efforts are now underway to define the global protein interac-
tion network (“interactome”) for various model organisms (6–10). This chapter
briefly reviews a few examples of the many well-characterized protein–protein
interaction motifs known to be involved in intracellular signaling and then dis-
cusses several experimental considerations, such as the specificity and regula-
tion of binding interactions and how the significance of a particular interaction
can be assessed.

2. Examples of Protein-Binding Modules Involved in Signal Transduction
It is now clear that not only are protein–protein interactions important for

signaling but that many signaling proteins contain recognizable modular
domains or motifs that confer binding specificity. This finding is indeed fortu-
nate because it allows us in many cases to predict what type of binding interac-
tions to expect based on simple inspection of the amino acid sequence of a
protein of interest. Such a modular system makes intuitive sense from an evo-
lutionary standpoint—domains can be shuffled and existing interaction pairs
fine-tuned during evolution so that specific binding surfaces need not arise de
novo for each pair of interacting proteins.

Protein interaction modules or motifs that are recognizable by sequence
similarity fall into two classes. First there are those, such as the Src homology
(SH)2 and SH3 domains, which are independently folding units that confer a
characteristic and specialized type of binding interaction (to tyrosine-phospho-
rylated peptides, for example). In such modules, the most conserved residues
are those that are directly involved in binding to ligands. The amino and car-
boxyl termini of such domains are located close together on the same face of
the domain (away from the ligand binding site), allowing the domain to be
inserted into a variety of proteins with only minimal disruption of the confor-
mation of the “host” protein. The other broad class of motifs is those, such as
ankyrin or armadillo repeats, in which the sequence similarity relates to a com-
mon folded structure but does not necessarily predict the specific type of bind-
ing interaction. These motifs may be repeated many times in proteins
containing them and assemble into higher order structures (in which case they
are more properly termed “repeats”). Such motifs represent an evolutionary
solution to the design problem of small, stable folded structures that can easily
evolve to display variable surface residues capable of mediating specific bind-
ing interactions. An example that will not be discussed further is the variety of
zinc-binding “fingers” that mediate specific protein–protein and protein– DNA
interactions, whose compact folded structures are stabilized by metal binding.
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The number and variety of protein binding domains continues to expand as
genomic and proteomic information is mined. Several online databases pro-
vide an excellent starting place for exploring the diversity of protein interac-
tion domains. These include PFAM (http://pfam.wustl.edu/), Prosite (http://
us.expasy.org/prosite/), and SMART (http://smart.embl-heidelberg.de). In the
following subheadings, I consider several examples of regulated and unregulated
modular domains, as well as one scaffold repeat, to provide a broad overview
of the range and variety of protein interaction modules involved in signaling.

2.1. SH2 Domains: Regulation by Tyrosine Phosphorylation

The discovery that SH2 domains bind specifically to tyrosine-phosphory-
lated peptides but not to the corresponding unphosphorylated sites emphati-
cally underscored the importance of regulated protein–protein interactions in
signal transduction. SH2 domains consist of approx 100 amino acids and were
first recognized as regions of sequence similarity between the Src tyrosine
kinase and other distantly related kinases (hence the name Src Homology
domain 2, or SH2 [11]). Their importance became apparent in light of several
simultaneous discoveries: that many cytosolic proteins implicated in signaling
contained SH2 domains, that these proteins could often be shown to bind tightly
to ligand-activated growth-factor receptors, and that bacterially expressed SH2
domains could be shown to bind to tyrosine-phosphorylated proteins including
activated receptors (12–16). We now know that these domains serve a general
role in signaling in multicellular organisms, mediating the relocalization of
SH2-containing proteins and the assembly of protein complexes in response to
changes in tyrosine phosphorylation. There are approx 115 SH2 domains in the
human genome, making them one of the more common protein binding mod-
ules. Because SH2 domains and true tyrosine kinases are both lacking in yeast,
they must be relatively recent evolutionary innovations, presumably enlisted
to deal with the greater signaling demands of multicellular life.

Much is known about the structure and binding interactions of these
domains, and only a brief summary will be given here; a number of recent
reviews are available (17–19). Binding of SH2 domains to tyrosine- phospho-
rylated sites is quite tight, with measured dissociation constants (KDs) in the
range of 10–8 to 10–7 M (20), and is absolutely dependent on phosphorylation,
as binding to unphosphorylated ligands is undetectable. High-affinity binding
to short synthetic phosphopeptides is observed, indicating that the interaction
generally is independent of the larger protein bearing the phosphorylated site.
The first X-ray crystal structures of SH2 domains bound to high-affinity ligands
showed that the peptide is draped along the surface of the domain, with the
phosphorylated tyrosine projecting deep into a highly conserved, positively
charged pocket (21,22). This mode of interaction—an extended linear peptide

http://pfam.wustl.edu/
http://smart.embl-heidelberg.de
http://us.expasy.org/prosite/
http://us.expasy.org/prosite/
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making multiple contacts with a binding groove on the surface, often coupled
with a “plug and socket” interaction providing additional specificity—has
proven to be a hallmark of modular protein interaction domains.

Considerable specificity exists among SH2 domains for different phospho-
rylated peptide sites, and a degenerate peptide library approach allowed the
binding specificities of a number of SH2 domains to be determined (23,24).
Specificity was found to be dependent on the three (in rare cases, up to five or
six) amino acids C-terminal to the phosphorylated tyrosine, with residues
N-terminal to the pTyr having little or no effect on binding (17). However, all
SH2 domains have a detectable affinity for pTyr itself (indeed, this can be used
as a purification scheme to isolate SH2 domains), so peptide specificity is rela-
tive rather than absolute. Which SH2 domains will bind to a particular site in
vivo will depend on the local concentration, as well as the relative affinities of
potential binding partners. It has also been shown that some SH2 domains also
can bind with modest affinity to inositol lipids phosphorylated on the 3' posi-
tion (25); therefore, it is worth remembering that protein binding domains
might have hitherto unappreciated activities that will affect their behavior in
vivo. One recent example is the SH2 domain of the Abl tyrosine kinase, which
interacts in cis with the catalytic domain in a pTyr-independent fashion to
repress kinase activity (26,27).

In addition to the SH2 domain, a second modular protein domain, the pTyr
binding or PTB domain, also evolved to bind specifically to tyrosine-phospho-
rylated peptides. The PTB was first appreciated in the Shc adaptor, when it was
found that many Shc binding sites consisted of an NPxpoY motif (where x can
be any amino acid and poY represents pTyr) quite different from typical SH2-
binding sites. It was ultimately shown that binding to these sites mapped to an
approx 160-amino acid region of Shc with no sequence homology to the SH2
domain (28–31). The degree of sequence similarity among known PTB
domains is weak, making identification from sequence problematic; the insu-
lin receptor substrate 1 PTB was only identified by virtue of its binding activity
(30,32). Apparent affinity for NPxpoY peptides is approx 10–6 M (31,32), but
because few PTB domains have been identified, the range of target specifici-
ties and affinities is not known. In several examples, in fact, tyrosine phospho-
rylation of the binding site is not required and may in fact inhibit binding
(33,34). The tertiary structures of the Shc and insulin receptor substrate 1 PTB
domains are virtually identical to that of another protein module, the pleckstrin
homology (PH) domain (35,36), many of which specifically bind phospho-
inositol lipids (37), so one could regard PTB domains as a specialized subset of
the larger PH domain family.

In addition to these PTB motifs, several other protein domains have been
implicated in binding specifically to serine- or threonine-phosphorylated pep-
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tides (reviewed in ref. 38). These domains include 14-3-3 proteins, some WW
domains, and some WD-40 repeat proteins. Unlike the case of pTyr, it appears
there is no widely distributed protein module that is specifically dedicated to
binding phosphoserine or phosphothreonine. The 14-3-3 proteins are a class of
small, abundant proteins that generally bind to phosphorylated partners but
because they are not embedded in other larger proteins, they cannot be consid-
ered modular protein-binding domains. As for the examples of other domains
implicated in phosphoserine- and phosphothreonine-binding, these may be con-
sidered evolutionary specializations of larger classes of protein modules whose
binding does not generally depend on phosphorylation.

2.2. Bromo and Chromo Domains: The Histone Code

Chromatin is the site of numerous regulated protein–protein interactions that
serve to modulate its transcriptional activity (39). These modifications include
acetylation, methylation, phosphorylation, and ubiquitination. In 1999 Strahl
and Allis proposed the “histone code” hypothesis, in which the pattern of cova-
lent modification of histones dictated the recruitment and assembly of specific
protein complexes, which in turn regulated chromatin activity (40). This
premise was soon bolstered by the discovery that a small modular protein
domain, the bromo domain, bound specifically to peptides derived from his-
tone H3 or H4 tails only when a specific lysine residue was acetylated (41).
The bromo domain is found in many histone acetyltransferases and transcrip-
tional activators, and the extent of histone acetylation generally correlates with
transcriptional activity. Like other modular protein binding domains, the bromo
domain is often found in multiple copies and/or in association with other func-
tional domains in proteins. Binding affinities of a single bromo domain for
acetylated peptide ligands in the range of approx 40 to 400 µM have been
reported (41,42), with higher affinities observed for binding of doubly acety-
lated peptides to tandem domains (42).

The first structural studies of the approx 110-amino-acid domain revealed
that it consists of a compact antiparallel four-helix bundle, with a deep hydro-
phobic pocket at the base of the bundle providing an apparent acetyl-lysine
(acLys) binding site (41,42). Subsequent structural studies of bromodomains
complexed with acetylated peptides demonstrated that the peptide binds in
extended conformation, with the acLys sidechain projecting deep into a cleft
(43,44). The cleft is lined by conserved hydrophobic residues that interact with
the aliphatic chain of the acLys, whereas a network of hydrogen bonds are
formed between the N-acetyl group, backbone atoms of the domain, and
ordered water molecules. The positive charge and lack of hydrophobic methyl
group of unacetylated lysine make its binding much less favorable, providing
the basis for specificity for acetylated ligands. In addition to acLys itself, adja-
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cent N-terminal and C-terminal ligand residues contact the domain and pro-
vide specificity for particular sites. Thus, like SH2 domains, overall specificity
is determined by a pocket that recognizes a specific modified amino acid plus
an extended groove contacting adjacent residues.

More recently, a second modular protein domain, the chromo domain, was
found to play a similar role in specific recognition of modified histones. In this
case, the domain recognizes histone tails in which specific lysine residues have
been N-methylated, a modification associated with epigenetic silencing (39).
In the heterochromatin binding protein HP1 and a number of other examples, a
second related domain termed the chromo shadow domain is also found. Even
before its function was known, structural studies on the approx 50-residue
chromo domain revealed a compact fold consisting of an antiparallel β sheet
and a single α helix (45). Analogy with the (structurally unrelated) bromodomain
inspired several groups to test whether chromo domains specifically recognize
methylated histones. It was found that full-length HP1 and its isolated chromo
domain bound with high affinity to methylated histone tail peptides, but not to
the unmethylated counterparts (46,47). The chromo shadow domain did not
bind detectably, but because this domain can mediate HP1 dimerization (48), it
is likely to play a role in increasing the avidity of HP1 binding to chromatin
containing multiple binding sites.

Subsequent structural studies showed that trimethylated lysine (me3Lys) is
recognized via an “aromatic cage” of chromodomain residues that provides a
hydrophobic environment for the methylated groups of the me3Lys head group,
as well as providing favorable amino-aromatic interactions with its nitrogen
atom (49,50). The depth of the methyl binding pocket also provides specific-
ity, as no other amino acid sidechain is long enough to bind favorably. A sec-
ond interesting aspect of binding is that the ligand backbone adopts a β strand
conformation, and its binding induces the ordering of N-terminal chromo do-
main residues to complete a β-sandwich structure. This “β-augmentation” strat-
egy is seen in a number of other peptide–domain interactions (51). In the case
of HP1, binding affinity for methylated peptides is quite high (approx 4 µM),
with virtually no affinity for unmethylated peptides (49,50,52). Sequence com-
parison showed that among all chromo domains, the aromatic cage residues
and other residues that contact ligand are conserved in only a subset of these
(49,50), consistent with experimental data that not all chromo domains recog-
nize methylated substrates. Finally, the structure of the chromo domain of
Polycomb, which binds a different methylated histone peptide than HP1,
revealed that the ligand-binding pocket of this domain is partially formed by a
dimer interface. This suggests that Polycomb dimers may serve to coordinately
bind the histone tails from adjacent nucleosomes, consistent with a role in chro-
matin condensation and inactivation (53).
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2.3. SH3 Domains: Recognizing Proline

One of the best-studied examples of a modular protein domain whose bind-
ing activity is NOT regulated by covalent modification is the SH3 domain.
Like the SH2 domain, this small interaction module was first identified as a
region with sequence similarity to the Src kinase. SH3 domains have subse-
quently been found in a wide range of proteins in all eukaryotes (reviewed in
ref. 54). Although they are often found in the same proteins as SH2 domains,
this location does not reflect any structural or functional similarity in the
domains themselves, but is more likely related to the frequent involvement of
these domains in signal transduction complexes. Indeed, there is a class of
proteins that consist entirely of these two domains, termed the SH2/SH3 adap-
tors, which serve as molecular “crosslinkers” to nucleate the formation of sig-
naling complexes.

SH3 domains bind to short, proline-rich binding sites in proteins (55–57).
From structural studies and peptide library screens, it is known that peptide
ligands consist of two turns of a left-handed polyproline-2 (PPII) helix. Sur-
prisingly, ligands can bind in either an N-to-C- or a C-to-N-terminal orienta-
tion as a result of the pseudosymmetry of the PPII helix (58,59). Most SH3
domains bind to motifs with the consensus +xΦPxΦP (class 1) or ΦPxΦPx+
(class 2), where + represents a basic residue, x can be any amino acid, and Φ
represents a hydrophobic residue. PxxP is considered the minimal core SH3
binding site, but a few exceptions exist that do not conform to this consensus.
Although considerable specificity exists among different SH3 domains for their
binding sites, the differences in affinity between high- and low-affinity sites
can be quite small, so it is difficult to predict a priori which specific sites might
bind in vivo (see discussion of specificity in refs. 54 and 60). Affinities gener-
ally are quite modest, with KD values in the range of 10–6 to 10–5 M for specific
SH3–peptide interactions. However, in a number of cases, significantly higher
affinities have been documented between an SH3 domain and a longer peptide
or protein target, demonstrating that interactions outside the PxxP binding
groove can be exploited to increase specificity.

The first and perhaps most celebrated role ascribed to the SH3 domain is in
recruiting Sos, a guanine nucleotide exchange factor for Ras, to the membrane
leading to Ras activation (61). This activation is mediated by the SH2/SH3
adaptor Grb2, which contains one SH2 and two SH3 domains. Sos and Grb2
exist as a preformed SH3-mediated complex in the cytosol, and this complex is
recruited to the membrane by binding of the Grb2 SH2 domain to tyrosine-
phosphorylated sites generated by activated growth factor receptors. As in this
example, SH3-mediated binding generally is not thought to be regulated
directly; in most cases, these domains bind their ligands constitutively, thus
functioning as an intermolecular adhesive rather than a switch. However, there
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are examples where phosphorylation of a protein allosterically regulates the
availability of its SH3 domain and/or proline-rich target peptides. Similarly,
direct phosphorylation of SH3 binding sites (such as the binding site on Pak for
the Nck SH3 domain [61]) has been shown to prevent binding in some cases.

Several other protein modules also have evolved to bind specifically to pro-
line-rich ligands, including the WW and EVH1 domains (reviewed in ref. 62).
These domains are completely unrelated structurally to each other or to SH3
domains, yet they exploit similar features of proline-rich peptides, such as the
PPII helix conformation, to drive binding. The relative hydrophobicity of pro-
line coupled with its propensity to be found on the surface of proteins, and the
relatively low entropic cost of binding owing to its lack of rotational freedom,
make proline-rich peptides well suited to mediate protein–protein interactions (63).

2.4. PDZ Domains

The PDZ domain is a second example of a modular domain whose binding
does not depend on covalent modification of the ligand. This module is found
in a wide variety of proteins, many of which localize to specialized submembranous
structures such as tight junctions and postsynaptic densities, and is thought to
perform a scaffolding function in assembling these structures (reviewed in ref.
64). The PDZ domain is unusual in that it is found not only in eukaryotes but in
several prokaryotic proteins as well, suggesting it was one of the first protein
interaction modules to evolve. The domain is also one of the most abundant in
many eukaryotes, being found in hundreds of human proteins, and often mul-
tiple copies of the domain (in some cases more than 10) are found in a single
protein. In the vast majority of cases, the binding sites for PDZ domains are at
the extreme C-terminus of the target protein, with several broad classes of sites
currently known: (S/T)xΦ-COO– (class 1), ΦxΦ-COO– (class 2), and (D/E)xΦ-
COO– (class 3), where x can be any amino acid, Φ represents any hydrophobic
amino acid, and COO- represents the C-terminus (65,66). The terminal car-
boxyl group of the ligand is bound by a loop whose sequence is highly con-
served among PDZ domains, which is consistent with its role as an important
determinant of binding (67). However, in at least one case, a PDZ domain has
been shown to bind an internal site (68), and sequence divergence in the car-
boxylate-binding loop of some PDZ domains suggests that the C-terminal car-
boxyl group will not be required in all cases. As previously discussed for the
chromo domain, the peptide ligand binds via β-augmentation, adding a strand
to an existing β sheet in the domain (51). Measured affinities for ligands are
quite high, with dissociation constants in the 10–7 M range (65,69), comparable
to SH2 domains and tighter than for most SH3 domains. PDZ domains also
have been shown to interact specifically with other PDZ domains (70), which
is likely to be important for assembling large supramolecular structures by pro-
teins containing these domains.
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PDZ domains are thought to provide a mechanism for assembling large
submembranous complexes that perform a variety of roles, such as coupling
transmembrane receptors to multiple intracellular effector proteins or cluster-
ing transmembrane proteins such as ion channels into highly concentrated
patches. A well-characterized example is the Drosophila InaD protein, which
contains five PDZ domains. InaD is found in the rhabdomeres of the retina,
where it serves as a scaffold to assemble proteins involved in the light response.
Phospholipase C-β, eye-PKC, and the Trp calcium channel have each been
shown to bind specifically to a different PDZ domain in InaD; mutation of the
PDZ domains resulted in mislocalization of the corresponding binding pro-
teins and defective light response (71). Presumably, the PDZ-mediated cluster-
ing of signal response proteins is important for the very rapid and amplified
response to activation of rhodopsin by a single photon.

2.5. Ankyrin Repeats: A Versatile Scaffold

Only one example will be considered of the large and diverse class of pro-
tein repeats that have been implicated in protein–protein interaction (reviewed
in ref. 72). Such domains are widespread and are likely to have evolved rap-
idly via intragenic duplication and recombination. As mentioned earlier, they
differ from the modular protein binding domains in that they do not function
autonomously, but must assemble in multiple copies, and their presence does
not predict binding to any specific class of peptide ligand. In evolution they
have been widely used as a structural framework or scaffold, on which specific
protein–protein interactions can evolve in an ad hoc fashion.

Ankyrin repeats were first identified as a motif in the membrane matrix pro-
tein ankyrin and have subsequently been identified by sequence similarity in a
wide variety of proteins, including a few prokaryotic and extracellular
examples (73). The repeat itself consists of approx 33 residues and is always
present in at least 4 (and as many as 24) tandem-repeat copies. This small size
and the presence of multiple copies suggested that individual repeats are rela-
tively unstable and that multiple repeats fold into a more stable higher order
structure; this theory was confirmed by the first X-ray crystal structures of
ankyrin repeat-containing proteins (74,75). An individual repeat consists of a
β-hairpin flanked by two antiparallel α helices oriented perpendicular to the
plane of the β-hairpin. The helices of adjacent repeats organize into bundles,
generating a structure reminiscent of a hand with the fingers (the β-hairpins) at
right angles to the palm (the helical bundles). The structures indicate that pro-
tein–protein association is mediated by the residues in the loops at the tips of
the β-hairpins and in the concave surface between the fingers and palm. This
type of interaction surface is quite different from the well-defined peptide bind-
ing groove or pocket found in independently functioning modular domains,
such as the SH2, SH3, or PDZ.
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Many ankyrin-repeat proteins are known to participate in protein–protein
interactions, with perhaps some of the best examples being ankyrin itself
(which binds to the anion transporter, Na/K adenosine triphosphatase, tubulin,
and the sodium channel) and the inhibitory subunits of the nuclear factor-κB
family of transcription factors that bind to and inhibit the activity of the DNA-
binding subunits. Other repeat structures, such as WD-40 repeats, armadillo
repeats, and many others, similarly can mediate interaction with widely diver-
gent classes of binding proteins.

3. Specificity
Two of the defining parameters of protein–protein interactions are binding

specificity and whether that specificity can be regulated. Specificity is of course
a function of both the affinity for target sites and the affinity for “nonspecific”
sites. In cases in which specificity is very high for a single target molecule (for
example, the regulatory subunit of PKA for its catalytic subunit), we might
term the two proteins subunits of a holoenzyme, but clearly there is no funda-
mental difference between such an interaction and one that is somewhat less
specific, for example the binding of the same heterotrimeric G protein β sub-
unit to several different α and γ subunits, or one that is much less specific, for
instance, the binding of an SH3 domain to proline-rich sites in tens or hundreds
of different proteins.

Specificity is usually defined either in terms of dissociation constants or in a
more practical sense of signal-to-background (e.g., a specific association gives
a dark plaque or a blue colony in a sea of light plaques or colonies). It is worth
thinking of specificity a bit more carefully in terms of concentrations of pro-
teins in a cell. A protein that represents 1/10,000 of total cell protein is present
in the cytosol at a concentration on the order of 10–7 M; simplistically, for two
interacting proteins at this level of abundance, the KD for the complex would
have to be submicromolar for a significant percentage to associate in vivo. KD

values for known biologically relevant interactions are generally in this range,
for example, 10–9 M for the association of the regulatory and catalytic subunits
of PKA, and 10–8 to 10–7 M for complexes of SH2 domains with tyrosine-phos-
phorylated targets. Significant interactions can certainly have less impressive
KD values; however, as mentioned previously, individual SH3 domain–peptide
interactions usually have affinities in the range of 10–5 to 10–6 M, but factors
such as additional contacts in actual binding complexes (e.g., multiple binding
sites and multiple SH3 domains) can raise the overall affinity. An extreme
example is actin, where the KD for binding of monomers to the end of a fila-
ment is approx 10–5 M, but complex formation (polymerization) is favored
because the total intracellular concentration of actin is very high.

The actual behavior of protein complexes in the cell is also highly depen-
dent on other factors, such as the average lifetime of those complexes and the
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local concentrations of potential binding partners. By definition, the dissocia-
tion constant is the equal to the off-rate, koff, divided by the on-rate, or kon.
Because the on-rate cannot be faster than the diffusion-limited rate of collision
(on the order of 108 or 109 M–1 s–1), this means that for moderate KD values the
off-rate must be relatively fast, and the half-life of complexes ranges from sec-
onds to a few minutes. The practical implication is that what we may think of
as “stable” complexes in the cell are constantly breathing apart and reassociat-
ing on a relatively rapid time scale. If truly stable, long-term binding is impor-
tant, then either the affinity of the interaction must be very high, or the complex
must be held together by multiple independent interactions, thus minimizing
the likelihood of dissociation should one of the interactions temporarily
unbind. Furthermore, the relatively short time scale of biological interactions
highlights the importance of local concentrations: because the composition of
complexes necessarily reflects the local availability of binding partners, it fol-
lows that the relocalization of a protein within the cell can rapidly change its
spectrum of interactions.

Regulation of specificity is often (but not always) critical if the complexes
are to be important to signaling. Although specific, unregulated protein com-
plexes might be important for function, and are certainly worth knowing about,
it is changes in binding that drive the transduction of biological signals. This is
of practical importance because it can provide an experimental handle to iden-
tify interactions involved in signaling (for example, proteins that associate with
a G protein only when it is bound to GTP and not GDP, are likely to be impor-
tant effector molecules). Changes in binding specificity can be the result of
allosteric alterations in one of the binding partners, depending, for example, on
what nucleotide is bound to a G protein or to direct covalent modification of
the binding site (e.g., tyrosine phosphorylation to create an SH2 domain bind-
ing site). Obviously there are many cases in which such distinctions are blurred;
in just one example, dephosphorylation of a key tyrosine residue in the Src
family of tyrosine kinases destabilizes both direct (SH2–pTyr mediated) and
indirect intramolecular interactions, leading to a more open conformation,
activation of the catalytic domain, and increased interactions with other pro-
teins in trans (76,77).

4. Is a Binding Interaction Significant?
Perhaps the most vexing question facing those working on signaling path-

ways is whether a potential interaction is functionally significant. Because
sequence inspection leads to predictions about potential interaction partners,
and because the techniques for detecting potential interactions are so efficient,
there are often not one or two but tens or hundreds of candidate binding pro-
teins for any given protein of interest. Of course in some cases this may actu-
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ally reflect the messy reality that the protein partitions among many different
complexes in the cell, each of which might be important to some aspect of
cellular behavior. But how can we experimentally evaluate the significance of
any single proposed interaction?

The problem is one of establishing the relationship between in vitro (or oth-
erwise experimentally manipulated) binding data and the actual biological
properties of the proteins in their normal cellular environment. A detailed dis-
cussion of specific controls for the various methods used to identify binding
partners is well beyond the scope of this chapter, but it is worth considering
some general criteria. At the very least, the two proteins should be present in
the cell in the same subcellular compartment at a suitable concentration for the
interaction to occur. Although this would seem to require some detailed knowl-
edge of the dissociation constant and the concentration in various compart-
ments, in fact it can be quite easy to get the rough estimates of these parameters
needed to evaluate an interaction. For example, if two interacting proteins are
of very low abundance (a few thousand molecules per cell) and the apparent KD

from simple in vitro binding studies using recombinant proteins is greater than
10–6 M, the interaction is unlikely to be significant in vivo. However, if immu-
nofluorescence studies suggest that these same two proteins are colocalized in
a small fraction of the total volume of the cell (at the plasma membrane, for
example, or at focal adhesions), it still might be possible for the interaction to
be favored because of high local concentration. In vivo imaging approaches,
such as fluorescence resonance energy transfer, can now be used to probe the
extent and localization of pairwise interactions as they occur in living cells (78).

Coimmunoprecipitation of two proteins is often taken as strong evidence of
in vivo binding, because the increase in volume after cell lysis and during anti-
body binding, and the repeated washing of the immune complexes, would seem
to eliminate all but the tightest interactions. However, several caveats must be
kept in mind. First, it is important to know what fraction of the total
coimmunoprecipitating protein is associated with the complex, because the
high sensitivity of detection (usually by immunoblotting of the immune com-
plexes) means that a tiny fraction of the total pool of protein can be detected. It
should also be kept in mind that by lysing the cell in detergent-containing buff-
ers, proteins that are normally in different subcellular compartments are mixed,
and furthermore, that detergent can change binding properties relative to the
intracellular environment. Finally, the koffs of many biologically significant
interactions are sufficiently rapid so that it may be difficult to detect even a
biologically meaningful interaction by coimmunoprecipitation.

Concentrations of the protein of interest vs concentrations of other compet-
ing cellular components also must be considered. Many studies present con-
vincing evidence of association between two proteins when one or both is
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highly overexpressed, as in transiently transfected tissue culture cells. How-
ever, the extremely high levels of expression and concomitantly high intracel-
lular concentrations mean that interactions might be favored that would not be
observed at endogenous levels of abundance. The most extreme example of
this type of bias is when two purified proteins are shown to interact in vitro.
The “sticky” nature of proteins in general, especially in purified form in which
some may be partially denatured and aggregated, means that such results are
meaningful only when carefully controlled, for example, where binding does
not occur under the same conditions with a point mutant predicted from genet-
ics or structural studies to abolish binding activity. Of course, the availability
of highly purified proteins allows detailed analysis of the kinetic parameters of
binding by methods such as surface plasmon resonance, fluorescence quench-
ing, and isothermal titration calorimetry.

Experimental approaches in which both partners are overexpressed or puri-
fied are complemented by those that score binding to a candidate protein under
conditions in which all potential binding partners are present at their in vivo
levels of relative abundance. For example, in pulldown assays, an immobilized
purified protein is used to “fish” a total cell lysate for binding partners, and the
bound proteins then are displayed by silver staining, metabolic labeling, or
immunoblotting. Another example would be “far-Western” filter-binding
assays, in which total cell lysates are separated on sodium dodecyl sulfate poly-
acrylamide gels, transferred to membranes, and probed with purified proteins.
In such experiments, all proteins in the cell lysate compete for binding at their
natural relative level of abundance. The observation that this type of assay is
often quite “dirty” owing to nonspecific binding to highly abundant proteins is
sobering. Furthermore, high concentrations of the probe domain tend to blunt
specificity, as all high affinity binding sites in the sample can become satu-
rated, thus driving binding of the probe to lower affinity sites (79). In practice,
many nonspecific background bands can be eliminated by appropriate con-
trols, and a protein that specifically binds to the protein of interest in such an
assay is likely to be meaningful.

One recent approach that has been used successfully to detect relatively
stable complexes existing in the cell at endogenous levels of expression is the tan-
dem affinity purification tag approach (80). In this method a protein of interest
is expressed in cells at relatively low levels as a fusion with a tandem affinity tag.
This tandem affinity purification tag permits two different rounds of affinity
purification of the tagged protein and any associated binding partners, greatly
reducing background nonspecific binding compared with a single-step purifi-
cation. Specifically bound proteins can then be identified by mass spectrometry.

In a somewhat different way, interactions identified by screening expres-
sion libraries or via yeast two-hybrid screens have a good chance of being
significant because many thousands of plaques or colonies score negative for



Protein–Protein Interactions in Signaling Cascades 93

each that scores positive. It must be remembered, however, that potential bind-
ing proteins are being highly overexpressed, either in yeast or more extremely
in phage plaques; this allows detection of interactions that might not occur at in
vivo levels of abundance. These assays therefore are biased toward identifica-
tion of proteins with relatively high affinity, whereas those discussed in the
previous paragraphs are biased toward high-abundance proteins.

Genetics is perhaps the most unambiguous and unbiased test of significance,
for instance, when mutation or deletion of the gene for one protein can be
shown to have phenotypic effects that are dependent on the putative interacting
partner. Genetic studies first suggested the importance of Grb2 and Sos in acti-
vating Ras, and lent credence to the subsequent biochemical data showing that
Grb2 and Sos could bind to each other. Unfortunately, it often is difficult, if not
impossible, to test the importance of a proposed interaction genetically, so
pseudogenetic approaches using dominant inhibitory mutants have been com-
monly used. These experiments are based on the principle that if an exogenous
protein is highly overexpressed, it will compete with its endogenous counter-
part for binding to other cellular proteins. If the exogenously expressed protein
has an intact binding domain, but is mutated such that other important func-
tions (e.g., catalytic activity, other binding domains) are impaired, then normal
signaling through proteins that bind to the mutant will be blocked. These
approaches can be informative but must be interpreted carefully. One potential
pitfall is illustrated by a situation in which the overexpressed protein competes
away not only its endogenous counterpart, but also other more important endo-
genous proteins that might bind to the same site. For this reason, the effects of
dominant-negative mutants are best interpreted in comparison with overex-
pression of the wild-type protein at comparable levels.

Even genetic approaches may ultimately be unable to address whether a
particular protein interaction is actually relevant to a biological output of inter-
est. Consider that, in yeast and mice, it is possible to “knock in” a mutant gene
encoding a protein lacking a supposed interaction motif or binding site.
Although any biological effects of such a manipulation implicate the mutated
region in an essential interaction, the identity of the actual interacting protein
that is important for the biological activity remains unknown. In a few rare
instances, however, it has been possible to demonstrate directly the role of a
specific protein–protein interaction. For example, expression of a chimera in
which the SH2 domain of the Grb2 adaptor was fused to Sos could rescue
developmental phenotypes in Grb2 knockout embryonic stem cells, strongly
suggesting that it is the SH3-mediated association of Sos and Grb2 that is criti-
cal for normal development (81).

It is clear that novel experimental approaches are needed if we are to address
the functional consequences of specific protein–protein interactions in a sys-
tematic way. One such approach is the Functional Interaction Trap (82–84). In
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this method, a relatively nonspecific interaction, for example, between an SH3
domain and its binding site, is replaced with an engineered, highly specific
protein binding interface (e.g., two amphipathic coiled-coil segments that
heterodimerize with high affinity). Thus, when two such engineered proteins
are expressed in the cell, they are forced to interact specifically in a pairwise
fashion, in the absence of interactions with other potential binding partners.
This allows the functional consequence of that specific interaction to be as-
sessed in vivo. Once libraries of full-length complementary DNAs are avail-
able, such a strategy could serve as the basis for proteomic screens to determine
the functional consequences of the pairwise interaction of any protein of choice
with all other proteins in the proteome.

5. Prospects
The advent of powerful approaches to isolate binding partners for interact-

ing proteins, and the availability of high-resolution three-dimensional structures
of such interacting proteins, has opened a fruitful avenue to analyze and under-
stand signaling pathways. Clearly, one of the most efficient ways to work up or
down signaling pathways is through the identification of binding partners for
the participants. Global proteome-wide approaches are now being used to define
not only all of the possible interactions that can occur in the cell, but also those
stable interactions that actually do occur at endogenous levels of expression.
Thus, we have already entered a new era in which the most fundamental road-
block to understanding signaling pathways is not lack of information, but rather
too much information.

The greatest strides over the next few years will likely be in developing
methods to interpret and make use of this flood of information. Toward this
end, rapid advances in imaging are beginning to allow the quantitative analysis
of binding interactions and their subcellular localization over time in living
cells. Coupled with biophysical parameters of binding (kon, koff, rate of diffu-
sion), such data will allow quantitative models of signal transduction networks
to be constructed and validated via computer-based simulations (85). In the
future such quantitative models will serve not only as repositories for organiz-
ing vast amounts of physical information about proteins and their interaction
partners, but will also serve to test and refine hypotheses through the compari-
son of actual experimental data and model predictions. A truly comprehensive
understanding of the role of protein–protein interactions in signaling is now
within striking distance, setting the stage for the rational, targeted manipula-
tion of these interactions as a means to modify biological activities.
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Biological Role of the CXCR4–SDF-1 Axis
in Normal Human Hematopoietic Cells

Marcin Majka and Mariusz Z. Ratajczak

Summary
Stromal-derived factor (SDF)-1, an α-chemokine that binds to G protein-coupled

seven transmembrane-spanning receptor, CXCR4, plays an important and unique role in
regulating the trafficking of normal hematopoietic stem/progenitor cells and their hom-
ing/retention in bone marrow. The same axis also modulates several biological processes
in more differentiated cells from the granulocyte-monocytic, erythroid, and megakaryo-
cytic lineages. In this chapter, experimental details are described for the isolation of
early human hematopoietic cells, such as CD34+ mononuclear cells, myeloblasts, eryth-
roblasts, and megakaryoblasts. These cells can be used routinely for studying the role of
the CXCR4–SDF-1 axis in normal human hematopoiesis.

Key Words: Hematopoietic stem/progenitor cells; myeloblasts; erythroblasts;
megakaryoblasts; ex vivo expansion; CXCR4–SDF-1 axis.

1. Introduction
Chemokines, small proinflammatory chemoattractive cytokines that bind to

specific G protein-coupled seven transmembrane-spanning receptors that are
present on the plasma membrane of target cells, are the major regulators of cell
trafficking and adhesion (1–4). Some of them have also been reported to modu-
late cell growth and survival (5–7).

There are more than 50 different chemokines and 20 different chemokine
receptors cloned (8–10). Most chemokines bind to multiple receptors, and the
same receptor may bind more than one chemokine; however, stromal-derived
factor (SDF)-1 is the one exception to this rule. This chemokine binds only to
CXCR4, and CXCR4 is its only receptor (1). This fact already suggests that the
SDF-1–CXCR4 axis plays an important and unique biological role. In support
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of this notion, murine “knockout” data have provided strong evidence that
SDF-1 secreted by bone marrow (BM) stroma cells is important during
embryogenesis for the colonization of BM by fetal liver-derived hematopoietic
stem/progenitor cells (HSPCs [11,12]). Also, later in adult life it plays an
essential role in the retention/homing of these cells in the BM microenviron-
ment (13,14). Thus, it is not surprising that perturbation of the CXCR4–SDF-1
axis during mobilization plays a pivotal role in the egress of HSPC from BM
into peripheral blood (PB [15]). In contrast, proper functioning of the CXCR4–
SDF-1 axis is crucial in directing the engraftment of HSPC into BM during
hematopoietic transplantation (16–19).

The biological effects and signaling pathways of the CXCR4–SDF-1 axis
have been extensively studied for hematopoietic cells. The major biological
effects of SDF-1 are related to the ability of this chemokine to induce motility,
chemotactic responses, adhesion, and secretion of matrix metalloproteinases
and angiopoietic factors (e.g., vascular endothelial growth factor [VEGF]) in
the cells bearing cognate CXCR4 (20– 22). SDF-1 increases the adhesion of
early hematopoietic cells to vascular cell adhesion molecule-1, intercellular
adhesion molecule-1, fibronectin, and fibrinogen by activating/modulating the
function of several cell surface integrins (23,24). There are contradictory
observations regarding whether SDF-1, in addition to regulating the traffick-
ing of cells, also may directly affect their proliferation and survival (25). It has
been suggested that SDF-1 may be secreted by HSPCs and play an important
autocrine/paracrine role in their development and survival (26). However, sur-
prisingly, SDF-1 was found to inhibit growth and induce apoptosis in T-lym-
phocytic Jurkat cells (27). In our hands, SDF-1 did not affect the survival/
proliferation of other primary hematopoietic progenitor cells (21,28) or any of
several established hematolymphopoietic cells lines (22,29).

The main focus of our laboratory is to study the role of the CXCR4–SDF-1
axis in normal human hematopoietic cells. These cells can be isolated from
BM, PB, and cord blood (CB). The highest percentage of HSPCs is present in
BM, and very few of these cells can be isolated from steady-state PB. How-
ever, the number of early hematopoietic cells can be increased in PB during
so-called mobilization, during which a patient is treated with mobilizing agents
(e.g., granulocyte colony stimulating factor [CSF] or cyclophosphamide), and
these cells egress from BM to PB. After this treatment, PB is enriched in circu-
lating HSPCs and is then referred to as mobilized peripheral blood (mPB). A
relatively high number of early hematopoietic cells are also present in CB,
which can be envisioned as fetal/neonatal blood mobilized by the stress related
to the delivery process (30).

Nevertheless, the cells isolated from BM, mPB, or CB are heterogeneous.
To obtain a fraction of mononuclear cells (MNCs), BM aspirate, mPB, or CB
samples have to be depleted of erythrocytes and mature granulocytes. Among
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the remaining BM MNCs after depletion, approx 0.5 to 4% express the CD34
antigen, a marker of HSPCs. The percentage of these cells is a magnitude lower
among mPB- and CB-derived MNCs. There are strategies described to isolate
these rare cells from the suspension of BM-, mPB-, or CB-MNCs based on
immunomagnetic separation by using α-CD34 antibodies conjugated with
paramagnetic beads. CD34+ cells isolated by employing these strategies could
be subsequently used for experiments.

Because BM aspirates contain a wide spectrum of hematopoietic cells from
different lineages at different levels of maturation/differentiation, separation
of a homogenous cell fraction for experiments (e.g., by using immunomagnetic
methods, a fluorescence-activated cell sorter, or elutriation procedures) is dif-
ficult and does not guarantee a sufficient yield of these cells. Thus, we devel-
oped a well-controlled in vitro strategy in which CD34+ HSPCs are expanded
toward granulocyto-monocytic, erythroid, and megakaryocytic lineages in
quantities that allow for a sufficient number of these lineage-expanded pri-
mary cells for several experimental procedures. To obtain lineage-specific
expansion, CD34+ progenitors are expanded in serum-free media (to avoid the
influence of unspecific stimulants that are present in animal or human sera)
that is supplemented with combinations of the appropriate lineage-specific
recombinant growth factors/cytokines.

This chapter describes the experimental details for isolating human CD34+

MNCs that are enriched in HSPCs, as well as procedures for expanding these
cells toward the granulocyto-monocytic, erythroid, and megakaryocytic lin-
eages. These cells may be subsequently employed for studying the role of the
CXCR4–SDF-1 axis in normal human hematopoiesis.

2. Materials
2.1. Isolation of BM-, mPB-, or CB-Derived CD34+ MNCs
Using Immunomagnetic Beads

1. Ficoll-Histopaque (Amersham Biosciences, AB, Uppsala, Sweden).
2. Commercially available kit for isolating CD34 cells (e.g., Miltenyi Biotec, Auburn,

CA).
3. Magnetic MiniMacs kit from Miltenyi.
4. Isolation buffer: phosphate-buffered saline (PBS) supplemented with 2 mM eth-

ylene diamine tetraacetic acid and 0.5% albumin, fraction V.
6. Isove’s Modification of Dulbecco’s Medium (IMDM).

2.2. Procedure for Isolating a Population of BM-Derived CD34+, c-kit+

Rhodamine 123dim MNC
1. Heat-inactivated fetal bovine serum (FBS).
2. 100-mm Petri dishes.
3. Monoclonal antibodies anti-CD34 phycoerithin (PE), anti-c-kit Cy5 and fluoro-

chrome dye—Rhodamine 123 (Becton Dickenson, Mountain View, CA).
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2.3. Long-Term Culture-Initiating Cells, Cobblestone Area-Forming
Cells, and DELTA Assays to Study the Most Primitive Hematopoietic
Progenitor Cells

1. BM aspiration kit.
2. Horse serum.
3. Hydrocortisone.

2.4. Colony-Forming Unit Tests to Evaluate More Differentiated
Progenitor Cells

1. CB or mPB.
2. MethoCult H4230 methylcellulose (Stem Cell Technologies Inc., Vancouver,

Canada).
3. Human recombinant growth factors: granulocyto-monocyte (GM)-CSF, erythro-

poietin (EPO), kit ligand (KL), thrombopoietin (TPO), and interleukin (IL)-3 (all
R&D Systems, Minneapolis, MN).

2.5. Expansion of Colony-Forming Unit–GM-Derived Myeloblasts,
Colony-Forming Unit–Megakaryocyte-Derived Megakaryoblasts,
and Burst-Forming Unit of Erythrocyte-Derived Erythroblasts
in Liquid Serum-Free Cultures

All required reagents are described in Subeadings 2.1. through 2.4.

3. Methods
3.1. Isolation of BM-, mPB-, or CB-Derived CD34+ MNC
Using Immunomagnetic Beads

1. Dilute aliquots of 10 to 20 mL of BM-, mPB-, or CB-derived suspension, 1:1 or
1:2, with PBS at room temperature (RT).

2. Layer the cell suspension over Ficoll-Histopaque gradient (1.077 g/dm3) (see
Note 1) and separate MNCs from granulocytes and erythrocytes by spinning for
30 min at 400g at RT with low or no brake.

3. Collect the interface containing BM-, mPB-, or CB-derived MNCs and wash them
twice with IMDM or PBS at 4ºC.

4. Resuspend the BM-, mPB, or CB-derived MNC (107) in 300 µL of isolation
buffer; add 100 µL of blocking solution A1 (containing antibodies against the Fc
receptor) and 100 µL of solution A2 (containing anti-CD34 antigen antibodies).
Mix well and incubate for 15 min at 4 to 6ºC.

5. Wash cells by diluting them 20-fold in isolation buffer and spinning for 5 min at
200 to 250g at 4ºC).

6. Resuspend pellet in 400 µL of isolation buffer and add 100 µL of solution B
(contains anti-mouse antibodies conjugated with paramagnetic particles). Incu-
bate cells for 15 min at 4 to 6ºC.

7. Wash as in step 2. During this wash, prepare column by washing/priming it with
500 µL of isolation buffer.
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8. Resuspend pellet in 500 µL of isolation buffer and apply to the column. After cell
suspension runs through the column, wash the column three times with 500 µL of
isolation buffer.

9. After the last wash, take the column from the magnet and wash the cells out with
500 to 1000 µL of isolation buffer into a sterile 15-mL tube.

10. Wash, count cells, check their viability by a 0.5% Trypan blue exclusion test, and
resuspend them in growth medium (see Note 2). The purity of BM-derived CD34+

cells isolated by immunomagnetic beads is shown in Fig. 1A.

3.2. Procedure for Isolating a Population of BM-Derived CD34+, c-kit+

Rhodamine 123dim MNCs

1. Aspirate 10 to 20 mL of bone marrow using an aspiration kit.
2. Dilute bone marrow 1:1 or 1:2 with PBS at RT.
3. Layer the cell suspension over a Ficoll-Histopaque gradient (see Note 1) (1.077

g/dm3) and separate MNCs from granulocytes and erythrocytes by spinning for
30 min at 400g at RT with low or no brake.

5. Collect the interface containing MNCs and wash them twice with IMDM or PBS
at 4ºC.

6. Resuspend cell pellet in ice-cold PBS with 2% FBS at a concentration of no
greater than 108/mL.

7. Add anti-CD34 and anti-c-kit (CD117) antibodies according to the manufacturer’s
protocol and Rhodamine 123 to a final concentration of 5 mM and incubate for
30 min at 4ºC.

8. After staining, wash cells twice with ice-cold medium or PBS.
9. Resuspend pellet with PBS containing 2% FBS and sort cells positive for CD34

and c-kit antigens and dim for Rhodamine 123 by using a cell sorter.

3.3. Long-Term Culture-Initiating Cells, Cobblestone Area-Forming
Cells, and DELTA Assays to Study the Most Primitive Hematopoietic
Progenitor Cells
3.3.1. Growing a Feeder Layer of Cells for Long-Term Culture-Initiating
Cells and Cobblestone Area-Forming Cell Assays

1. MNCs obtained after Ficoll-Histopaque separation are seeded at 2 × 106/mL in
24- or 96-well plates in IMDM supplemented with 12.5% FBS, 12.5% horse se-
rum (HS), and 10–6 M hydrocortisone.

2. Change half of the culture medium once a week and add fresh medium as de-
scribed previously in steps 20 to 22.

3. After 3 to 4 wk, the feeder layer should be irradiated with 15 Gy to eliminate the
remaining hematopoietic cells among stromal cells and to stop the proliferation
of the stromal cells.

4. BM-derived fibroblasts/stromal cells derived from these cultures could be subse-
quently used as a feeder layer for long-term culture-initiating cell (LTCIC) and
cobblestone area-forming cell (CAFC) assays. Alternatively, the primary stromal
cell feeder layer can be replaced with the established cell lines, e.g., M2–10B4.



108 Majka and Ratajczak

Fig 1. (A) Purity percentage of CD34+ cells isolated by immunomagnetic beads
human bone marrow-derived CD34+ cells. (B) Purity of expanded ex vivo human
megakaryoblasts (CD41+ cells). (C) Purity percentage of GPA-A+ cells expanded ex
vivo human megakaryoblasts (GPA-A+ cells). Representative staining is shown.

3.3.2. Procedure for Performing LTCIC Assay

1. Seed CD34+ cells at 1 × 104/mL over an irradiated fibroblast layer in IMDM
supplemented with 12.5% FBS, 12.5% HS, and 10–6 mol/L hydrocortisone.

2. Change half the medium once or twice weekly.
3. During every medium exchange, the cells are collected from the medium and

plated in secondary methylcellulose cultures to grow colony-forming unit (CFU)-
GM colonies.
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4. Score CFU-GM colonies after 11 d by employing an inverted microscope.
5. LTCIC assay can be carried out for 2 to 6 mo.

3.3.3. Procedure for Performing CAFC Assay

1. Seed CD34+ cells (see Note 2) at 1 × 104/mL over an irradiated fibroblast layer in
IMDM supplemented with 12.5% FBS, 12.5% HS, and 10–6 M hydrocortisone.

2. Change half the medium once or twice weekly.
3. After 1 to 2 mo, count the groups of 15 or more closely attached cells that form a

cobblestone area on the fibroblast feeder layer by employing an inverted
microscope.

3.3.4. Procedure for Performing DELTA Assay

1. Seed CD34+ cells (see Note 2) at 1 × 103/mL per well in a 96-well plate with
addition of IL-3 (20 ng/mL), KL (50 ng/mL), and FLT-3L (100 ng/mL).

2. Replace old medium with fresh medium supplemented with the same combina-
tion of growth factors every week.

3. Cells collected during medium change are plated in secondary methylcellulose
cultures to grow CFU-GM colonies.

4. Score CFU-GM colonies after 11 d by using an inverted microscope.

3.4. CFU Tests to Evaluate More Differentiated Progenitor Cells
3.4.1. CFU of Mixed Lineages Assay

1. Resuspend 105 MNC cells or 2 × 104 CD34+ cells in 0.4 mL of IMDM.
2. Add GM-CSF (5 ng/mL), EPO (2 ng/mL), KL (10 ng/mL), TPO (50 ng/mL), and

IL-3 (5 ng/mL; see Note 3). Mix and add 1.8 mL of MethoCult H4230 methylcel-
lulose. Final volume is 2.2 mL. Mix very well by slowly pipetting up and down
several times avoiding the generation of air bubbles.

3. Using a glass 2-mL pipet, apply cell mixture into two 3-mm Petri dishes (1 mL
into each dish). Place two small dishes in one big dish (100 mm) and add one
more small dish (bottom only) with sterile water (to prevent drying out of the
methylcellulose).

4. Grow colonies in a humidified incubator (37ºC, 5% CO2, 95% humidity). Count
CFUs of mixed lineages colonies using an inverted light microscope after 14 d.
CFUs of mixed lineages colonies should contain cells mainly from the erythroid-,
GM-, and megakaryocytic lineages.

3.4.2. CFUs of CFU-GM Assay

1. Resuspend 105 of MNC cells or 2 × 104 CD34+ cells in 0.4 mL of IMDM.
2. Add IL-3 (10 ng/mL) and GM-CSF (5 ng/mL; see Note 3), mix, and add 1.8 mL

of MethoCult H4230 methylcellulose. Final volume is 2.2 mL. Mix the cell sus-
pension very well by slowly pipetting up and down several times without creat-
ing air bubbles.
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3. Using a glass 2-mL pipet, apply cell mixture into two 30-mm Petri dishes (1 mL
into each dish). Place two small dishes in one big dish (100 mm) and add one
more small dish (bottom only) with sterile water (to prevent drying out of the
methylcellulose).

4. Grow colonies in humidified incubator (37ºC, 5% CO2, 95% humidity). Count
CFU-GM colonies using inverted light microscope after 11 d. CFU-GM colony
should contain at least 50 cells (see Note 4).

3.4.3. Burst-Forming Unit of Erythrocytes

1. Resuspend 105 MNC cells or 2 × 104 CD34+ cells in 0.4 mL IMDM.
2. Add 2 U/mL of EPO and 10 ng/mL of KL (see Note 3). Mix and add 1.8 mL of

MethoCult H4230 metylcellulose. Final volume is 2.2 mL. Mix very well by
slowly pipetting up and down several times avoiding the creation of air bubbles.

3. Using a glass 2-mL pipet, apply cells into two 30-mm Petri dishes (1 mL into
each). Place two small dishes in one big dish (100 mm) and add one more small
dish (bottom only) with sterile water (to prevent the drying out of the methyl-
cellulose).

4. Grow colonies in a humidified incubator (37ºC, 5% CO2, 95% humidity). Count
burst-forming unit of erythrocyte (BFU-E) colonies using an inverted light
microscope after 11 d. BFU-E colonies should contain at least 200 cells (see
Note 4).

3.4.4. CFU of Megakaryocytes Assay

1. Resuspend 105 of MNC cells or 2 × 104 CD34+ cells in 0.4 mL of IMDM. Add 50
ng/mL of TPO and 10 ng/mL of IL-3 (see Note 3), 1 mL of CFU of megakaryo-
cytes (CFU-Meg) growth medium, 0.6 mL of horse serum, and 0.2 mL of bovine
plasma. For 20 mL of CFU-Meg growth medium, mix 16 mL of IMDM, 4 mL of
10% bovine serum albumin in PBS, 500 µL of L-aspargine, 40 µL of
α-thioglicerol, and 100 µL of 100 mM CaCl2 (in water).

2. Mix very well by slowly pipetting up and down several times avoiding the cre-
ation of air bubbles.

3. Using a glass 2-mL pipet, apply cell mixture into two 30-mm Petri dishes (1 mL
into each). Observe formation of the plasma clot. Place two small dishes in one
big dish (100 mm) and add one more small dish (bottom only) with sterile water
(to prevent the drying out of the plasma clot).

4. Grow colonies in a humidified incubator (37ºC, 5% CO2, 95% humidity). Count
CFU-Meg colonies using a fluorescent inverted microscope after 11 d after stain-
ing with CD41-fluorescein isothiocyanate (FITC) antibody. CFU-Meg colonies
should contain at least 10 to 20 green fluorescent cells.

3.4.4.1. STAINING OF CFU-MEG COLONIES

1. Fix dishes containing CFU-Meg plasma clot cultures in a mixture of acetone and
methanol (1:3) twice for 10 min.

2. Wash dishes once with PBS for 5 min, with water for 5 min, and once more
shortly with water.
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3. Add 350 to 450 µL of PBS containing primary antibody against human CD41
(1:200 dilution). Incubate 1 h in dark in the incubator (37ºC).

4. Wash dishes three times for 5 min in PBS.
 5. Add 350 to 450 µL of PBS containing secondary FITC conjugated anti- mouse

antibody (1:80 dilution). Incubate 1 h in a dark incubator (37º C).
 6. Wash once in PBS for 5 min, subsequently in water for 5 min and once shortly

with water.
7. Add a few drops of glicerol-barbitol and cover with a round cover glass. Store

covered dishes at 4ºC in the dark. Count colonies by employing an inverted
immunofluorescence microscope.

3.5. Expansion of CFU-GM-Derived Myeloblasts, CFU-Meg-Derived
Megakaryoblasts, and BFU-E-Derived Erythroblasts
in Liquid Serum-Free Cultures

1. Seed 5 × 104 CD34+ cells/well in 1 mL of serum-free medium (see Note 5; Stem
Cell Technologies) in a 24-well plate.

2. For expansion of erythroblasts, supplement medium with 2 U/mL of EPO and 10
ng/mL KL (see Note 3). For expansion of megakaryoblasts, add 50 ng/mL TPO
and 10 ng/mL IL-3 (see Note 3). For expansion of myeloblasts, add to the liquid
cultures GM-CSF (5 ng/mL) + IL-3 (10 ng/mL; see Note 3). Grow cells for 8 to
11 d, changing medium every 4 to 7 d or if needed.

3. At the end of the expansion, the purity of erythroblasts is checked by fluorescent-
activated cell sorting (FACS) after staining with anti-glycophorine-A antibodies
(Fig. 1B), purity of megakaryoblasts after staining with anti-CD41 antibodies
(Fig. 1C), and purity of myeloblasts after staining with anti-CD33 antibodies.

These lineage-expanded myeloblasts, erythroblast, and megakaryoblasts
may be used as a population of target cells to study the role of SDF-1 in
chemotaxis, adhesion, proliferation, and survival of normal hematopoietic
cells. Both messenger RNA and proteins isolated from these cells stimulated
by SDF-1 may be used for the molecular analysis of gene expression. Finally,
these normal human hematopoietic lineage-expanded cells may be employed
to study various aspects of SDF-1-signaling, such as calcium flux studies (Fig.
2), phosphorylation of signal transduction proteins, and actin polymerization.

4. Notes
1. Ficoll-Histopaque should be warmed to 17ºC.
2. Check purity of isolated CD34+ cells by FACS.
3. Use recombinant growth factors and cytokines only.
4. Colonies could be aspirated with Pasteur pipet from methylocellulose cultures,

solubilized in PBS and the purity of erythroblasts could be checked by FACS after
staining with anti-glycophorine-A antibodies (Fig. 1B), purity of megakaryoblasts
after staining with anti-CD41 antibodies (Fig. 1C), and purity of myeloblasts
after staining with anti-CD33 antibodies.
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5. Initial expansion should be is most efficient at initial density 5 × 104 CD34+ cells/
well in 1 mL of serum-free medium.
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Functional Expression of CXCR4 in Saccharomyces
cerevisiae in the Development of Powerful Tools
for the Pharmacological Characterization of CXCR4

Zi-xuan Wang, James R. Broach, and Stephen C. Peiper

Summary
CXCR4, the receptor for stromal cell-derived factor (SDF)-1, was expressed in Sac-

charomyces cerevisiae, coupled to the pheromone response pathway via a chimeric Gα

subunit. Engagement of CXCR4 by SDF-1 resulted in expression of reporter genes, HIS3
or lacZ, under the transcriptional control of a FUS1 promoter, which is pheromone-
responsive. CXCR4 mutants with constitutive signaling activity were generated by ran-
dom mutagenesis of receptor coding sequences and selection for complementation of
histidine auxotrophy in the yeast strain by autonomous expression of the FUS1-HIS3
reporter gene. Linkage of CXCR4 to the pheromone response pathway in yeast provides
a system that lends itself to screening of receptor antagonists. The use of constitutively
active mutants to screen for inhibitors of the weak partial agonist and inverse agonist
pharmacologic types offers a sensitive, efficient approach that is independent of ligand.

Key Words: CXCR4; Saccharomyces cerevisiae; GPCR; constitutively active
mutant (CAM); antagonists; FUS1-HIS3, FUS1-lacZ.

1. Introduction
G protein-coupled receptors (GPCRs) are the largest gene family, account-

ing for approx 5 to 10% of the human genome (1), and are prominent drug
targets; antagonists represent approximately one in three of front-line pharma-
ceutical agents. GPCRs are the phylogenetically oldest type of receptor, which
function in Saccharomyces cerevisiae to transduce signals of mating factor
triggering responses (2) that prepare cells for mating, including cell cycle arrest,
transcriptional activation of certain genes, and the development of cell surface
projections and, more recently described, to sense glucose (3), activating path-
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ways that control filamentous growth. The existence of GPCR-coupled signal
transduction pathways in yeast opens avenues to access the power of yeast
genetics and ease of growth to study human GPCRs.

CXCR4 is a GPCR for stromal cell-derived factor (SDF)-1 (also designated
CXCL12), a CXC chemokine involved in migration of leukocytes, endothelial
cells, stem cells, and primordial germ cells. CXCR4 plays a role in pathologi-
cal physiology as an entry coreceptor for T-tropic strains of human immune
deficiency virus-1 and in programming the metastatic spread of cancers that
express the receptor to organs that secrete SDF-1. This chapter presents the
technical approaches used to express CXCR4 in S. cerevisiae coupled to the
pheromone response signaling pathway, thereby gaining access to the genetic
power and ease of growth of yeast to approach this molecular target. Specifically,
this system was used to characterize activation of CXCR4 by SDF-1, to gener-
ate CXCR4 mutants with constitutive signaling activity (constitutively active
mutants [CAMs]), and to characterize antagonists of this receptor (4). Methods
used for this approach are described herein.

2. Materials
The yeast strains and vectors used in this system were genetically engineered

at Cadus Pharmarceuticals, Inc. (5) and unpublished data.

1. Yeast strain CY12946.
2. FUS1-lacZ reporter plasmid Cp1584.
3. Expression vector Cp4258.
4. Human CXCR4 complementary DNA.
5. Yeast medium components:

a. Yeast nitrogen base (YNB) without amino acids (Sigma; cat. no. Y 0626).
b. Dextrose.
c. Yeast synthetic drop-out medium supplement (Sigma; cat. no. Y 2001).
d. Leucine, histidine, tryptophan, uracil.
e. HEPES sodium salt (Sigma, cat. no. H 3784).
f. SDF-1 (Leinco; cat. no.S111).

6. Flat-bottom 96-well plates and 384-well black plates.
7. Oligonucleotide primers.
8. Restriction enzymes, Taq DNA polymerase, and T4 DNA ligase.
9. Agarose gels and DNA sequencing facility.

10. Fluorescein di-β-D-galactopyranoside (FDG): fluorogenic substrate of β-galac-
tosidase (Molecular Probes; cat. no. F1179).

11. QIAprep Spin Miniprep Kit, Qiagene (cat. no. 27106).
12. Zymoprep Yeast Plasmid Miniprep™ (ZYMO Research; cat. no. D2001).
13. NovaBlue Competent Cells: Novagen (cat. no. 69825-4).
12. Frozen-EZ Yeast Transformation II™ (ZYMO Research; cat. no. T2001).
13. Zymoclean™ Gel DNA Recovery Kit (ZYMO Research; cat. no. D4002).
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14. DNA Clean and Concentrator™-5 (ZYMO Research; cat. no. D4004).
15. 9E10 antibody, anti-C-Myc (Santa Cruz Biotechnology, Inc.; cat. no. sc-40).
16. Fusionα™ (Packard) was used to detect fluorescent intensity in 384-well plates

for lacZ assay.
17. Plate reader, read absorbance optical density at 600 nM (OD600) of yeast in 96-

well plates.

2.1. Yeast Medium Preparation
2.1.1. Medium Stocks

1. 10X YNB (500 mL): weigh 33.5 g of YNB without amino acids (Sigma; cat. no.
Y-0626); add water to 500 mL to dissolve. If needed, incubate in a 65°C water
bath to help dissolve.

2. 10X of dextrose (500 mL) (20%): weigh 100 g of dextrose (Fisher Chemicals;
cat. no. D14-500), add water to 500 mL, and dissolve.

3. 10X Dropout (500 mL): weigh 7 g of yeast synthetic drop-out medium supple-
ment (Sigma; cat. no. Y-2001), add water to 500 mL, and dissolve.

4. 100X Leucine (6 mg/mL): weigh 300 mg and dissolve in 50 mL of water.
5. 100X Histidine (2 mg/mL): weigh 100 mg and dissolve in 50 mL of water.
6. 100X Tryptophan (4 mg/mL): weigh 200 mg and dissolve in 50 mL of water.
7. 100X Uracil (2 mg/mL): weigh 100 mg and dissolve in 50 mL of water.
8. 0.5 M HEPES, pH 6.8: weigh 23.8 g of HEPES sodium salts (molecular weight

238.8) and dissolve in 180 mL of water, adjust the pH to 6.8 with 10 N NaOH,
and adjust the final volume to 200 mL.

9. All the solutions should be sterilized by filtration (0.2-µm pore size).

All liquid synthetic medium for yeast culture should contain 1X YNB, 1X
Dropout, 1X dextrose, and the proper content of 1X amino acids.

2.2. Solid Medium for Plates

1. To make 200 mL of solid medium for plates, measure following items:

a. Agar: 4 g (2%).
b. 10X YNB: 20 mL.
c. H2O: 132–138 mL (depending on how many kinds of amino acids are needed).
d. 10X NaOH: 50 µL.

Autoclave. Allow to cool to approx 80°C, then add:

a. 10X Dropout: 20 mL.
b. 10X Dextrose: 20 mL.
c. 100X AA: 2 mL each as needed and pour the plates.

2.3. Preparation of FDG Substrate Solution Components

1. FDG: dissolve 5 mg of FDG with 769 µL of dimethylsulfoxide to reach 10 mM
and make aliquots. Tubes are wrapped with foil to avoid light exposure and stored
at –20°C.
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2. 1 M 1,4-Piperazinediethanesulfonic acid (PIPES), pH 7.2: weigh 12.1 g of PIPES,
dissolve it in 25 mL of H2O, adjust pH with 10 N NaOH (approx 5 mL of 10 N
NaOH), and adjust the final volume to 40 mL.

a. FDG substrate solution (100 µL).
b. 10 mM FDG: 10 µL.
c. 20% Triton X-100: 12 µL.
d. 1 M PIPES: 13 µL.
e. H2O: 75 µL.

3. Methods
The methods presented in detail in this section describe yeast strains and

reporter gene plasmids (Subheading 3.1.), construction of the receptor expres-
sion vector (Subheading 3.2.), transformation of yeast cells (Subheading
3.3.), growth of yeast (Subheading 3.4.), reporter gene assays (Subheading
3.5.), generation of receptor CAMs (Subheading 3.6.), screening for GPCR
antagonists (Subheading 3.7.), and a summary of important concepts (Sub-
heading 3.8.). More complementary information can be found in two previous
publications from this laboratory (4) and others (6).

3.1. Yeast Strains and Reporter Gene Plasmids

The S. cerevisiae strain CY12946 (FUS1p-HIS3 gpa1::GPA1-Gαi2(5)
far1 1442 sst2 2 ste14 ::trp1::LYS2 ste3 1156 tbt1-1 his3 leu2 lys2 trp1
ura3 can1) was used to functionally express CXCR4 and to generate CXCR4
CAMs. This strain demonstrates histidine auxotrophy that is complemented by
a his3 gene under the transcriptional control of a (pheromone-responsive) FUS1
promoter. It expresses a chimeric Gα subunit that is encoded by the gpa1 gene
(yeast G α-subunit) with the last five codons replaced by those from the rat
gene encoding the Gαi subunit. Genes responsible for cell cycle arrest after
mating factor activation have been deleted (5), as has the gene encoding the
endogenous GPCR for the alpha mating factor. This strain requires the supple-
mentation of leucine, histidine, tryptophan, and uracil in synthetic medium
unless a compensatory expression of these synthetic enzymes encoded by the
plasmid vector or the activation of the receptor to synthesize His3. His growth
assay can be readily done with this strain with the synthetic medium lacking
histidine to determine whether CXCR4 is activated via the hybrid G protein.

In addition to the FUS1-HIS3 reporter gene system, lacZ also can be used as
a reporter gene that can be quantitated by enzymatic assay for its product, β
galactosidase. The plasmid Cp1584 encoding the FUS1-lacZ reporter gene uses
auxotrophic selection for tryptophan, as has been previously described (5).
Yeast strain CY12946 can be transformed with Cp1584 and grow on/in the
medium lacking tryptophan to maintain the plasmid. This strain then can be
prepared as the competent cells for the lacZ reporter gene assay.
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3.2. Construction of the CXCR4 Expression Vectors

The yeast LEU2 2-µ plasmid Cp4258 was used as an expression vector for
CXCR4. This plasmid contains the phosphoglycerate kinase 1 promoter, which
directs constitutive expression. The remainder of the expression cassette
includes the prepro domain of α factor (codon 1-89), composed of the signal
peptide and the propeptide that is proteolytically cleaved by KEX2, a yeast
host protease, a multiple cloning site (NcoI and XbaI), and the transcriptional
termination region from PHO5 (repressible acid phosphatase). The open read-
ing frame (ORF) encoding CXCR4 was engineered using polymerase chain
reaction to contain Myc and His epitope tags at the N-terminus and C-termi-
nus, respectively, flanked by NcoI and XbaI sites compatible with directional
cloning into corresponding restriction sites in the Cp4258 vector. The expres-
sion construct was transformed into competent NovaBlue cells. Plasmid DNA
from colonies were extracted from Escherichia coli using Qiagen miniprep
kits and recombinant Cp4258-CXCR4 construct was confirmed by DNA
sequencing with Cp4258F (5'-CGATGTTGCTGTTTTGCC-3') and Cp4258R
(5'-CGTATCTGACGTAGGTGTCG-3').

3.3. Transformation of Yeast Cells

Constructs were introduced into yeast cells using the Frozen-EZ Yeast
Transformation-II kit (Zymo Research). This is a simple procedure that is simi-
lar to methods that require lithium cations but probably involves some meta-
bolic pathways that are not fully understood at this time. It does not involve a
spheroplast step and can be used to produce competent cells from Candida
albicans, Schizosaccharomyces pombe, or Pichia pastoris, as well as S.
cerevisiae. A detailed procedure can be found in the manufacturer’s protocol.
The following represent the critical steps:

1. Cells are grown in yeast synthetic broth with the proper selective pressure at
30°C until mid-log phase (OD600 = 0.5 to 1).

2. The cells of 10-mL culture are then pelleted at 600g using a bench-top centrifuge.
3. Pellets are resuspended in 10 mL of solution 1 and centrifuged as in step 2 to wash.
4. The pellet is resuspended in 1 mL of solution 2.
5. At this point, the competent cells can be dispensed into 50-µL aliquots and used

for transformation immediately or stored at –70°C after gradual freezing.
6. For transformation, 0.2 to 1.0 µg of DNA is added to a 50-µL aliquot of compe-

tent cells, and then 500 µL of solution 3 is added and mixed thoroughly. The
transformation reaction is incubated at 30°C water bath for 45 min.

7. The mixture is spread on a plate containing appropriate selective medium and
incubated in 30°C for 2 to 3 d.

More than one construct can be cotransformed into the host yeast by incu-
bating with multiple plasmids and plating out the reactions on the proper selec-
tive medium. Colonies are then picked, expanded, and subjected to functional tests.
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The presence of the ORF encoding the receptor is confirmed by polymerase
chain reaction amplification of yeast DNA and expression of the GPCR pro-
tein verified by Western blotting using a monoclonal antibody to the N-termi-
nal Myc epitope tag. Cell surface expression and functional coupling to the
hybrid G protein in the yeast need to be tested with the reporter gene assays
with the corresponding ligand, SDF-1/CXCL12. Although actual cell surface
expression experiments are difficult to perform in yeast, the detection of acti-
vated signaling provides indirect evidence for proper trafficking in these cells.

3.4. Growth of Yeast

A variety of experiments require yeast cells expressing CXCR4. Cultures
may be grown on solid medium in plates or in liquid medium in a fashion very
similar to that used for bacteria. Cultures grown on plates are prepared by
streaking stocks onto synthetic medium agar plates that have deletion of the
appropriate nutrients for selection according to the strain and enzymes encoded
by the plasmids. Typically, liquid cultures are initiated by inoculating single
colonies from a plate into 100 µL of broth in wells of flat-bottom 96-well plate
or 3 mL in bacteria culture tubes and growing these cultures in 30°C incubator
or shaker overnight or up to 2 d, depending on the viability of the stock.
Although an exhaustive survey of growth conditions has not been performed,
excellent results in reporter gene assay experiments have been obtained using
yeast grown to log phase, with a density reflected by OD600 between 1 and 2.
This density roughly corresponds to 1 to 2 × 107 cells per milliliter. Absor-
bance reading can be obtained directly for the yeast grown in wells of a
microplate, but conversion to values obtained by standard analysis in cuvets is
required (see Note 1).

3.5. Reporter Gene Assays

Two reporter genes (His3 and lacZ) are in standard use for determining
GPCR-dependent activation of the pheromone responsive FUS1 promoter.

3.5.1. Histidine-Independent Growth Assay

The FUS1-HIS3 reporter gene complements histidine auxotrophy of the host
strain through induction of histidine synthesis. Thus, cells from the parental
strain that lack the ability to grow in medium deficient in histidine can prolifer-
ate without supplementation of this amino acid when CXCR4 activation trig-
gers the pheromone response pathway. The method for measuring expression
of this reporter gene is a simple growth assay of (histidine auxotrophic) cells in
medium lacking histidine as follows:

1. Inoculate a colony of CY12946 yeast tranducing the Cp4258 CXCR4 construct
in leucine-deficient medium to maintain expression of this plasmid and grow
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overnight at 30°C. Because yeast do not grow rapidly, the density of these over-
night cultures varies, but is typically 1 to 2 OD.

2. The overnight cultures are pelleted and resuspended in leucine and histidine-
deficient medium to wash yeast cells. Cells are then pelleted in a microcentrifuge
and reconstituted to a proper volume of leucine- and histine-deficient medium to
a final reading of OD600 approx 0.01.

3. A 90-µL aliquot of the diluted culture is then transferred to a 96-well plate for the
growth experiment. The final volume of the cultures is adjusted to 100 µL, allow-
ing for the addition of, for instance, chemokines and antagonist candidates. Typi-
cally, all experimental conditions are determined in duplicate in wells of a
flat-bottomed microtiter plate. Absorbance at 600 nm is determined in an ELISA
reader every 2 h during daytime for 36 to 48 h, beginning after growth for approx
18 h. This approach can be adapted to accommodate shorter initial growth inter-
vals by increasing the OD600 of yeast cells in the culture reaction (see Note 2).
Plotting of absorbance vs time gives a growth curve.

4. For experiments with single end points, one reading at a proper time can be used
to determine the activation of CXCR4 instead of multiple readings. Functional
expression of the GPCR is determined in dose response experiments with single
end points by demonstrating ligand-dependant growth in the absence of histi-
dine, indicating activation of the FUS1-HIS3 reporter gene.

5. The positive control for the histidine-independent growth assay is with WT-
CXCR4 with 1 to 2 µM SDF-1 in the growth medium or a CXCR4 mutant with
constitutively autonomous signaling activity. The specificity of signaling can be
demonstrated by exposing yeast strains expressing other chemokine receptors
(we have used CCR5) to SDF-1/CXCL12, which uniquely activates CXCR4.

6. A typical experiment demonstrating activation of the FUS1-HIS3 reporter gene
is shown in Fig. 1. Cells of the CY12946 yeast strain expressing CXCR4, or
other chemokine receptors, such as CCR5, do not grow in medium lacking histi-
dine. Addition of SDF-1/CXCL12 (1–3 µM) to strains expressing CXCR4, but
not control cells or strains expressing other chemokine receptors, results in
growth similar to that observed in medium containing histidine. Expression of a
CXCR4 mutant with substitution of Ser for Asn-119 in transmembrane helix 3
confers expression of the FUS1-HIS3 reporter gene without addition of SDF-1/
CXCL12, indicative of autonomous activation of the pheromone response pathway.

The second reporter gene commonly used is FUS1-lacZ, which encodes
β-galactosidase. Expression of this reporter gene by ligand-induced GPCR
activation of the pheromone response pathway is determined by enzymatic
analysis of β-galactosidase activity.

1. Yeast CY12946 with Cp4258-CXCR4 and Cp1584 FUS1-lacZ plasmids are cul-
tured overnight in 96-well plates in synthetic medium lacking leucine and tryp-
tophan (OD600 ~1–2).

2. To set up the lacZ assay, the cultures for analysis are prepared by calculating the
volume of cells needed to obtain a 100-µL culture OD600 approx 0.15. The proce-
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dure is as described previously, except that the medium used is adjusted to pH
6.8 with 0.5 M HEPES buffer and lacks both leucine and tryptophan to maintain
plasmids encoding CXCR4 and the lacZ reporter gene. The cells are then grown
to mid-log phase (OD600 ~0.5–0.8), typically around 6 h. The initial density of the
yeast cell cultures may be adapted to increase the initial incubation to permit
overnight growth (see Note 2).

3. Before the culture is ready, prepare FDG substrate solution (as described in Sub-
heading 2.3.).

4. A 10-µL aliquot of each well of the yeast cultures is transferred to a 384-well
black microtiter plate and 2 µL of the FDG substrate solution is added, pipetting
several times to mix thoroughly. This manipulation must be performed in the
absence of direct light. The plate is then covered with plastic wrap and foil and
incubated at 37°C for 30 to 60 min (in the dark), depending on the strength of the
signal. Cleavage of the substrate by β-galactosidase (encoded by the pheromone-
responsive lacZ reporter gene) to produce the fluorescent product is determined
in a universal plate reader, Fusionα (Packard). The data are transferred to
Microsoft Excel for analysis.

3.6. Generation of CAMs

The generation of CAMs is performed using the FUS1-HIS3 reporter gene
to select for receptor mutants that autonomously trigger the pheromone
response pathway. Pools of GPCR mutants are developed by random mutagen-

Fig. 1. Growth of histidine auxotrophic yeast strains expressing chemokine recep-
tors coupled to a pheromone-responsive his3 reporter gene. This figure illustrates the
induction of growth of yeast strains deficient in histidine synthesis by activation of a
pheromone-responsive HIS3 reporter gene through CXCR4 signaling. Yeast strains
expressed CXCR4-wild-type (WT) or CXCR4-constitutively active mutant (CAM).
Whereas yeast-expressing CXCR4-WT grew only when exposed to SDF-1/CXCL12,
the autonomous signaling of the CXCR4-CAM resulted in activation of the FUS1-
HIS3 reporter gene independent of the physiological ligand.
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esis of the ORF. Because autonomous signaling results in constitutive expres-
sion of HIS3, pools are screened for growth of histidine auxotrophic strains in
medium lacking both the GPCR ligand, SDF-1/CXCL12 in the case of CXCR4,
and histidine.

The key to generating GPCR CAMs is the development of a pool of GPCR
ORFs containing random mutations at an appropriate frequency. A rate of 0.2
to 0.4% is ideal for CXCR4, because it results in two to four nucleotide substi-
tutions in the 1000-base pair ORF, thereby programming approximately one to
two amino acid changes in the receptor. Random mutagenesis may be per-
formed using PCR strategies with inclusion of deoxyinosine 5'-triphosphate
(dITP) or Mn2+ in the amplification reaction or mismatch of the dNTP concen-
trations (conditions we have used are detailed under Note 3).

1. Amplification reactions contain primers that flank the 5' and 3' ends of the ORF
and include the Myc and His epitope tags, respectively.

2. The amplification products are subjected to electrophoresis in a 1% agarose gel
and the band corresponding to the full-length ORF is excised from the gel and
eluted by centrifugation using the Zymoclean™ Gel DNA Recovery Kit.

3. This pool is then digested with NcoI and XbaI to generate cohesive ends compat-
ible with those in the Cp4258 vector.

4. After ligation of the pool of ORF random mutants into Cp4258 and transforma-
tion of competent E. coli, approx 10 colonies are selected for DNA extraction
and nucleotide sequence analysis. This enables confirmation of the rate of ran-
dom mutation in the GPCR ORF.

5. If the rate is appropriate, the entire ligation reaction is transformed into compe-
tent E. coli, scraping of the individual colonies, and extraction of plasmid DNA
from the pool.

6. This plasmid pool is then used to transform yeast cells. An aliquot of the transfor-
mation reaction is plated on solid medium supplemented with histidine to deter-
mine the efficiency of transformation and total number of events.

7. The majority of the transformation reaction is plated on medium lacking histi-
dine and grown for 2 to 3 d. Yeast colonies that grow in the absence of histidine
are candidates for containing CAMs.

8. Plasmids are extracted from the individual yeast colonies using Zymoprep Yeast
Plasmid Miniprep™ and transformed into NovaBlue competent cells.

9. The individual plasmids are retransformed into the CY12946 yeast strain and
tested for the ability to autonomously activate the pheromone-responsive HIS3
reporter gene.

10. If this is confirmed, the individual candidate plasmid is transformed into the
CY12946 yeast strain with FUS1-lacZ reporter gene plasmid Cp1584, and tested
for induction of β-galactosidase activity.

With this approach, we obtained a CXCR4 mutant with constitutively active
signaling conferred by conversion of Asn-119 in the third transmembrane do-
main to Ser.
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3.7. Screening for GPCR Antagonists

The simplicity of growth of yeast cells makes this GPCR expression system
well suited for high-throughput screening of antagonists. Two strategies are
possible using this system: (1) inhibition of ligand-induced GPCR signal trans-
duction, and (2) alteration of GPCR CAM signaling. Whereas the former
approach is capable of detecting all pharmacological classes of antagonist,
weak partial agonists, and inverse agonists, the latter approach is capable of
detecting neutral antagonists, frequently with greater sensitivity.

The approach involving inhibition of ligand-induced GPCR signal trans-
duction is straightforward. CY12946 yeast cells cotransformed with Cp1584
and Cp4258-CXCR4-WT are incubated with SDF-1 at a final concentration of
1 to 2 µM and 10 µL of each candidate antagonist to make a final concentration
of 10 µM (screening may be performed at 0.1, 1, or 10 µM) for approx 6 h, as
described in Subheading 3.6. As shown in Fig. 2A, β-galactosidase assays are
performed to determine whether CXCR4 antagonist candidates FC001 to
FC072 (7), a combination of T140 conformation- and sequenced-based
molecular-size reduction library, block SDF-1 induction of the lacZ reporter
gene. Although this assay is able to detect any type of antagonist, it has the
disadvantage of being reliant on access to significant quantities of ligand,
which, albeit not be a problem for many GPCRs, represents a major obstacle
for CXCR4. Whereas activation of CXCR4 signaling in mammalian cells
requires concentrations of approx 1 nM, triggering of the pheromone response
pathway in yeast requires concentrations of approx 1 to 5 µM to reach a reli-
able readout. This dramatic difference in ligand concentration may result from
a barrier effect on SDF-1 binding to CXCR4 by the yeast cell wall or the
absence of pathways to sulfate critical tyrosine residues in the CXCR4 N-ter-
minal extracellular domain in yeast. Thus, high-throughput screening of
CXCR4 antagonists with ligand would require prohibitive amounts of SDF-1.
It is possible to use an autocrine system in which yeast cells are programmed to
express both CXCR4 and SDF-1/CXCL12. This approach has potential pitfalls
that include the preferential interaction of ligand and receptor in intracellular
compartments prior to access to the antagonist candidate and variation in
expression levels and stability of the chemokine ligand (which we observed for
SDF-1/CXCL12).

In contrast, the yeast signaling system driven by the GPCR CAM does not
require ligand and is highly suited for screening for antagonists of the weak
partial agonist and inverse agonist pharmacological types, as shown in Fig.
2B. The former class of agents further activates GPCR CAM signaling and the
latter extinguish GPCR CAM signaling by shifting the conformational equilib-
rium to the inactive state. The use of GPCR CAMs for the detection of weak
partial agonists and inverse agonists requires only minor modification of the
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assay for the FUS1-lacZ reporter gene. Screening is performed in cultures con-
taining 10 µM of candidate compounds with yeast containing CXCR4-N119S
during growth to mid-log phase. β-galactosidase activity is then determined as
described in Subheading 3.5.

3.8. Summary

CXCR4 was expressed in yeast functionally coupled to the pheromone
response pathway. Exposure to SDF-1-activated signaling mediated by CXCR4
via a hybrid Ga subunit that induced the expression of two different reporter
genes. This approach also was applied successfully to CCR5, but several other

Fig. 2. Identification of antagonists using yeast strains expressing CXCR4 coupled
to the pheromone response pathway. Yeast strains expressing native CXCR4 or
CXCR4(N119S), a constitutively active mutant, were used to screen a combinatorial
library of cyclic pentapeptides, as shown in (A) and (B), respectively. The effects of
these compounds on the activation of native CXCR4 by SDF-1/CXCL12 are demon-
strated in (A). Changes in the levels of activation of the pheromone responsive lacZ
reporter gene, reflected by β-galactosidase activity, driven by the CXCR4-CAM in
response to SDF-1, the natural ligand, T140, a 14-residue inverse agonist, FC001 and
FC002, weak partial agonists, and FC68, an inverse agonist, are illustrated in (B).
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receptors for CC chemokines were not functional in this yeast signaling sys-
tem. Both CXCR4 and CCR5 required high concentrations of SDF-1/CXCL12
and RANTES/CCL5 to trigger signaling. To adapt this system for studying
mechanisms for receptor activation and screening and characterization of
antagonists, constitutively active mutants were genetically engineered. These
variants represent powerful tools for studying chemokine receptor signaling in
mammalian cells, for screening libraries for antagonists, and for the pharmaco-
logical characterization of candidates. This system also can be applied to iden-
tify and discover natural ligands for orphan receptors.

4. Notes
1. To determine the cell density of yeast cultures grown in 96-well plates, we obtain

OD of 100 µL yeast in 96-well plate at 600 nM with a plate reader, then multiply
by 3.3 to convert the reading to the OD obtained in standard disposable cuvets
with a 1-cm path length (A600 nM in microtiter plate × 3.3  OD).

2. A doubling time of 2 to 2.5 h is used to estimate proliferation of yeast during the
initial time interval for analyzing time course growth experiments and single-end
point assays.

3. Conditions for random mutagenesis PCR used:

Components Condition 1 Condition 2 Condition 3

H2O 21 µL 15.5 µL 19 µL
10X buffer 5 µL 5 µL 5 µL
dNTP 2.5 mM each, 4 µL 2 mM dATP, 10 mM 2.5 mM each, 4 µL

dG, dT, and dC, 5 µL
dITP — — 400 µM, 5 µL
5' and 3' primers 10 µM, 4 µL 10 µM, 5 µL 10 µM, 5 µL
MgCl2 20 mM, 5 µL 20 mM, 7.5 µL 25 mM, 5 µL
MnSO4 1 mM, 5 µL 6 mM, 5 µL —
Template 100 ng/µL, 1 µL 100 ng/µL, 1 µL 100 ng/µL, 1 µL
Taq 1 µL 1 µL 1 µL
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Characterization of Constitutively Active Mutants
of G Protein-Coupled Receptors

Jean-Marc Navenot, Zi-xuan Wang, and Stephen C. Peiper

Summary
The ability of G protein-coupled receptors to transduce signaling typically is induced

by the binding of an appropriate ligand (agonist), resulting in a conformational change of
the receptor and the subsequent interaction with the G protein heterotrimer. Some mutants
of G protein-coupled receptors, known as constitutively active mutants, have the capac-
ity to activate the G protein-signaling cascade even in the absence of ligand. In this
chapter, we describe three methods that most directly allow characterization of constitu-
tively active mutants and discriminate them from the wild-type receptors. All methods
are based on the spontaneous signaling function in the absence of ligand and its conse-
quences on the receptor.

Key Words: G protein-coupled receptor; signaling; constitutive activity; phosphory-
lation; trafficking.

1. Introduction
With approx 1000 known members, G protein-coupled receptors (GPCRs)

represent the largest family of membrane receptors. Their functions are as
diverse as their physiological ligands, which range from photons activating
retinal to large polypeptides. Despite this extreme diversity of nature of ligands
and function of the receptors, GPCRs signal through a limited number of G
proteins, although it recently has become evident that part of the signaling is
independent of G proteins. Furthermore, all GPCRs share a similar structure,
which consists of seven transmembrane (TM) helices connected by three extra-
cellular domains and three intracellular domains, an extracellular N-terminal
fragment, and a cytoplasmic C-terminal fragment. Because of their complex-
ity, limited information is available about the precise structure of GPCRs and
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their mechanism of activation. The canonical GPCR rhodopsin has been crys-
tallized, and most of structural information obtained on other receptors is based
on their analogy with rhodopsin (1).

However, there is strong evidence that the mechanism of activation of
GPCRs involves relative movements of rotation between TM3 and TM6 and
conformational changes of TM6 (2,3). To gain insight into the structural fea-
tures of GPCR activation, constitutively active mutants (CAMs), which can
spontaneously transduce a signal in the absence of ligand, constitute an inter-
esting model. Numerous CAMs have been described, either naturally occur-
ring or generated in laboratories by mutagenesis. In humans, CAMs are
associated with a number of diseases (4). Some of these CAMs are mutants of
human receptors, whereas others have a viral origin (5–8). For instance, the
Kaposi’s sarcoma-associated herpesvirus encodes for a CAM that, when
expressed in infected cells, is responsible for at least part of the physiopathol-
ogy (9,10). The biological relevance of these in vitro observations was con-
firmed in a transgenic model developed in mice (11,12). The constitutive
activity of Kaposi’s sarcoma-associated herpesvirus-GPCR and other CAMs
has been shown to be modulated by human ligands (13–15). We focused on the
chemokine receptors CXCR4 and CCR5, which are the main co-receptors nec-
essary for infection by HIV-1 (16,17). Whereas CCR5 is quite dispensable
(individuals with a genetic defect in CCR5 expression are healthy and are
highly resistant to HIV-1 infection), the critical biological role of CXCR4 has
been emphasized by the fact that the knock-out of the receptor itself, as well as
the knockout of its ligand stromal cell-derived factor (SDF)-1 (CXCL12), has
proven lethal in mice where embryos die in utero from major cardiac, neuro-
logical, and vascular development defects (18–22). Because of its multiple and
critical biological functions, the investigation of the structure–function rela-
tionships involved in CXCR4 signal transduction is highly valuable. Because
CAMs are a promising tool to approaching the mechanistic aspects of GPCR
activation, CAMs of CXCR4 and CCR5, as well as CCR2, have been obtained
and characterized (16,17). All result from single-point mutations in the TM
domains of the receptors. The constitutive activity of the CAMs of CXCR4 can
be modulated by the binding of SDF-1 or synthetic ligands, which could be
characterized as agonists or inverse agonists of the receptor.

This chapter describes a strategy to characterize CAMs of GPCRs in mam-
malian cells using CXCR4 as an example to illustrate autonomous and residual
ligand-induced signaling and desensitization. Because the signaling of GPCRs
normally is induced by the binding of the ligand and the signaling of CAMs is
independent from the ligand, CAMs typically will have a reduced ability to
respond to their ligand even though the binding is preserved. As a consequence,
the signaling assays frequently performed to assess the transient response of a
receptor to its ligand (e.g., calcium flux) usually will show a reduced response
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or even an absence of response, which is why CAMs can easily be mistaken
with nonfunctional receptors. This chapter describes three methods that can
discriminate CAMs from normal or nonfunctional receptors and that are either
a direct measurement of the receptor activity or a direct consequence of this
activity. First, we will describe the activation of G proteins and its evaluation
by the γ-S-guanosine triphosphate (GTP) assay. Then, we will study a method
to evaluate the phosphorylation of the receptor resulting from its constitutive
activation of GPCR kinases (GRKs) and, finally, we will describe the effect of
that constitutive phosphorylation of the receptor on its trafficking inside the
cells by immunofluorescence and confocal microscopy.

1.1. Evaluation of Constitutive Activity of CXCR4 by γ-S-GTP Binding Assay

This assay can be considered as the most direct evidence of the constitutive
activity of GPCRs in mammalian cells. This assay is based on the mechanism
of activation of G-proteins. GTP binding proteins are composed of three sub-
units (α, β, γ), the α subunit being the one that binds guanosine diphosphate
(GDP)/GTP. In a resting state, the GDP-bound α subunit makes a stable com-
plex with the βγ subunits. Upon activation by an agonist-activated GPCR, GDP
is replaced by GTP on the α subunit, which results in the dissociation of the βγ
complex. This dissociation confers a GTPase activity to the α subunit, which
then can hydrolyze GTP into GDP + Pi. The GDP-bound form of the α subunit
can then reassociate with a βγ complex, restoring a heterotrimer that can be
activated again by a GPCR. This cycle can be interrupted by a nonhydrolyzable
form of GTP (γ-S-GTP) in which the double-bound oxygen on the third (or γ)
phosphate is replaced by a sulfur, hence preventing the hydrolysis of that phos-
phate. If a radioactive form (γ-[35S]-GTP) is used, the activation of a GPCR
will result in the accumulation on the cytoplasmic face of the plasma membrane
of G proteins bound to radioactive GTP, accumulation that can be assessed by
measuring the radioactivity bound to the membrane by liquid scintillation.

1.2. Evaluation of Constitutive Phosphorylation of GPCR CAMs

Activation of GPCRs by their ligand leads to the phosphorylation of cyto-
plasmic residues of the receptor by GRKs. This phosphorylation is responsible
for the internalization of the receptors and the termination of the signal but also
is involved directly in part of the signaling. This phosphorylation can be inves-
tigated by loading the cells with [32P] orthophosphate, which will be metaboli-
cally integrated into adenosine triphosphate. Upon activation of the cells, the
labeled phosphates will be used to phosphorylate the molecules involved in
signal transduction, including the receptor itself. Immunoprecititation of the
receptor with an antibody specific for the molecule itself or for an epitope tag
expressed at the N-terminus (or the C-terminus) followed by autoradiography
will reveal the level of phosphorylation. CAMs of GPCR will activate GRKs
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even in the absence of ligand and are expected to display a high level of consti-
tutive phosphorylation.

2. Materials
2.1. Constitutive Activity of CXCR4 by γ-S-GTP Binding Assay

1. Polypropylene 5-mL round bottom tubes.
2. 1.5-mL microcentrifuge tubes.
3. Chinese hamster ovary (CHO) cells.
4. Citrate buffer: 15 mM Na citrate, 135 mM KCl.
5. Lysis buffer: 5 mM Tris-HCl, pH 7.5; 5 mM ethylene diamine tetraacetic acid

(EDTA); 5 mM ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA).
6. Reaction buffer: 50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM EGTA, 100 mM

NaCl.
7. Syringes with 28.5-gage needle (insulin syringe).
8. Protein-assay kit (Bio-Rad).
9. 96-Well plates with flat bottom for colorimetric assays.

10. Bovine serum albumin (BSA).
11. SDF-1.
12. γ-[35S]-GTP.
13. γ-S-GTP.
14. GDP.
15. Phosphate-buffered saline (PBS).
16. GF/C filters (Whatman).
17. Vacuum manifold (Millipore).
18. Scintillation liquid.
19. Scintillation counter.
20. Low-speed centrifuge.
21. Microplate spectrophotometer with filter at 595 nm.

2.2. Constitutive Phosphorylation of GPCR CAMs

1. 60-mm Tissue culture dishes.
2. Complete growth medium: minimal essential medium (MEM)-α with 1% antibi-

otics (penicillin, streptomycin, amphotericin) and 10% fetal bovine serum (FBS).
3. Phosphate-free Dulbecco’s modified Eagle’s medium (DMEM, GIBCO-

Invitrogen).
4. [32P] orthophosphate (high specific activity, 8500–9120 Ci/mmol; NEN-Perkin-

Elmer Life Sciences).
5. Protease inhibitors cocktail (Sigma).
6. Phosphatase inhibitor cocktail (Sigma).
7. Lysis buffer: 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM EDTA, 1% Triton

X-100; 0.1% sodium dodecyl sulfate (SDS), 1% protease inhibitor cocktail, 1%
phosphatase inhibitor cocktails.

8. Anti-cMyc mouse monoclonal antibody 9E10.
9. 1.5-mL conical microtubes with sealed cap.
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10. Proteine G-sepharose (Pharmacia).
11. SDS polyacrylamide gel electrophoresis sample buffer: Tris-HCl, glycine, SDS,

glycerol, bromophenol blue, b-mercaptoethanol.
12. SDS polyacrylamide gel electrophoresis equipment.
13. Gel dryer.
14. Films for autoradiography or phosphor-imager.
15. High-speed refrigerated microcentrifuge.

2.3. Localization of CXCR4 by Immunofluorescence and Confocal Microscopy

1. Tissue culture treated glass cover slips (no. 1, 0.17-mm thick).
2. Glass slides.
3. Methanol.
4. Goat anti-mouse immunoglobulin G labeled with Alexa Fluor 488 (Molecular

Probes).
5. TO-PRO-3, solution in dimethylsulfoxide (Molecular Probes).
6. Antifade mounting medium (ProLong, Molecular Probes, or equivalent).
7. Confocal microscope equipped with lasers emitting at 488 nm and 633 nm and at

least 40X oil immersion objective.

3. Methods
3.1. γ-S-GTP-Binding Assay to Determine Constitutive Activity of CXCR4

1. Transfectants of CHO cells are grown in 100-mm tissue culture dishes and are
subcultured the day before the experiment. The culture should be approx 70 to
80% confluent on the day of the experiment (see Note 1).

2. Cells are detached from the plate with citrate buffer as follows: wash the cells
once with the citrate buffer, aspirate the buffer and add 5 to 6 mL of the same
buffer. Put the plates back in the incubator at 37°C for approx 5 min until the
cells start detaching. Resuspend the cells with a pipette and transfer the cell sus-
pension into a 15-mL conical tube. Pellet the cells by centrifugation (4 min at
200g), resuspend the cells in 1 mL of PBS, transfer into a 1.5-mL microcentri-
fuge tube, and pellet the cells again by centrifugation.

3. Disrupt the cells by adding 600 µL of the hypotonic lysis buffer to the pellet. The
cell suspension is passed five to six times through an insulin syringe to complete
the process.

4. Quantify the total protein concentration of the samples with the Bio-Rad protein
assay. Dilute the dye five times in H2O before use. Prepare standard protein solu-
tions of BSA at 1 mg/mL, 500 µg/mL, 250 µg/mL, 125 µg/mL, 62.5 µg/mL, and
31 µg/mL. In a 96-well plate, add 5 µL of H2O (blank) or 5 µL of solution of BSA
(standard curve) or 5 µL of cell lysate diluted two or four times in H2O using
duplicates for each sample. Add 200 µL of the diluted dye into each well and
incubate for 15 to 30 min at room temperature. Measure the optical density at 595
nm with a plate reader. Calculate the protein concentration of each cell lysate.

5. For each variant of the receptor, set up three types of reaction tubes in 5-mL
polypropylene tubes (each condition should be performed at least in duplicates):



134 Navenot, Wang, and Peiper

the nonspecific binding to determine the amount of radioactive γ-[35S]-GTP
bound to the cell membranes in the presence of a large excess of unlabeled γ-S-
GTP, the basal to determine the level of activation of G proteins in the absence of
ligand, and the SDF-1 stimulated to determine the activation of G proteins in the
presence of ligand. The reaction mixtures should have a constant total volume of
100 µL (to be completed with the reaction buffer) and should be prepared accord-
ing to the following table (volumes indicated are based on stock concentrations
of 250 µM for γ-S-GTP and 10 mM for GDP, each prepared in H2O):

Reaction
Lysate γ-[35S]-GTP γ-S-GTP GDP SDF-1  buffer

Nonspecific 7 µg 0.25 mM 10 µM (4 µL) 40 µM (4 µL) — to 100 µL
binding

Basal 7 µg 0.25 nM — 40 µM (4 µL) — to 100 µL
SDF-1 7 µg 0.25 nM — 40 µM (4 µL) 0.1–100 nM to 100 µL

Incubate for 1 h at 30°C in a water bath.
6. Stop the reaction by placing the tubes on ice.
7. Separate the γ-[35S]-GTP bound to the membrane from the free form by adding 4

mL of ice-cold PBS into each tube and transferring the content of the tube on a
GF/C filter placed into a vacuum manifold. Wash the membrane twice with 5 mL
of cold PBS and dry the membrane as much as possible.

8. Transfer each filter into a scintillation vial and immerse it in 1.2 mL of scintilla-
tion solution. Wait at least 4 h to allow the elution of the radioactivity from the
filter, then measure the radioactivity with a scintillation counter. Subtract the
count obtained from the non specific binding from every other data point. Typi-
cal results are shown in Fig. 1.

3.2. Constitutive Phosphorylation of GPCR CAMs

1. Seed CHO transfectants stably expressing CXCR4-wild-type or CAM in a 60-
mm tissue culture dish (1 × 106 cells in 4 mL of growth medium) for 24 h. The
culture should be approx 70 to 80% confluent at the time of the experiment.

2. The following day, wash each dish twice with 5 mL of phosphate-free DMEM.
Aspirate the medium and replace it with 1.5 mL of the same medium containing
150 µCi of [32P] orthophosphate. Grow the cells in an incubator at 37°C for 90
min to allow the cells to metabolically label ATP with the [ 32P] orthophosphate.

3. For each cell line (wild-type or CAM), keep one dish unstimulated and stimulate
the other one for 5 min at 37°C by adding 100 nM of SDF-1 (final concentration)
into the medium.

4. Stop the reaction by placing the dishes immediately on ice, aspirate the medium,
and wash the cells once with 5 mL of ice-cold PBS. From this point on, all the
steps are performed on ice or at 4°C.

5. Lyse the cells by adding 1 mL of lysis buffer into each dish. Be certain to recover
all the membrane proteins from the plate by thoroughly pipetting the buffer on
the surface of the dish or by using a cell scraper. Transfer each lysate into a 1.5-
mL microcentrifuge tube. Put the tubes on a rotating wheel for 1 h.
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6. Centifuge the tubes for 10 min at 12,000g to remove insoluble materials. Trans-
fer the supernatant into a new microcentrifuge tube.

7. Preclear the supernatant by adding 30 µL of a 50% (v/v) suspension of protein G-
sepharose beads washed and resuspended in lysis buffer. Incubate for 1 h at 4°C
on a rotating wheel. Centrifuge (1 min at 500g) and transfer the supernatant into
a new tube.

8. Add 2 µg of anti-cMyc antibody 9E10 into each tube and incubate 2 h at 4°C.
9. Add 30 µL of a 50% (v/v) suspension of protein G-sepharose beads washed and

resuspended in lysis buffer. Incubate at for 1 h on a rotating wheel.
10. Centrifuge the tubes (1 min at 500g), discard the supernatant, and wash the beads

five times with 1 mL of lysis buffer. Discard the wash buffer and elute the pro-
teins by adding 50 µL of SDS sample buffer to each pellet. Heat to 90°C for 5
min, centrifuge, and collect the supernatant.

11. Separate the proteins on a 10% polyacrylamide gel. Dry the gel and expose it to
autoradiography using X-ray film or a screen for phosphorimaging. Typical re-
sults are shown in Fig. 2.

3.3. Subcellular Localization of CXCR4 in CHO Cell Transfectants
by Immunofluorescence and Confocal Microscopy

GPCR typically are phosphorylated on activation resulting from the binding
to a specific agonist. This phosphorylation mediated by GRKs results in the

Fig. 1. Point mutants of N119 of CXCR4 exhibit different levels of constitutive and
SDF-1-induced activity as assessed by γ-35S-guanosine triphosphate (GTP) binding
assay. The constitutively active mutants (N119S and N119A) show a high level of γ-
35S-GTP binding in the absence of stromal cell-derived factor (SDF)-1 (none = basal),
which can be further increased by SDF-1 in N119S but almost not in 119A, which has
the strongest constitutive activity, emphasizing the fact that increased constitutive ac-
tivity results in an impaired ability of the receptor to respond to its ligand.
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interaction of the receptor with β-arrestins and subsequent internalization.
CAMs of GPCR are expected to be constitutively internalized in the absence of
ligand. The method described here will characterize the distribution pattern of
CXCR4 wild-type and CAM before and after stimulation by SDF-1. A mono-
clonal antibody specific for a Myc-tag expressed at the N-terminal of CXCR4
will be used to localize the receptor at the subcellular level by immunofluores-
cence and confocal microscopy. In this experiment, the binding of the antibody
to the tag is not altered by the prior binding of a natural ligand or antagonist to
the receptor.

1. On the day before the experiment, detach the cells with trypsin from a 100-mm
dish, count them and adjust the cell suspension to 1 × 105 cells/mL in MEM-α
10% FBS. Place an ultraviolet-sterilized tissue culture treated cover slip into each
well of a six-well plate. Add 2 mL of the cell suspension into each well and place
the plate back into a tissue culture incubator. Allow the cells to attach, spread and
grow on the cover slips for at least 24 h.

2. On the next day, check the cell density and morphology. The cells should be less
than 50% confluent and their morphology should be comparable to the same cells
growing on the plastic at the bottom of each well. Carefully aspirate the medium
and replace it with 1 mL of MEM-α containing 0.5% BSA. For each cell type,
leave one well unstimulated and stimulate the other one with the appropriate
ligand (SDF-1 at 100 nM, final concentration in MEM-α-BSA) for 30 min at
37°C to allow ligand-induced receptor internalization. Put the plate on ice and
carefully aspirate the medium and wash the cells twice with cold PBS. Aspirate
the PBS and slowly add 2 mL of methanol at –20°C into each well and keep the
plate in a freezer at –20°C for 5 min. This step will simultaneously fix the cells
and permeabilize the plasma membrane to allow detection of the intracellular
proteins with the antibodies. After fixation, wash the cover slips three times with
cold PBS containing 0.1% BSA.

Fig. 2. Phosphorylation of CXCR4 wild-type (WT) and constitutively active
mutants (CAMs) in Chinese Hamster Ovary cells. Lane 1: WT, unstimulated. Lane 2:
WT, stimulated with 100 nM stromal cell-derived factor 1 5 min. Lane 3: N119S
CAM, unstimulated.
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3. For immunostaining, incubate each cover slip with 50 µL of anti-Myc antibody
(9E10) diluted at 10 µg/mL in PBS–BSA for 30 min at room temperature. Wash
the cover slips twice in cold PBS–BSA. Incubate each coverslip with 50 µL of
fluorescent secondary antibody (anti-mouse immunoglobulin G labeled with
Alexa Fluor 488 at 10 µg/mL in PBS–BSA) for 30 min at room temperature.
Wash the cover slips twice with cold PBS–BSA.

4. To facilitate the localization of the cells, especially when the receptor is pre-
dominantly in the endosomal compartment of the cytoplasm and the cell shape
can hardly be detected by fluorescence, counterstain the nuclei by incubating the
coverslips for 5 min at room temperature with a solution of TO-PRO-3 diluted to
1 µM in PBS. Wash three times in PBS, then mount the cover slips on glass slides
thoroughly cleaned with ethanol. Mount each slide using 25 µL of antifade
mounting medium. After overnight drying, the cover slips can be sealed, for in-
stance, with nail polish.

5. Analysis: detailed method of analysis depends on the confocal microscope sys-
tem used. The pictures showed here in Fig. 3 were generated using a Zeiss
LSM510 Meta laser scanning system hooked to a Zeiss Axiovert 200 inverted
microscope equipped with a 40X oil immersion objective. Similar results can be
obtained with comparable equipments. In any case, the image acquisition should
consist of a series of z-scans spanning the thickness of the preparation to allow
precise localization of the cell compartments (see Note 2).

4. Notes
1. The methods described here use CHO cells, but alternative cell lines can be used.

However, special attention must be paid not to select cells that would express an
autologous GPCR-CAM at a significant level. In that case, the quality of the data
would be compromised, especially for the γ-S-GTP binding assay, in which the
background binding would be high no matter what receptor is being expressed by
transfection.

Fig. 3. Cellular localization of CXCR4 wild-type (WT) and N119A constitutively
active mutant (CAM) by immunofluorescence and confocal microscopy. (A) WT,
unstimulated control. (B) WT, stimulated by stromal cell-derived factor 1. (C) N119A,
unstimulated control.
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2. If a confocal microscope is not available, a regular fluorescence microscope
equipped with a digital camera can be used instead, even though the discrimina-
tion between localization of the fluorescence on the membrane and in the cyto-
plasm would not be as accurate. In this case, a different combination of
fluorochromes would be recommended since the TO-PRO-3 would not be
excited very efficiently by a mercury lamp. DAPI or Hoechst would be more
appropriate choices for staining of the nuclei.
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G Protein-Coupled Receptor Dimerization and Signaling

Mario Mellado, Antonio Serrano, Carlos Martínez-A.,
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Summary
G protein-coupled receptors are involved in the regulation of many aspects of normal

physiology and pathology. Recent research has broadened our view of how the cell trans-
duces ligand binding to cellular responses. It is becoming clear that phenomena that take
place both at the cell surface, such as receptor oligomerization, as well as intracellularly,
such as interaction between different signaling pathways, have important roles in the
response elicited by a ligand. The study of these events requires the combined use of
classical biochemical techniques with novel methods that allow analysis of these mecha-
nisms. This chapter gives an overview of both types of techniques, with an emphasis on
discussing their main applications and the conclusions that can be drawn in each case.

Key Words: GPCR; dimerization; G protein; kinases; immunoprecipitation; West-
ern blot; resonance energy transfer; fusion proteins.

1. Introduction
G protein-coupled receptors (GPCRs) form the largest single family of cell

surface receptors (1). This superfamily of seven transmembrane-spanning pro-
teins responds to a diverse array of stimuli and transduces these stimuli into
intracellular second messengers through their ability to recruit and activate
heterotrimeric G proteins (2). The GPCRs are involved in regulating many of
the body’s functions, and their dysfunction has been linked to numerous diseases
and disorders. This marks the GPCRs as targets of a growing number of therapeu-
tic treatments, including almost 50% of modern drugs and nearly a quarter of
the top 200 best-selling pharmaceutical compounds (3,4). To date, drug screening
has been based on testing compounds that block ligand binding or different steps
in the signaling cascade. Recent research nonetheless points to novel therapeu-
tic targets based on the early events after ligand stimulation, such as changes in
receptor conformation or new molecules involved in GPCR signaling (5).
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GPCRs generally were assumed to act as monomeric entities. By interacting
with its ligand, a monomeric receptor is responsible for coupling to G proteins,
whose activation in turn allows the receptor to bind to one or more of an exten-
sive number of effectors. Several reports nonetheless showed oligomerization
of nearly all GPCRs examined, and activation of non-G protein-related effec-
tors also has been described (6,7). This led to reconsideration of the conven-
tional models of receptor structure and function, with the generation of novel
models better adapted to these observations.

Classical models of GPCR signaling assume that the monomeric receptor
acquires an agonist-induced conformational change that enables formation of a
receptor–G protein complex (2,8,9). Through the release of guanosine diphos-
phate (GDP), the heterotrimeric G protein dissociates into α subunits and βγ
dimers, both of which activate several effectors responsible for receptor func-
tion (10,11). Some of these second messengers are involved in receptor desen-
sitization, a process controlled by receptor phosphorylation mediated by protein
kinases A and C and by the serine/threonine GPCR kinases (12,13).

Receptor activity is regulated not only by receptor desensitization, but also
through receptor internalization, degradation, and recycling. The best-charac-
terized mechanism for GPCR internalization acts via clathrin-coated vesicles
in a process mediated by β-arrestin interaction with phosphorylated receptors;
in addition, clathrin, phosphoinositides and the adaptor protein AP-2 collabo-
rate to target the receptor to clathrin-coated pits at the cell membrane (13,14).
The internalized receptors are pinched off the cell surface by the guanosine
triphosphatase (GTPase) dynamin and degraded in lysosomes or recycled
through endosomes (15,16).

At the postreceptor level, GPCR signaling can be regulated through GTPase-
activating proteins (GAPs), such as the regulators of G protein signaling (RGS),
although their complete physiological role remains to be elucidated (17,18).
Other signaling molecules, such as phosphoinositide-3 kinase (PI3K), cyclic
adenosine monophosphate (cAMP), extracellular signal-regulated kinase
(ERK), mitogen-activated protein kinase (MAPK), Janus kinase, signal trans-
ducer and activator of transcription (STAT) factors, or small GTPases, also
link the GPCR family to cell functions, such as proliferation, differentiation, or
migration.

Most mechanisms involved in classical GPCR signaling were elucidated
using biochemical techniques that are proving to be insufficient for exploring
some of the newer hypotheses of GPCR function. For example, although early
studies used radioligand binding, crosslinking, or radiation inactivation to pre-
dict GPCR oligomerization, it is only now becoming accepted as a general
mechanism for receptor function (19). Several questions remain unanswered,
including the functional relevance of these oligomers, the role of the ligand in
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their formation, and the composition of these complexes (6,20,21). Oligomer-
ization has important consequences for our current understanding of the GPCR
because it helps to explain both GPCR binding to its numerous effectors, and
the vast array of functions triggered through this family of receptors (6,22).
Oligomerization has a role in GPCR exit from the endoplasmic reticulum (23),
in agonist-promoted receptor internalization (24), and in efficient coupling to
signaling cascades (25). Oligomerization also may participate in generating
pharmacological diversity and novel functional properties (19,22).

Although the concept that GPCRs exist in an equilibrium of multiple con-
formations has begun to overcome initial skepticism, further studies are needed
to clarify the contribution of these conformations to GPCR biology. New tech-
nologies are helping to elucidate aspects, such as the physiological relevance
of dimerization, the identification of the residues crucial in forming the dimer-
ization interface, and the establishment of the role of the ligand in modulating
oligomerization.

2. Materials
As can be predicted by the controversial results in the literature regarding

GPCR oligomerization and its functional consequences, exquisite care must be
taken to select the most appropriate materials and methods. The main criti-
cisms of the GPCR oligomerization model arise from discrepancies among the
results, which can depend on the experimental conditions used.

1. Cell lines (see Note 1).
2. Antibodies (Abs) (see Note 2).
3. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)

equipment.
4. Buffers for lysis and immunoprecipitation (see Note 3).

a. Lysis buffer (10 mM triethanolamine, pH 8.0, 150 mM NaCl, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 10% glycerol, 2% digitonin.

b. Washing buffer (50 mM Tris-HCl, pH 7.6).
c. Secondary Abs coupled to agarose beads.

5. Crosslinking agents.

a. Bifunctional agents: disuccinimidyl suberate.

6. Reagents for in vitro PI3K activity.

a. PI3K buffer (50 mM Tris-HCl, pH 7.6).
b. Adenosine triphosphate (ATP) mix (32P, 1 mM ATP, 100 mM MgCl2. 1:1:8

[w:w:w]).
c. Thin-layer chromatography (TLC) plates.
d. Running buffer: a mixture of 45 mL of chloroform, 35 mL of methanol, 3 mL

of NH3, 3 mL of H2O.

7. Pull-down assays reagents.
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a. Fusion proteins with glutathione-S-transferase (GST); glutathione-Sepharose-
GST beads.

b. Lysis buffer (20% sucrose, 10% glycerol, 50 mM Tris, pH 8.0; 0.2 mM
Na2S2O5, 2 mM MgCl2, 2 mM 1,4-dithiothreithol [DTT; Cleland’s reagent],
DTT).

c. Fish buffer (10% glycerol, 50 mM Tris-HCl, pH 7.4; 100 mM NaCl; 1% NP40;
2 mM MgCl2).

8. Electrophoretic mobility shift assay (EMSA) reagents.

a. Agarose and DNA equipment.
b. Buffer A (50 mM NaCl, 0.5 M saccharose).
c. Buffer B (50 mM NaCl, 50% glycerol).
d. Buffer C (350 mM NaCl, 25% glycerol).

All buffers (with the exceptions of EMSA buffer and DNA electrophoresis
buffer) contain 0.5 mM spermidine, 0.15 mM spermine, 0.1 mM EDTA, 10
mM HEPES, pH 8.0, 0.5 mM phenylmethylsulfonyl fluoride, 2 µg/mL
leupeptin, 3 µg/mL pepstatin, 0.2 IU/mL aprotinin, 1.75 mM β-mercapto-
ethanol, 1 mM pervanadate, and 10 mM NaF.

• EMSA buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT, 1 nM
EDTA, 5% glycerol).

• DNA electrophoresis buffer (4.5% PAGE, using 0.5X Tris-borate-EDTA).

9. Fluorescence labeling of Abs: dissolving buffer (100 mM NaCl and 35 mM
H3BO3, pH 8.3); and equilibrating buffer (100 mM NaCl, 50 mM NaH2PO4, 1
mM EDTA, pH 7.5).

10. Expression vectors for fluorescent proteins.
11. Tagged receptors.
12. Confocal microscopes.
13. Calcium probes and ionophores.
14. Flow cytometry equipment.
15. Migration chambers: transwell and flow chambers.
16. Radiolabeled ligands.

3. Methods
The methods described allow identification of most GPCR signaling prop-

erties. As any single method suffers from intrinsic limitations, most should be
used in concert with others to obtain meaningful results. Results using one
technique should be verified by an alternative that uses different materials and
detection systems. Some methods mentioned are not explained in detail, as
they are well described in other publications. Here, we outline the most rel-
evant methods, and those that are not commonly employed for GPCR studies.

Before attempting analysis of GPCR signaling properties, the cell system to
be used should be characterized in detail. This should include routine testing,
such as analysis of cell cycle status, cell surface receptor expression, and determi-
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nation of receptor number and affinity constants, especially when cells are
transfected with mutant or fluorescently labeled receptors.

3.1. Cell Cycle Analysis
Cell cycle status affects many parameters of a cell’s response, and it must be

ascertained that this state remains similar following stimulation.

3.1.1. Propidium Iodide Incorporation
1. Incubate 0.5 × 106 cells with 0.5 mL of ice-cold 70% ethanol (5 min, on ice).
2. Add 3 mL of phosphate-buffered saline (PBS) and centrifuge (5 min, 200g).
3. Resuspend the pellet with 0.6 mL of PBS containing 33 µg/mL propidium iodide

and 2 µg/mL RNase.
4. Incubate (30 min, 37ºC, in the dark) and analyze in the flow cytometer.

3.2. Flow Cytometry Analysis
Definition of cell surface receptor expression should be a prerequisite for

signaling studies. In some cases, large intracellular GPCR pools can be observed,
as the result of internalization, recycling, or storage; these pools should be
differentiated from GPCR that are membrane-expressed and available to
ligand. For analysis of heterodimerization levels, expression of both partici-
pating receptors should be determined in the same cell.

1. Incubate 2.5 × 105 to 5 × 105 cells in 100 µL of staining PBS in V-bottom plates,
using an appropriate dilution of primary Ab (in staining PBS; 30 min, 4°C).

2. Wash cells twice by centrifugation (5 min, 200g).
3. Resuspend pellet with containing secondary, fluorochrome-labeled Abs.
4. Incubate (30 min, 4°C).
5. Wash cell twice by centrifugation (5 min, 200g).
6. Resuspend cells in 100 µL of staining PBS and analyze in a flow cytometer.
7. For intracellular staining, cells must be permeabilized using different agents to

facilitate entrance of Abs. These include digitonin (50 µL of 0.005% digitonin in
staining PBS, 4 min, room temperature [RT]), saponin (100 mL of 1% paraform-
aldehyde (PFA), 15 min, 4°C, followed by incubation of the first Ab in staining
PBS + 0.2% saponin), or ice-cold ethanol (70%, 15 min, 4°C).

Cells labeled using similar protocols can be sorted using a flow cytometer or
magnetic-based separation devices.

3.3. Receptor Number
Several methods are available in which to analyze the number of receptors

on the cell surface, based on the use of radiolabeled or fluorescently labeled
ligands. Many labeled ligands are now available that use radioactivity or fluo-
rescent compounds. Detailed information of radiolabeling procedures can be
found elsewhere (26).

Ligand-binding analyses are performed by competitive inhibition of 125I-
ligand binding to GPCR with several concentrations of unlabeled ligand (27).
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For these assays, cell membranes or whole cells can be used (see Note 4).
Several computer programs are available to evaluate data and determine bind-
ing site number and affinity constants.

For flow cytometry analysis, we use the Dako QIFIKit, designed for quanti-
tative determination of cell surface antigens using indirect immunofluorescence
assays (see Note 5). The system is based on analysis of the capacity of a given
Ab to bind its target cell, compared with beads coated with defined amounts of
mouse Ab. Assay procedures should follow manufacturer’s protocols.

3.4. Western Blot and Immunoprecipitation

Although lysis buffer compositions can vary (see Note 3), the general proto-
col used for these assays is similar. Cell number should be adjusted, depending
on the amount of receptor and/or signaling molecule to be analyzed.

1. Stimulate cells with the appropriate ligand and dilute them immediately with
cold PBS (to terminate stimulation).

2. Centrifuge (20,000g, 2 min, 4°C), wash with cold PBS, resuspend in 200 µL of
lysis buffer (10 mM triethanolamine, pH 8.0, 150 mM NaCl; 1 nM EDTA; 10%
glycerol; 2% digitonin) and incubate (20 min, 4°C).

3. Preclearing step. Centrifuge (20,000g, 15 min, 4°C) and discard the pellet. Incu-
bate the supernatant containing solubilized proteins with anti-immunoglobulin
(Ig) (of the same species as the immunoprecipitating Ab) coupled to agarose (15
min, 4°C).

4. Centrifuge (20,000g, 1 min, 4°C).
5. Incubate the supernatant (90 min, 4°C) with the immunoprecipitating Ab, fol-

lowed by anti-Ig coupled to agarose (without washing), and incubate (60 min, 4°C).
6. Wash extensively (at least five times) with 200 µL of washing buffer.
7. Resuspend the pellet in sample buffer (50 µL/mL).

Procedures for SDS-PAGE, transfer to nitrocellulose membranes and West-
ern blot are described elsewhere (26), and require no major modifications for
GPCR studies (see Notes 6 and 7).

3.5. Crosslinking

1. Stimulate cells and wash cells by centrifugation (200g, 10 min).
2. Resuspend the pellet in 1 mL of cold PBS and add 10 µL of 100 mM disuccinimidyl

suberate.
3. Incubate for 10 min at 4°C with continuous rocking.
4. Terminate the reaction by adding 1 mL of cold PBS and centrifuging (200g, 10 min).
5. Lysis step. Wash three times with cold PBS and resuspend the pellet in lysis

buffer for immunoprecipitation.
6. Continue with immunoprecipitation and Western blot as in Subheading 3.4. (see

Note 8).
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3.6. Tagged Receptors

It can be difficult to trace certain receptors because of a lack of appropriate
tools, such as monoclonal Abs, which allow their detection. In these cases, a
peptide can be used for which monoclonal antibody (MAb) are available; fused
to a receptor, the peptide allows detection of the protein of interest. In the case
of GPCR, it is important to recognize artifacts caused by the presence of the
tag. Both ligand-binding affinity and receptor distribution should be evaluated
before beginning signaling studies (see Note 9). Although several commercial
expression vectors are available, homemade epitopes can be designed and
included as fusion proteins with the target receptor using standard molecular
biology techniques.

Complementary DNA coding for different chemokine receptors can be cloned
in the KpnI-XbaI site of pcDNA3. For tagged receptors, eliminate the receptor
initiation codon and ligate the oligonucleotides coding for the tags selected.

1. Transfect cells and determine the functional integrity of the individual fusion
receptor(s) (see functional assays in Subheading 3.12.).

2. Cotransfect tagged receptors.

The main concern in co-immunoprecipitation is the formation of nonspecific
aggregates (see Note 9).

3.7. PI3K Activity

The PI3K are a family of intracellular signaling proteins that control a vari-
ety of functions, such as proliferation, apoptosis, and migration. The analysis
of PI3K activity is based on quantification of 32P incorporation into substrates
present in cell lysates.

1. Stimulate cells and immunoprecipitate with the appropriate receptor or PI3K
isoform (see Subheading 3.4.).

2. Wash the remaining cell lysate pellet with PI3K buffer.
3. Prepare 2 µL of phosphatidyl inositol (PI) solution (10 mg/mL) for each sample,

desiccate, add 15 µL of PI3K buffer and sonicate (10 min, RT).
4. Add 15 µL of PI solution to the immunoprecipitated pellet and mix.
5. Add 10 µL/sample of ATP mix.
6. Incubate (10 min, RT), add 50 µL of 1 M HCl, 132 µL of methanol, and 117 µL

of chloroform per sample and mix.
7. Centrifuge (20,000g, 10 min, RT) and transfer the lower phase to another

Eppendorf tube, desiccate with the Speed Vac.
8. Add 20 to 40 µL of chloroform and load a TLC plate, together with 4 µL of

phosphatidyl inositol-3,4,5-triphosphate (PIP3) or phosphatidyl inositol-4-phosphate
(PI4P) standard. Pre-stabilize the TLC plate and tank for 2 h with running buffer.

9. Carry out the chromatography for 1 h 40 min, dry plate, and develop standards by
incubating with I2 (30 min). Analyze results by autoradiography.
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3.8. Pull-Down Assays
These assays are based in the fact that small GTPases act as molecular

switches in either an inactive GDP-bound form or an active GTP-bound form
(28). Active GTPases bind specific domains, such as the rhotekin-binding
domain for Rho, or the Pak family of serine/threonine kinases, which bind
Cdc42 and Rac. Pull-down assays include the use of a fusion protein between
the substrate and GST.

1. Culture bacteria overnight and induce GST-protein production with 0.1 mM iso-
propyl-β-D-thiogalactopyranoside (2 h).

2. Centrifuge (3000g, 10 min, 4°C).
3. Resuspend pellet in 10 mL of lysis buffer.
4. Sonicate and centrifuge (12,000g, 20 min, 4°C).
5. Incubate with 1 mL of 50% glutathione-Sepharose 4B (Amersham Pharmacia

Biotech; 30 min, 4°C).
6. Wash three times with lysis buffer and resuspend Sepharose beads (1:1) in

Fish buffer.
7. Lyse cells as in Subheading 3.4.
8. Mix supernatant and glutathione-Sepharose GST-protein beads, incubate (30

min, 4°C).
9. Wash three times with Fish buffer, resuspend beads in sample buffer, and elec-

trophorese samples in 12.5 to 15% SDS polyacrylamide gels (see Note 10).

3.9. Electrophoretic Mobility Shift Assay
Activation of transcription factors, such as STAT, is analyzed by electro-

phoretic mobility assays. Transcription factors are cytoplasmic molecules that
change their location after ligand activation, translocating to the nucleus, where
they bind to specific DNA sequences and promote gene expression. Several
assays demonstrate the activation of transcription factors. In some cases, the
use of immunohistochemical techniques allows the cellular location of these
molecules to be tracked. Their phosphorylation pattern can be evaluated by
immunoprecipitation and Western blot techniques, as activation of most tran-
scription factors requires their phosphorylation in tyrosine and serine/threo-
nine residues. To demonstrate their functional activity, it is necessary to
determine their capacity to interact with specific DNA sequences.

1. Stimulate cells and obtain nuclear extracts.
2. Wash the pellet twice with cold PBS and resuspend in 1 mL buffer A.
3. Incubate (2 min, 4°C) and centrifuge (4500g, 3 min, 4°C).
4. Resuspend pellet in buffer B.
5. Centrifuge (4500g, 3 min, 4°C) and incubate pellet with 60 µL of buffer C (30

min, 4°C).
6. Centrifuge (20,000g, 20 min, 4°C).
7. Nuclear extracts can now be stored at –80°C.
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8. For EMSA analysis of STAT transcription factors, incubate 10 µg of nuclear
extract with 0.5 ng of a 32P-labeled oligonucleotide that contains the serum-
inducible element (SIE) sequence of the c-fos promoter. A mutant SIE oligo-
nucleotide that lacks STAT-binding capacity is used as control.

9. Incubate in EMSA buffer (30 min, RT) in a final volume of 10 µL with 1.5 µg of
poly(dI-dC) and a 20X molar excess of unlabeled SIE or mutant SIE oligo-
nucleotides.

10. Analyze DNA–protein complexes in 4.5% PAGE using electrophoresis buffer.

3.10. Construction of Fluorescently Labeled Receptors

The use of biochemical procedures to differentiate molecular signaling path-
ways such as those described requires the use of whole-cell lysates, although
cell compartments can be separated using gradient ultracentrifugation. The
presence of receptors in different activation states in intracellular reservoirs
may affect the conclusions drawn from experiments that use biochemical tech-
niques. This is of particular importance when the study evaluates the effect of
a ligand, for example, in determining its role in promoting or stabilizing recep-
tor dimerization.

Microscopy techniques that use fluorescent protein-based constructs allow
easy, rapid visualization. These types of constructs are used to analyze recep-
tor interactions through co-localization analysis and energy transfer techniques.
Most vectors containing fluorescent proteins are available commercially.
Fluorescently labeled receptors can be constructed using standard molecular
biology techniques. Insertion of the fluorescent probe in the C-terminal region
of the receptor involves elimination of the receptor stop codon, whereas inser-
tion in the N-terminal region requires elimination of the initiation codon. Trans-
fect cells and analyze for receptor expression and function (see Note 11).

3.11. Fluorescence Labeling of Abs

Because of their intense fluorescence and low hydrophobicity, the Cy dyes
are efficient tags for fluorescence labeling.

1. In the standard labeling procedure, the contents of a commercial vial (“to label 1
mg of protein”) of Cy2, Cy3, or Cy5 are dissolved in 50 µL of dimethylsulphoxide
(DMSO). MAb is dissolved to 1 mg/mL in dissolving buffer.

2. Pipet 10 µL of dye/DMSO mixture into 200 µL of Ab solution and mix by gentle
vortexing.

3. Incubate at 25ºC in the dark for 30 min.
4. Separate unbound dye by adding 300 µL of 100 mM NaH2PO4. Incubate for 30

min at 25ºC and load the sample on a PD-10 column pre-equilibrated with equili-
brating buffer.

5. Wash the column twice with equilibration buffer and elute the labeled protein
with 2 mL of distilled H2O.
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3.12. Co-Localization

Co-localization assays detect light from two different fluorophores and
evaluate a digital image for the presence of the same pixel in two distinct channels.
Signal co-localization indicates adjacency of fluorophores, and thus of the mol-
ecules they label. A high-numerical aperture microscope lens permits resolution
near 300 nm, sufficient to locate molecules in different cell compartments, but
not to demonstrate molecular association. Controls must be included to assure
that the fluorescence of one fluorochrome does not overlap that of the second.

3.13. Resonance Energy Transfer (Flow Cytometry)

Biophysical techniques are used to detect GPCR dimerization in living cells.
Both fluorescence resonance energy transfer (FRET) and bioluminescence
resonance energy transfer (BRET) measure nonradioactive energy transfer be-
tween a luminescent or fluorescent donor and an appropriate fluorescent ac-
ceptor. The donor emission spectrum must therefore overlap significantly with
the acceptor absorption spectrum; in FRET, the acceptor is excited by the do-
nor fluorophore, which is excited in turn by an external light source. Energy
can be transmitted over a very limited distance (2–10 nm), with efficiency de-
pendent on the inverse sixth power of the distance between donor and acceptor
fluorophores (29). Acceptors include green fluorescent protein (GFP) and vari-
ants, fluorescently labeled Abs; donors include renilla luciferase (for BRET),
GFP and variants, fluorescently labeled Abs (for FRET).

1. Cells (2 × 105 cell/0.1 mL) expressing the target receptors are cultured in deple-
tion medium (60 min, 37°C) and stimulated with appropriate ligands.

2. Transfer cells to a 96-well V-bottom plate.
3. Centrifuge cells (200g, 5 min, 4°C).
4. Fix cells with 1% PFA (0.1 mL/2 × 105 cells; 10 min, 4ºC) and wash twice with

staining PBS.
5. Block with human immunoglobulin before the addition of primary Abs. The

amount, duration and species of Ig varies depending on cell line, primary Abs
used, etc. These parameters should be analyzed previously in conventional flow
cytometry.

6. After incubation with primary antireceptor MAb, add fluorescein isothiocyanate
(FITC)- or tetramethylrhodamine isothiocyanate (rhodamine, TRITC)-labeled
secondary Abs. Labeled primary Abs also can be used, as can Abs from different
species to ensure secondary Ab specificity. When analyzing homodimer forma-
tion or if appropriate Abs are unavailable, similar approaches are possible using
epitope-tagged or GFP-based transfected receptors.

7. Analysis of the TRITC/FITC ratio. Positive FRET is detected by an increase in this
ratio owing to increased TRITC and diminished FITC emission (see Note 12).

Resonance energy transfer can also be traced using confocal or multiphoton
fluorescence microscopy.
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3.14. Resonance Energy Transfer (Microscopy)

Modern optical microscopy allows analysis of the way a molecule moves,
changes location, or associates with other molecules. Chimeric constructs can
be generated in which each protein of interest is fused to a different, modified
form of GFP; the most commonly used variants are cyan fluorescent protein
(CFP) as a donor and yellow fluorescent protein (YFP) as an acceptor. There
are several methods to determine and quantify FRET.

1. Sensitized acceptor fluorescence. The donor fluorescent dye is excited and the
acceptor signal is quantitated.

2. Acceptor photobleaching, a method based on quenching donor fluorescence.
Some donor photons are used to excite the acceptor, decreasing the energy emis-
sion detected.

3. Decrease in donor fluorophore lifetime. The fluorescence lifetime of a donor dye
decreases under FRET conditions, independently of fluorophore concentration
or excitation intensity. Measuring chromophore fluorescence lifetime on a
pseudocolor scale allows analysis of molecule localization and the intermolecu-
lar associations triggered (see Note 13 [30]).

BRET makes use of nonradiative energy transfer between a light donor and
a fluorescent acceptor. In BRET, the bioluminescent energy resulting from the
catalytic degradation of coelenterazine by luciferase is transferred to an accep-
tor fluorophore, which in turn emits a fluorescent signal (31).

3.14.1. FRET Measurement

FRET between CFP and YFP can be determined from the whole image on a
pixel-by-pixel basis using a three-filter method (32–34). Autofluorescence, as
well as CFP and YFP bleed-through, are calculated on the FRET channel. The
corrected FRET image is then obtained by subtracting autofluorescence and
bleed-through from original FRET images, and background is subtracted prior
to other image treatments. For quantitation, normalized FRET is calculated on
the colocalization areas of CFP-receptor 1 and YFP-receptor 2 on a pixel-by-
pixel basis (35). Images are processed and FRET calculated using a Visual
Basic 6.0 language (Microsoft)-based program.

3.14.2. Fluorescence Lifetime Imaging Microscopy Measurement

Fluorescence lifetime imaging microscopy (FLIM) can be determined in live
cells cultured in cover slip chambers or in PFA-fixed cells. FLIM measure-
ments are performed using a confocal microscope with a High-Speed Lifetime
Module and 60x PlanApo 1.4 objective or equivalent equipment. Fluorescence
lifetime is determined after excitation with a 440 nm pulsed laser (picosecond
pulses) and a 470/20 bandpass emission filter, and quantitated using LIMO
(Nikon) or similar software (Fig. 1).
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3.15. Functional Assays

It is usually necessary to determine not only expression of a given receptor
but also its correct function and effector coupling. These attributes are particu-
larly important when using cells transfected with tagged or fluorescent pro-
tein-modified receptors, which can be expressed correctly on the cell surface
but be nonfunctional. Calcium mobilization is a feature common to most
GPCR, and is easily monitored in most cell types. Other assays, such as migra-
tion or cell adhesion, are specific to certain GPCR families, such as chemokine
receptors.

Fig. 1. Cyan fluorescent protein (CFP) fluorescence lifetime images (calculated
from the phase shift) of human embryonic kidney-293 cells expressing CXCR4-CFP
(upper right panel) or CXCR4-CFP and CXCR4-yellow fluorescent protein (lower
right panel). The pseudogray scale ranges from 0 (black) to 4.0 ns (white). As con-
trols, fluorescence images are shown of CXCR4-CFP (left panels). Fluorescence and
fluorescence lifetime imagining for all images was determined after excitation with a
440-nm picosecond pulsed laser and a 470/20 emission filter.
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3.15.1. Calcium Mobilization
1. Resuspend cells in serum-free medium (2.5 × 106 cells/mL).
2. Incubate with 5 to 15 µL/106 cells of Fluo-3 AM (0.3 mg/mL in DMSO; 20–30

min, 37ºC, with mixing).
3. Wash cells twice with RPMI-1640 medium containing 10% fetal calf serum.
4. Resuspend cells (0.5 × 106 cells/mL) in the same medium supplemented with 2

mM CaCl2.
5. Store the loaded cells at 4°C. Before analysis of Ca2+ mobilization in response to

the ligand in a flow cytometer, cells should be pre-warmed to 37°C. Always use
an ionophore as positive control (see Note 14).

6. To increase sensitivity, cells can be loaded with two probes, one that increases
fluorescence in the presence of Ca2+, such as Fluo-3 AM, and another that decreases
fluorescence, such as Fura Red. Analysis of the ratio between the two signals
allows amplification of assay sensitivity.

3.15.2. Migration in Transwells
1. Select appropriate transwell pore size (usually 3, 5, or 8 µm) to allow chemotaxis

but not random migration.
2. Resuspend cells (2.5 × 105) in 100 µL of serum-free medium and add to the

transwell insert.
3. Add the stimulant and controls to the lower transwell chamber (in 0.6 mL of

serum-free medium).
4. Incubate (37ºC, 5% CO2, 1–4 h).
5. Cells that migrate to the lower well are counted in a flow cytometer. Controls

include the presence of stimulant in upper and lower transwell chambers to dif-
ferentiate between ligand-induced chemotaxis and nonspecific migration.

4. Notes
1. Heterologous expression systems are the preferred, and in some cases obligate

models for study of GPCR oligomerization, although high expression levels can
lead to spurious interactions.

2. Most Abs can be obtained commercially. Although MAbs offer unique specific-
ity and reproducibility, polyclonal Abs often have advantages for immunopre-
cipitation. The use of synthetic peptides as immunogens allows predetermination
of the receptor recognition target, for example, intracellular or extracellular loops.
When producing your own MAb, be sure that the screening criteria guarantee its
use for the techniques desired; an immunoprecipitating Ab will not necessarily
work well for Western blot or flow cytometry.

3. Not all buffers preserve receptor associations with signaling molecules or with
receptors. Many discrepant observations are easily explained by the use of differ-
ent buffers.

4. The use of cell membranes requires the presence of ions, such as Mg2+ or Ca2+ in
the binding buffers; for whole cells, complete tissue culture medium should be
used. To diminish nonspecific binding and high backgrounds, cells must be fil-
tered and washed extensively. Affinity for the receptor of the radiolabeled ligand
may differ from that of the unlabeled ligand, which complicates data analysis.
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5. Limitations arise from the availability of appropriate reagents, i.e., Abs.
6. Stripping of nitrocellulose membranes is not recommended because it can alter

recognition of the transferred proteins.
7. Immunoprecipitation and Western blot allow the study a number of signaling

events, including receptor dimerization or association between signaling mol-
ecules and receptors after ligand binding. Discrepancies between results in dif-
ferent studies are commonly attributed to detergent composition of buffers, which
can disrupt some binding associations. These techniques have been used success-
fully to determine receptor dimerization, for which a crosslinking step should be
included prior to cell lysis.

8. Care should be taken in cell handling before the lysis step, as the presence of
nonintact cells increases the background of nonspecific protein crosslinking. Bi-
functional reagent solutions should be freshly prepared.

9. Selection of an appropriate tag and its location in the receptor are both important
factors. Amino acids added to the extracellular region can modify ligand binding,
whereas modification of intracellular domains can disturb the coupling of signal-
ing molecules. The analysis technique used will also dictate the location of the
tag within the receptor. Flow cytometry analysis of intact cells requires tagging
extracellular sequences, whereas Western blot, immunoprecipitation, or immun-
ofluorescence are less restrictive as to tag location. It is easy to construct and
manipulate double-tagged receptors in a single cell; this method is useful for the
study of receptor–receptor interaction; the main disadvantage is its limitation to
transfected cells.
Receptor labeling circumvents the need to raise Abs specific for target receptors,
and has been used successfully to establish homodimerization of β2Ars,
γ-aminobutyric acid B, mGluR5, δ-opioid, m3-muscarinic, Ca2+, and CCR2 re-
ceptors (36). The position of the receptor tag must be chosen carefully so that
receptor expression and ligand-binding properties are not affected. FLAG®,
c-myc, HA (influenza hemagglutinin), GST (glutathione-S-transferase), His (his-
tidine), OMNI (T7), MBP (maltose-binding protein), S (S1 probe), Thio
(thioredoxin), GFP (green fluorescent protein), CruzTag®, and GAL (galactosi-
dase) are among the tags for which there are commercially-available Abs that
immunoprecipitate and recognize the tagged receptor in Western blot. There are
many vectors offered containing these tags, which allow expression of tags fused
to the protein of interest. With this strategy, we used cells co-transfected with
CCR2b receptor cDNA tagged in the N-terminal extracellular domain with Myc
or YSKFDT sequences, to show that the ligand induces receptor oligomerization.
Finally, when receptor-specific MAb are not available, tagged receptors allow
analysis of the signal pathways activated after ligand binding.
The co-immunoprecipitation strategy is also used for detection of
heterodimerization, as receptor-specific Abs allow tracking of heterodimerization
not only in transfected cells, but also in cell lines or primary cells. We have used
MAb specific for CCR2, CCR5, and CXCR4 in transfectants and primary cells to
determine receptor heterodimerization.
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10. Temperature in critical to preserve the integrity of GST-protein. Be sure to main-
tain samples at 4°C during all procedures.

11. The construction of fluorescently labeled receptors uses standard molecular biol-
ogy techniques. The fluorescent probe must be inserted in the C-terminal region
to conserve the original signal peptide of the receptor. The fusion involves elimi-
nation of the receptor stop codon and insertion of the receptor into the fluorescent
protein vector, separated by several additional amino acids. Transfect cells and
analyze for expression and function.

12. Despite the many advantages of these techniques, their use raises several con-
cerns, as in most cases resonance energy transfer requires transfection of donor
and acceptor proteins, i.e., receptor overexpression, which may favor oligomer
formation. In addition, receptor modification to incorporate donor and acceptor
groups can alter receptor signaling. To avoid some of these problems,
fluorescently labeled Abs can be used with untransfected cells, although intracel-
lular signaling molecules are not accessible in experiments using living cells.
FRET analysis by flow cytometry is not simple, as the cytometer must be per-
fectly calibrated to differentiate clearly between donor and acceptor fluorescence
signals.

13. For all of these approaches, donor/acceptor choice is critical in determining
FRET. Donor emission spectra should ideally have maximum overlap with
acceptor absorption spectra, although acceptor and donor emissions should be
clearly separable to minimize background interference. Fluorochrome incorpora-
tion in the protein to be analyzed must also be considered. The most appropriate
donor/acceptor combinations are blue fluorescent protein (BFP)/GFP, CFP/YFP,
GFP/dsRed, and YFP/dsRed. In practice, the CFP/YFP combination is the most
frequently used, as both molecules are extremely bright and is this combination
offers few technical problems. BFP is a poor donor as it is not especially bright,
making FRET between BFP and GFP difficult to detect. dsRed is a poor accep-
tor, as it has a broad absorption spectrum and excites the same wavelength as the
donor (GFP or YFP). In addition, constructs that work well with GFP and its
variants do not work using dsRed.
Specific Abs conjugated to appropriately selected fluorescent dyes can be used to
study fixed cells. For example, although Cy3 as a donor and Cy5 as an acceptor
form a suitable fluorochrome pair, the Cy2 donor/Cy3 acceptor pair is often more
convenient, as it permits use of the widely available 488-nm argon laser line.
Secondary Abs are occasionally necessary, although the increased distance be-
tween fluorophores complicates FRET detection; this can be resolved using dye-
labeled F(ab') fragments.
The loss of FRET could also be to the result of conformational changes within
receptor dimers and, such, does not prove lack of dimerization.

14. Always wash the cytometer with water after analysis of ionophore-treated cells.
Cells cannot be stored for long periods of time (>60 min), as they will lose the
Fluo-3 AM load. Do not prepare cells for experiments that will require more than
60 min.
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Real-Time Analysis of G Protein-Coupled
Receptor Signaling in Live Cells

Venkatakrishna R. Jala and Bodduluri Haribabu

Summary
Seven transmembrane-spanning receptors, widely referred to as G protein-coupled

receptors (GPCRs), mediate a broad spectrum of extracellular signals at the plasma mem-
brane through G proteins, thereby modulating a variety of biological processes. In addi-
tion to G proteins, they also interact with a number of other cytoplasmic proteins. Thus,
methods to understand GPCR signaling and their interactions with intracellular proteins
in real time in live cells are of importance. Recent developments in microscopy methods
and the availability of fluorescent proteins facilitated the development of techniques to
unravel these interactions more precisely. This chapter describes the methodology for
sequential capturing of images of membrane and cytoplasmic proteins fused to different
fluorescence probes to understand GPCR interaction with cytosolic proteins and their
colocalization.

Key Words: G protein-coupled receptors; live cell video microscopy; green fluores-
cence protein; red fluorescence protein; internalization; co-localization.

1. Introduction
G protein-coupled receptors (GPCRs) represent a large super family of seven

transmembrane-spanning proteins (approx 600 members in human genome)
and respond to a diverse array of sensory and chemical stimuli, odor, taste,
pheromones, hormones, neurotransmitters, nucleotides, small molecule
amines, ions, lipids, amino acids, and peptides. GPCRs transduce the signals
from various extracellular elements to the induction of cellular responses via
heterotrimeric G proteins (Gα, Gβ, Gγ [1–3]). Upon activation of GPCR, the Gα

subunit of the G protein cmplex exchanges GDP with GTP, followed by disso-
ciation from Gβγ subunits. This exchange allows a variety of G protein-depen-
dent signal transduction pathways, such as activation of adenylate cyclase,
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phospholipase C, chemotaxis, degranulation, calcium release, and transcrip-
tional regulation of gene expression. In addition, binding of ligand initiates a
series of events that attenuate the signals via desensitization, sequestration,
and/or internalization of the receptors. The desensitization of GPCRs is regu-
lated by receptor phosophorylation by GPCR kinases and subsequent binding
of β-arrestins to phosphorylated receptors (4,5). The receptor–β-arrestin com-
plex associates with clathrin and accessory proteins involved in the formation
of clathrin-coated pits, ultimately leading to receptor internalization (6). The
list of GPCR-interacting proteins is growing rapidly and includes other GPCRs,
GPCR kinases, arrestins, kinases, chaperone proteins, receptor activity-modi-
fying proteins, and PDZ, PH domain-containing proteins (7,8). Previously,
crosslinking, coimmunoprecipitation, and yeast two hybrid systems were used
to investigate interactions between proteins.

These techniques determine the end result of the interaction and but are not
useful to determine the kinetics or transient interactions in vivo. Recently, the
availability of various flurochromes (green, cyan, yellow, and red fluorescence
proteins, i.e., GFP, CFP, YFP, and RFP, respectively) to tag the proteins in
addition to very sensitive, state-of-the-art microscopes revolutionized the
research on GPCRs and their interacting proteins. Fluorescence resonance
energy transfer and bioluminescence resonance transfer were used efficiently
to understand the dimerization of GPCRs’ live cells (7). These techniques are
now expanding to investigate the other interactions of GPCRs with subcellular
proteins. We developed a methodology to monitor the kinetics of receptor
internalization and translocation of cytosolic proteins and their interactions
with receptors. Using these methods, we have shown that D6, a chemokine
decoy receptor, constitutively associates with the cytoplasmic adaptor
β-arrestin and that this interaction is essential for D6 internalization (9). We
also demonstrated receptor phosphorylation independent β-arrestin transloca-
tion and internalization of leukotriene B4 receptors (hBLT1) using real-time
spinning disc confocal analysis of cells expressing GFP-β-arrestin and hBLT1–
RFP (10). This methodology has the advantage over the conventional confocal
microscopy in that a laser light source is not required and photo bleaching and
cell damage during the imaging period is not a concern. The current methodol-
ogy uses a mercury lamp as light source and allows sequential monitoring of
multiple wavelengths in single live cells to delineate the molecular basis of
protein–protein interactions.

2. Materials
2.1. Cell Culture

1. Rat basophilic leukemia cell line (RBL-2H3; any adherent cell lines).
2. Delbecco’s modified Eagle’s medium (DMEM).
3. Phenol red-free RPMI or DMEM.
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4. Fetal bovine serum (FBS).
5. L-Glutamine (200 mM).
6. Penicillin-streptomycin (10,000 U/mL).
7. Trypsin-ethylene diamine tetraacetic acid (EDTA): 1X, 0.05% trypsin, 0.53 mM

EDTA.
8. Versene (1:5000).
9. T75 tissue culture flasks.

10. 100-mm Tissue culture dishes.
11. 30-mm Sterile glass cover slip-bottomed dishes (0.17-mm thick; WillCo-dish).
12. 5- and 10-mL sterile plastic serological pipets.
13. Sterile 15-mL centrifuge tubes.

2.2. Transfection
1. Sterile Gene Pulser Cuvette (0.4-cm electrode gap; Bio-Rad).
2. Gene Pulser II electroporater (Bio-Rad).
3. HEPES (1 M).
4. 1-mL Sterile plastic serological pipets.
5. Complementary DNA of GPCR (hBLT1 or human D6 in the present study)

tagged with red fluorescence protein at C-terminus (hBLT1–RFP or hD6–RFP).
6. Complementary DNA of cytosolic protein tagged with GFP (β-arrestin1–GFP in

the present study).

2.3. Microscopy
1. TE-FM Epi-Fluorescence system attached to Nikon Inverted Microscope Eclipse

TE300. The microscope equipped with heating stage. A cool snap HQ digital B/W
charge-coupled device (Roper Scientific) camera and LAMDA 10–2 optical filter
changer (Sutter Instruments) is attached to CARV II™ spinning disk confocal
fluorescence system (ATTO Biosciences). The choice of the filters used here are:
filter sets S480/20×, S525/40m and S565/25×, S620/60m for GFP and RFP, respec-
tively; enhanced green fluorescent protein (EGFP)/DsRed dual dichroic beam
splitter (Chroma Technology). This filter wheel can accommodate up to six filter
sets. Microscope is attached with Prior Proscan stage controller with Joystick.
All of these hardware attachments can be controlled by Metamorph (Universal
Imaging) software.

2. 30-mm Glass cover slip-bottomed dishes.
3. Phenol red-free RPMI or DMEM.

2.4. Data Analysis
1. Metamorph software from Universal Imaging.

3. Methods
3.1. Cell Culture

1. RBL-2H3 cells are maintained in T-75 cell culture flasks at 37°C in a humidified
atmosphere of 95% air, 5% CO2 as monolayer cultures in DMEM supplemented
with 15% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 U/mL streptomycin.
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2. RBL-2H3 cells grown to 75% confluence are detached from culture dishes with
trypsin-EDTA (6 mL per T-75 flask).

3. After 5 min of incubation at 37°C, cells are gently resuspended in an equal vol-
ume of growth medium.

4. Cells are reseeded at a density of 6 × 106 cells per T-75 tissue culture flasks in
growth medium to obtain fresh cells for transfection next day.

3.2. Transfection (See Notes 1 and 2)

1. Next day, aspirate the medium and wash with 5 mL of versene (1:10,000) and
incubate with 5 mL of versene for 10 min at 37°C in a humidified atmosphere of
95% air, 5% CO2.

2. Count the cells using a hemocytometer and centrifuge 4 × 106 cells in a 15-mL
tube at 480g for 3 min and resuspend in 200 µL of transfection medium (DMEM,
20% FBS, 50 mM HEPES).

3. Add 25 µg of DNA of hBLT1–RFP expression vector and/or 15 µg of
β-arrestin1–GFP vector to sterile electroporation cuvets (0.4-cm electrode gap).

4. Add the above resuspended cells (200 µL) to cuvets containing either hBLT1–
RFP or β-arrestin1–GFP or both.

5. Mix them gently with a 1-mL sterile pipet.
6. Keep at room temperature for 10 min.
7. Electroporate these cells in Gene Pulser II (set the voltage at 250 and the capaci-

tance at 500 µF).
8. Let sit for 10 min undisturbed at room temperature.
9. Add 1 mL of regular growth medium to the cuvet and distribute 300 µL of this

mixture into 30-mm tissue culture dishes (see Note 3) containing 3 mL of regular
growth medium and incubate at 37°C in a CO2 incubator.

10. Change medium after 1 h of incubation and let the cell stay at 37°C for 18–24 h.

3.3. Microscopy (See Notes 4 and 5)

1. Lift the cells from 30-mm culture dishes using versene and plate the cells (3 × 105

cells) onto 30-mm glass cover slip-bottomed culture dishes.
2. Incubate cells with 3 mL of regular growth medium at 37°C for 1–2 h to allow the

cells to adhere glass bottom dishes.
3. Wash the cells two or three times with a warm phenol red-free RPMI buffer (phe-

nol red-free RPMI buffer + 10 mM HEPES, pH 7.55).
4. Place 30-mm glass cover slip-bottomed culture dishes containing RBL-2H3 cells,

transfected with hBLT1–RFP and β-arrestin1–GFP on the heated microscope
stage (37°C).

5. Watch and focus the cells (see Note 6) using regular bright field transmitted light
using Nikon Plan Apo 60x/1.4 numerical aperture oil immersion lens before shift-
ing to fluorescent light through charge-coupled device camera attached to computer.

6. Switch from bright field (transmitted light) to fluorescence filter (see Note 7;
RFP filter, if you expect to observe receptor or GFP, if you expect to observe
β-arrestin1) where fluorescence of the cells observed.



Real-Time Analysis of GPCR Signaling in Live Cells 163

7. Choose a bright and healthy cell, which is expressing GPCR–RFP on the cell
surface using RFP filter and capture the image.

8. Then shift to GFP filter and make sure that β-arrestin–GFP expressed in the cyto-
plasm and capture the image. It is desirable to pseudocolor both the images,
before collecting images of live cells and make sure that bleed through of fluores-
cence is not occurring between RFP and GFP (see Note 8).

3.4. Acquisition of Images
1. After selecting a healthy cell, program the acquisition of images according to

your needs. In the case of example shown in Fig. 1, 16-bit images are acquired
with the camera binning set to 1 × 1 combined with 60X objective Nikon Plan
Apo 60X/1.4 numerical aperture oil immersion lens (see Note 9). We start col-
lecting the images for RFP and GFP fluorescence simultaneously at 30-s time
interval using filter wheels controlled by Metamorph software. Normally add the
desired ligand to activate the GPCR after collecting two to three base line images
(1–2 min).

2. Camera exposure set to 1000 ms for RFP and GFP. Set the specific exposure
times according to the fluorescence intensity of RFP and GFP. Exposure times
may have to be increased when switched to spinning disk confocal CARV II system.

3. Images are collected for desired length of time (we usually collect images for up
to 60 min after adding the ligand) and stored as TIFF images with increasing
order of the file names and can be made as stack files using the Metamorph software.

3.5. Image Processing and Quantification of Fluorescence
1. After collecting the fluorescence images separate RFP and GFP images subtract

from back ground image (see Note 10) and measure the fluorescence intensity of
RFP and GFP at different time points from defined regions to measure the trans-
location of receptors and β-arrestin using Metamorph quantitative analysis.

2. Plot the amount fluorescence as the function of time. This will provide informa-
tion about the kinetics of translocation of a given molecule.

4. Notes
1. The efficiency of transfection is high when cells were not fully confluent. It is

desirable to lift the cells at approx 60 to 80% confluence.
2. RBL-2H3 cells can also be transfected with lipofectamine.
3. RBL-2H3 cells also can be cultured directly in glass-bottom culture dishes for

overnight.
4. Make sure that cells are spread out nicely over the dish. It is important that cells

should be separated well to determine the response to ligands and obtain clean
images. If too many cells were present in 30 mM culture dish, it is advisable to
dilute the cells and replate them.

5. The set up of the microscope used in this study is described in the Subheading
2.3. Make sure that the heating plate has reached 37°C before you place the cells
on microscope. One can also use different fluorescence proteins (such as CFP,
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YFP, etc.) and their respective filters in the filter wheel according to their purpose.
YFP and CFP are used to measure the fluorescence resonance energy transfer.

6. Select healthy cells that are adherent to the glass cover slip-bottomed dish for
analysis.

7. Excitation and emission wavelengths are controlled with filter wheels attached to
ATTO spinning disk head and controlled by Lamba 10–2 filter wheel controller
(Sutter Instruments). Exposure time 500 ms should be enough to view RFP or
GFP in live cells. Hardware control and acquisition of images are controlled by
Metamorph software.

8. We did not observe any bleed through of fluorescence between RFP and GFP.
This is likely a function of GFP and RFP variants, as well as the filters used.

Fig. 1. Real-time analysis of leukotriene B4 (LTB4)-induced co-localization of LTB4

receptors (hBLT1) and β-arrestin. β-Arrestin–green fluorescent protein (GFP) (15 µg)
is cotransfected along with hBLT1–wild-type red fluorescent protein (RFP) (25 µg)
into rat basophilic leukemia cell line cells as described. After the addition of LTB4

(0-time), Red and green fluorescence images were collected every 10 s for 70 min
using appropriate filters. With time, co-localization of β-arrestin-GFP and receptor
RFP is seen. Videos of the real-time analysis of β-arrestin and G protein-coupled re-
ceptor interactions are available as an online supplement (10).
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High-specificity filters may be obtained from Chroma Technologies. We used
specific filter sets (cat. no. 86007, Chroma Technologies) to measure the fluores-
cence of DsRed and EGFP.

9. Nikon Plan Apo 100X/1.4 numerical aperture oil immersion lens can be also
used to get more insights into the cellular interaction. This microscope is attached
to CARV II spinning disk confocal fluorescence system, where we could obtain
confocal images as well. A limitation for the usage of CARV II system is it
requires higher exposure times compared with regular fluorescence microscope.

10. Acquire the images with plain media (without cells) with RFP and GFP fluores-
cent filters. Subtract these images from actual data images.
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Isolation of Membrane Rafts and Signaling Complexes

Kathleen Boesze-Battaglia

Summary
Traditionally, lipid rafts have been defined by their insolubility in ice-cold Triton X-

100 and low-buoyant density. These low-density membrane microdomains have been
referred to as detergent-resistant membranes, Triton-insoluble membranes, and Triton-
insoluble floating fraction. They are enriched in cholesterol, often sphingomyelin and
various gangliosides (GM1, GM2, and GM3). The ability of the B-subunit of cholera
toxin to bind GM1 has been exploited to visualize membrane rafts by confocal
microscopy in patching and capping experiments. Biochemically, membrane rafts are
isolated by solubolization in ice-cold Triton X-100 and separation of the low-buoyant
density fractions from soluble material on sucrose density gradients. We describe the
isolation of Jurkat cell-specific membrane rafts using 2% Triton X-100. This procedure
yielded a consistent raft product that was enriched in cholesterol, gangliosides sphingo-
myelin and membrane raft protein markers including lck and lat 1. Moreover, rafts were
visualized using Alexa Fluor 647 cholera toxin capped with anti-cholera toxin antibody.
Co-localization of the C subunit of cytolethal distending toxin to rafts was determined
using patching techniques.

Key Words: Membrane microdomains; detergent resistance; Jurkat cells; Triton X-100.

1. Introduction
The physical relationship between hydrophilic aqueous medium and hydro-

phobic fat-like molecules has intrigued scientists since the 1770s, when Ben-
jamin Franklin observed that any oily substance clearly covered half the surface
area when compared with an equal volume of aqueous solution, implying a
bilayer structure. As early as 1925, Gorter and Grendel (1) proposed the now-
classic deduction that membrane lipids are arranged in a bilayer configuration
in which parallel sheets of phospholipids have polar or charged headgroups
oriented toward the aqueous environment and acyl chains interacting within
the hydrophobic membrane core. In 1972, Singer and Nicolson provided a
model that took into consideration the dynamic nature of lipid–protein interac-
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tions, providing a matrix in which proteins have a degree of motion that, in
turn, can have a dramatic impact on activity. Thus, the fluid mosaic model (2)
became the framework and benchmark for our current understanding of mem-
brane bilayers and their physiological function. The assumed homogeneous
nature of membrane bilayers proposed in this model was called into question in
the 1970s, when it was observed that membranes contain a unique composition
of lipid and protein components that are specific to cell type and subcellular
localization. A heterogeneous distribution of lipids and proteins is even
observed within spatially separated regions of the same membrane of Golgi (3)
or apical and basolateral plasma membranes of polarized cells (4). Within the
past decade, a unifying theme describing the organization of lipid and mem-
brane proteins has focused on localized regions within the membrane known
collectively as membrane microdomains. The last 5 yr have seen an emergence
of interest in a specific type of microdomain, known colloquially as a mem-
brane raft. More precisely, these regions are globally defined as cholesterol-
rich domains in the liquid-ordered phase. These microdomains are proposed to
be involved in a wide variety of cellular processes including, protein sorting
(5), signal transduction (6), calcium homeostasis (7), transcytosis (8),
potocytosis (9), alternative routes of endocytosis (10), internalization of tox-
ins, bacteria, and viruses (11–13), HIV-1 assembly and release (14), and cho-
lesterol transport (15,16).

The association of cytolethal distending toxin (cdt) with Jurkat cells will be
used to illustrate the methods used to analyze membrane raft functionality
using biochemical and microscopic techniques.

2. Materials
2.1. Isolation of Triton X-100 Resistant Membrane Microdomains

1. 0.5 to 2% Triton X-100 in MOPS buffer.
2. 0.5 to 2% octyglucopyranoside (wt/v) in MOPS buffer.
3. MOPS buffer: 10 mM MOPS, pH 7.2, 60 mM KCl, 30 mM NaCl, 5 mM MgCl2, 1

mM dithiothreitol (DTT; see Note 1), 5 µM aprotinin, and 1 µM leupeptin.
4. 0.5, 0.6, 0.65, 0.7, 0.75, 0.80, and 2.4 M sucrose in MOPS buffer.
5. Beckman Optima LE 80K Ultracentrifuge, including SW-41 rotor, SW-41 tita-

nium buckets, and ultra-clear tubes.
6. Wheaton glass-homogenizer; 7.5-mL or 15-mL volume.
7. T-cell leukemia cell line Jurkat (E6-1; T1B152, lot no. 2113016, ATCC) or other

cells of interest (cell count approx 5 × 108).

2.2. Visualization of Membrane Rafts in Jurkat Cells
and Localization of Proteins to Raft Microdomains

1. Hank’s balanced salt solution (HBSS): Gibco 10X HBSS, dilute with H2O to
make 1X HBSS.
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2. Cholera toxin B subunit-Alexa Fluor 647. Reconstituted with 100 µL of phos-
phate-buffered saline (PBS). Stock concentration of 1 mg/mL. Use 1 µL of stock
per 1 mL of cell suspension/appropriate tube.

3. Anticholera toxin, subunit B, Vibrio cholera, (goat). Reconstituted with 100 µL
of dH2O, 10 µL of reconstituted antitoxin + 240 µL of HBSS = 1:25 dilution. Use
100 µL of the antitoxin dilution per appropriate tube.

4. CGM: RPMI-1640 Glutamax, 10% fetal bovine serum, 2% Pen/Strep, 1 mM sodium
pyruvate.

5. ABChis (see Note 2): B:021004, 163 µg/mL: 37 µL of stock + 263 µL of CGM =
20 µg/mL.

6. Buffer: PBS/1% bovine serum album (ice-cold).
7. Goat immunoglobulin (Ig; Southern Biotech) diluted to 0.5 mg/mL in PBS

(stock). Make 1:50 dilution of the stock in PBS.
8. Anti-ABChis purified Ig monoclonal antibody: anti-ABChis, 17A1.15, use 10

µL of a 100 µg/mL stock to 1 µg/mL.
9. Goat anti-mouse Ig biotin. Dilution: 25 µL of stock solution at 500 µg/mL + 225

µL of buffer = 50 µg/mL. Use 20 µL of 50 µg/mL dilution/appropriate tube = 1
µg/appropriate tube.

10. Alexa Fluor 488-streptavidin reconstitued with 1 mL of PBS, 030904 TLM.
Dilute 4 µL of stock + 996 µL of buffer to equal 1:250 dilution. (Centrifuge for 5
min at 10,000g before use.)

11. Radiance 2000 laser confocal microscope with argon, green He/Ne, Red diode
and Blue diode lasers.

3. Methods

The Methods described below outline the biochemical isolation of rafts and
the visualization and localization of proteins to membrane rafts.

3.1. Detergents Used in the Isolation of Membrane Rafts

The isolation of membrane microdomains or rafts relies on the relative
insolubility of the less-fluid cholesterol-rich liquid-ordered membrane regions
in Triton X-100. Recently, the repertoire of detergents used to isolate low-buoy-
ant density membrane microdomains and signaling complexes has been ex-
panded to include Brij 98, NP-40, CHAPS, and Lubrol. These detergents differ
in their critical micelle concentration (CMC) and thus are postulated to solubi-
lize mixed “raft-like domains” and tetraspanin protein complexes (17). Lastly,
although not reviewed in this chapter, detergent-independent modes of raft and/
or caveolae isolation have been developed. These include sodium carbonate
lysis, sonication and sucrose gradient centrifugation (see Note 3 [18]), and the
isolation of plasma membrane-specific rafts using Percoll gradient-purified
membranes, which are sonicated and rafts isolated by floatation in continuous
Opti-prep gradients (19).
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3.2. Isolation of Signaling Complexes in Detergent-Resistant Membranes

The isolation of detergent-resistant membranes (DRMs) from bacterial
toxin-treated cells, HIV-infected cells, and cells stimulated with a variety of
ligands have provided valuable information on the mode of action of these
agonists. Stimulation of cells with growth factors and the isolation rafts has
allowed investigators to determine in which compartment a specific signaling
event has occurred. Using this approach, tyrosine kinases appear to activate
mitogen-activated protein kinase (MAPK) and other signal transduction path-
ways from within rafts; phosphatidylinositol turnover occurs in lipid rafts in
response to growth factor stimulation; and cholera toxin’s mode of action
requires the association of the B unit with gangliosides enriched in membrane
rafts. Because membrane rafts are stabilized through the interaction of choles-
terol with other lipid components, as a complementary approach to studying
raft function is the depletion of cell membrane cholesterol, membrane raft in-
tegrity can be disrupted with the addition of β-methylcyclodextrin (Sigma), an
agent that sequesters and removes membrane cholesterol (20). Using this cho-
lesterol depletion approach, the role of lipid rafts in specific signaling events
can be studied directly in intact cells (for review, see ref. 28). Although there
are countless examples of the role of membrane rafts in a variety of biological
processes, the basic techniques used to isolate rafts are largely similar to those
described here.

3.3. Isolation of Jurkat Cell Membrane Rafts on Toxin Association

The T-cell leukemia cell line Jurkat (E6-1) was maintained in RPMI-1640
supplemented as described (21). Cells were harvested in mid-log growth phase,
and for membrane raft preparations, the cells were grown at 2.0 × 106 cells/mL
in T-75 flasks. The cells were exposed to medium or toxin for 2 h, isolated, and
washed in MOPS buffer (22). To distinguish between Triton X-100-resistant
membranes and simply a partial detergent-dependent nonraft-specific
solubilzation, control cells were homogenized in 2% octyl glucopyranoside:
parallel to the Triton X-100-treated samples. Membrane rafts were isolated
from the Jurkat cells as described in the following steps.

1. Resuspend isolated cells in a final volume of 1.1 mL of MOPS buffer; if the cells
appear to aggregate, resulting in a nonhomogenous suspension, add an additional
1 mL of MOPS buffer (see Note 4).

2. Transfer 1 mL of cells to a Wheaton glass homogenizer (on ice), add 0.77 mL of
ice-cold 2% (v/v) Triton X-100 in MOPS buffer (see Note 5). For control cells,
add 0.77 mL of 2% octyl glucopyranoside.

3. Homogenize five strokes on ice, taking care to keep bubbles and foaming to a
minimum.

4. Let sit on ice for 15 min.
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5. Add 1.24 mL of 2.4 M sucrose in MOPS buffer (see Note 6), vortexing immediately.
6. Transfer samples to clear SW-41 centrifuge tubes.
7. Sequentially layer 1 mL of each of the following: 0.8, 0.7, 0.65, 0.6, and 0.5 M

sucrose solutions onto sample to create a sucrose step gradient (see Note 7).
8. Top samples off with requisite volume of MOPS buffer so that the tubes are filled

approx 0.10 cm from the top.
9. Place samples in SW-41 buckets.

10. Spin at 400,000g for 20 h at 4°C.

3.4. Fractionation of Sucrose Density Gradient

Detergent-insoluble membrane fractions are isolated as low-buoyant den-
sity fractions, as shown in Fig. 1. Jurkat cells both with or without toxin exhibit
a characteristic low-buoyant density band. These bands are collected either
directly with a Pasteur pipet or the sucrose density gradient fractionated as
described (23). The low-buoyant density bands, DRMs, are analyzed for cho-
lesterol (24), phospholipid (25), and total protein (Bio-Rad). To further con-
firm that these membranes are rafts, the level of GM1 is analyzed by
immunoblotting using anticholera toxin antibody. In addition, or as an alterna-
tive to analysis of the gangliosides, total lipid extracts may be prepared as

Fig. 1. Cdt toxin treatment alters the buoyant density of Jurkat cell membrane rafts.
In order to determine whether the toxin, or any of its subunits, localize to lipid
microdomains, detergent-resistant membranes (DRMs) from both untreated Jurkat
cells and cells exposed to CdtABC were isolated. After a 2-h incubation, Jurkat cells
were disrupted, homogenized in ice-cold Triton X-100, and separated on a sucrose
gradient. Two distinct low-buoyant density bands, designated DRM1 and DRM2, were
obtained and the position the sucrose density gradient determined as a measure of
refractive index as indicated. The cholesterol content composition of these bands was
analyzed (24) and is presented as percentage of the total membrane cholesterol.
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described (26) and analyzed by thin-layer chromatography (TLC) for total sph-
ingolipid content (27). The protein markers used to confirm that a DRM is a
raft are described immediately below in Subheading 3.5.

3.5. Membrane Raft Protein Markers

In addition to higher levels of cholesterol, GM1, phospholipids with satu-
rated fatty acyl side chains, and sphingomyelin, lipid rafts can be characterized
based on the presence of specific lipid raft marker proteins. Although these
proteins vary from cell to cell, often flotilin-1 and 2, LAT, Thy, and as a rule of
thumb, most GPI-anchored proteins and src family kinases are membrane raft-
associated. A comprehensive list of such proteins can be found in refs. 28, 28a,
and 29. In addition, caveolin 1 and 2 (see Note 8) are often are associated with
high cholesterol caveolae or membrane caves, a subset of the membrane
microdomain family. Conversely, the transferrin receptor and geranylated pro-
teins are routinely nonraft markers. As shown in Fig. 2, the DRMs isolated
from Jurkat cells (with or without cdt toxin) were enriched in the raft marker,
Lck and deficient in the nonraft marker, CD71. Collectively in these studies,
both DRM1 and 2 were identified as membrane rafts based on position in the
sucrose density gradient, the increased levels of GM1, high percentage of cho-
lesterol, increased sphingomyelin, and the presence of raft-specific protein
markers (shown is Lck).

3.6. Visualization and Localization of Proteins to Membrane Rafts
3.6.1. Membrane Raft Capping and Patching Techniques

The visualization of membrane rafts in cells is limited by the resolution of
the techniques used. Rafts have been visualized in model membranes, giant
unilammellar vesicles (GUVs) composed of distinct raftophilic lipids using
fluorescent membrane probes designed to detect lipid ordering (30). Visualiza-
tion of rafts in intact cells is somewhat more difficult for a number of reasons.

Fig. 2. DRM1 and DRM2 are enriched in membrane raft markers: GM1 and Lck.
As shown, both DRM1 and DRM2 were enriched in GM1 (dot blot) and in total cho-
lesterol. Moreover, the raft-associated protein Lck was enriched in these fractions. In
contrast, the transferrin receptor (CD71), a nonraft-associated protein, was found in
the soluble fraction.
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GPI-anchored proteins and GM1 markers appear uniformly distributed since
their concentration may be only three- to fourfold higher in rafts than in the
remaining membrane or membrane rafts may be transient complexes formed in
response to agonists or antigens (31). Thus, to overcome these problems, mem-
brane rafts are visualized buy exploiting the fact that GPI-anchored proteins
and GM1 molecules will cluster in response to antibodies. In the method
described below, GM1 is crosslinked by the cholera toxin B subunit (this pro-
cess is referred to as capping), and the capped cholera toxin is subsequently
treated with anti-cholera toxin antibody resulting in the clustering of GM1 in a
process referred to as patching (32). Moreover, we describe the co-localization
of the C-subunit of cdt toxin to these membrane clusters using biotin–
streptavadin labeling techniques.

1. Harvest Jurkat cells, wash one time with HBSS, centrifuge at 800g for 8 min,
discard supernatant, resuspend cell pellet in HBSS, and count.

2. Prepare a tube with 6 mL of cells in HBSS at 2 × 106 cells/mL.
3. Add 6 µL of Alexa Fluor 647 cholera toxin (stock 1 mg/mL) to the 6 mL of cells

(final 1 µg/mL).
4. Incubate the cells on ice for 30 min.
5. Add 1 mL of the cholera toxin-treated cell suspension to each of five tubes and

label them 1 through 5.
6. Wash cells with 2 mL of HBSS, centrifuge at 800g for 8 min, and discard

supernatant.
7. Repeat step 6.
8. Add 100 µL of HBSS to tube 1 (no capping control).
9. Add 100 µL of 1:25 dilution of anticholera toxin to all remaining tubes (positive

capping).
10. Incubate for 30 min on ice; incubate at 37°C for 40 min.
11. Wash cells with 2 mL of HBSS, centrifuge at 800g for 8 min, and discard super-

natant.
12. Repeat step 11.
13. Resupend each tube with 500 µL of CGM.
14. Add 500 µL of CGM to the “cells only” tubes.
15. Add 400 µL of CGM + 100 µL of ABChis at 20 µg/mL to the “cells + ABChis”

tubes. (ABChis, B:021004, stock at 163 µg/mL.)
16. Incubate all tubes at 37°C for 2 h.
17. Wash cells with 2 mL of buffer, centrifuge at 1000g for 8 min, and discard super-

natant.
18. Repeat step 17.
19. Add 10 µL of goat Ig in buffer at 10 µg/mL to tubes 1 through 5.
20. Incubate on ice for 10 min.
21. Add 10 µL of either buffer to tubes 1 and 2, and 10 µL of Anti-ABChis purified

Ig 17A1.15 at 100 µg/mL to tubes 3 through 5 (final, 2 µg/tube).
22. Incubate on ice for 30 min.
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23. Wash all tubes with 2 mL of buffer, centrifuge at 1000g, for 8 min, and discard
supernatant.

24. Repeat step 23.
25. Add 20 µL of 50 (g/mL dilution of goat anti-mouse Ig biotin to all tubes (1 µg/

tube).
26. Incubate on ice for 30 min.
27. Wash all tubes with 2 mL of buffer, centrifuge at 1000g for 8 min, and discard

supernatant.
28. Repeat step 27.
29. Add 50 µL of a 1:250 dilution of Alexa Fluor 488-SA to all tubes.
30. Incubate on ice for 30 min.
31. Wash cells with 2 mL of buffer, centrifuge at 800g for 8 min, and discard super-

natant.
32. Repeat step 31.
33. Resuspend cells in 500 µL of 2% formaldehyde.

As shown in Fig. 3, the CdtC subunit localizes to membrane lipid rafts.
Utilizing confocal fluorescence microscopy we demonstrate co-localization of
the C subunit with the cholera toxin B subunit (CtB) bound to GM1. To control
for nonspecific staining, isotype matched control IgG was used instead of the
anti-Cdt monoclonal antibody. As shown below, virtually all fluorescence as-
sociated with either CdtC co-localizes with GM1 (i.e., CtB fluorescence).

4. Notes
1. Buffers containing DTT should be prepared fresh daily. Routinely, MOPS buffer

is prepared in the absence of DTT. DTT is added to the desired volume prior to
the start of each experiment.

2. The ABChis is the active holotoxin of the cytolethal distending toxin. In indi-
vidualized experiments, this may be a ligand for a receptor or any bacterial toxin
of interest.

3. The sodium carbonate lysis method relies on a pH of 11.0 and is often is used to
remove excess peripheral proteins from the membranes. This method is described
in detail in Chapter 10.

4. It is important that the cells be a homogenous suspension. Thus, the volume of
buffer used in the resuspension may be increased; however, with this increase
there must be an increase in the amount of 2% ice-cold Triton X-100 added. For
example, for 1 mL of cell suspension, we add 0.77 mL of Triton; for 2 mL of a
cell suspension, 1.44 mL of Triton X-100 is required, etc. (see Note 6 for sucrose
amounts).

5. Different concentrations of Triton X-100 have been used by a variety of investi-
gators to isolate DRMs; the relative solubility of the components of interest de-
termines the protein composition of the membrane raft. The final concentration
of Triton X-100 in the sample is expected to be less than 1% and limited solubil-
ity is seen with decreasing amounts of Triton X-100 (see ref. 21).
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6. If the volume of cells was increased (as per Note 4) to maintain an appropriate
sucrose concentration (i.e., >0.8 M), then the amount of 2.4 M sucrose must be
increased. For example, to a preparation containing 1 mL of cells and 0.77 mL of
Triton X-100, add 1.25 mL of 2.4 M sucrose; to a preparation containing 2 mL of
cells and 1.44 mL of Triton X-100, add 2.5 mL of 2.4 M sucrose.

7. As an alternative to sucrose step gradients, some investigators prefer a continu-
ous gradient from 5 to 30% sucrose.

8. A number of cells, Jurkats included, do not contain caveolin. In addition, mem-
brane caves, i.e., membrane microdomains enriched in caveolae, are isolated us-
ing a nondetergent-based Opti-prep gradient (19) or sodium carbonate lysis
procedures (18). The isolation of caveolin-enriched microdomains is described
in Chapter 10.
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Fig. 3. Visualization and co-localization of cdt to membrane rafts. To demonstrate that the
Cdt subunits localize to membrane lipid rafts, confocal fluorescence microscopy to demon-
strate co-localization of the C subunit with the cholera toxin B subunit (CtB) bound to GM1
was used. Jurkat cells were first exposed to CtB-Alexa Fluor 647 for 20 min; the cells were then
treated with anti-CtB antisera to induce patch formation. Cells were then exposed to CdtABC
for 2 h, washed, and sequentially stained with monoclonal antibody (MAb) to CdtC, goat anti-
mouse Ig conjugated to biotin, and streptavidin-Alexa Fluor 488. To control for nonspecific
staining, isotype-matched control IgG was used instead of the anti-Cdt MAb. As shown, virtu-
ally all fluorescence associated with either CdtC colocalized with GM1 (i.e., CtB fluorescence).
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Methods for the Study of Signaling Molecules
in Membrane Lipid Rafts and Caveolae

Rennolds S. Ostrom and Paul A. Insel

Summary
Lipid rafts and caveolae are cholesterol- and sphingolipid-rich microdomains of the

plasma membrane that concentrate components of certain signal transduction pathways.
Interest in and exploration of these microdomains has grown in recent years, especially
after the discovery of the biochemical marker of caveolae, caveolin, and the recognition
that caveolin interacts with many different signaling molecules via its scaffolding
domain. There are three major types of caveolins (1, 2, and 3), with some selectivity in
their expression in different tissues. Results assessing lipid raft/caveolae co-localization
of molecules in signal transduction pathways have provided support for the idea that
signaling components are compartmentalized or preassembled together. This chapter
describes nondetergent- and detergent-based methods for isolating lipid rafts and
caveolae for biochemical studies. We also describe a method for immunoisolation (using
antibodies to caveolins) of detergent-insoluble membranes that selectively isolates
caveolae vs lipid rafts. Together, these methods are useful for assessment of the role of
lipid rafts and caveolae in transmembrane signaling.

Key Words: Lipid rafts; caveolae; membrane microdomains; plasma membrane
vesicles; density gradient centrifugation; immunoprecipitation; immunoisolation.

1. Introduction
Recent investigations have identified caveolae and lipid rafts as important

microdomains of the plasma membrane (PM) that concentrate and perhaps
“preassemble” the components of signal transduction pathways (1,2). The en-
richment of a large array of signal transduction components in those domains
(3) suggests that caveolae and lipid rafts are signaling centers, whose role in
physiological and pathophysiological processes is the subject of intense inves-
tigation. Caveolae (“little caves”) were morphologically identified in the 1950s
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as flask-like, 50- to 100-nm invaginations of the PM of endothelial cells and
later shown to be involved in potocytosis, endocytosis, and transcellular move-
ment of molecules (4,5). Endocytosis by caveolae differs from that mediated
by another specialized region of the PM, clathrin-coated pits. These two
vesicular structures differ biochemically and transport different types of mol-
ecules, thus representing parallel, but distinct, pathways (5).

Lipid rafts form via the coalescence of particular lipids, most prominently
sphingolipids and cholesterol (12). Caveolae have a similar lipid composition
to rafts but also contain a “coat” of caveolin proteins on the inner leaflet of the
membrane bilayer (6). Although all mammalian cells appear to contain PM
lipid rafts (7), only cells expressing caveolins express caveolae (for example,
leukocytes contain lipid rafts but no caveolae). There are three isoforms of
caveolin, caveolin-1, caveolin-2, and caveolin-3; caveolae can form if cells
express either caveolin-1, the predominant isoform, or caveolin-3, the striated
muscle-specific isoform (8,9). Caveolin-2 does not appear to induce caveolae
formation but is found in hetero-oligomers with caveolin-1 and caveolin-3 (10–
14). Although caveolae generally are considered subsets of lipid rafts because
of their similar lipid composition, the two entities likely differ in a variety of
ways (15–17). By their original definition, caveolae are discrete morphologi-
cal structures identifiable at the electron microscopic level; however, lipid rafts
cannot readily be identified by microscopic techniques (except by atomic force
microscopy [18]).

Lipid rafts and caveolae are most readily studied with biochemical approaches.
Cells are disrupted and the lipid rafts and caveolae are then extracted from
other cellular material, generally based on their relative insolubility in certain
detergent or nondetergent conditions. Most commonly, lipid rafts and caveolae
are then isolated by virtue of their high buoyancy when centrifuged on a den-
sity gradient consisting of either a discontinuous gradient of sucrose (5,19–
21), as we describe here, or a continuous gradient of Optiprep, as described
elsewhere (22,23). These approaches, which rely on properties common to both
lipid rafts and caveolae, do not distinguish between these domains. However,
caveolae can be preferentially isolated from lipid rafts by using immunological
approaches to trap caveolin-rich membrane domains (24,25). We describe one
general method for isolating caveolae from cells and tissues in this chapter.
Another method developed by Oh and Schnitzer isolates caveolae using
immunoisolation of caveolin; this method is particularly suitable for cells or
tissues with high levels of expression of caveolins and caveolae, such as pul-
monary vascular endothelia (24).

Caveolins also can act as scaffolding proteins, whereby other proteins,
including proteins involved in signal transduction, bind; such binding gener-
ally is associated with an inhibition in signaling activity (2). Immunoprecipita-
tion of caveolin proteins or expression of peptides that interfere with the
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caveolin-binding motif, the domain on caveolin-1 and caveolin-3 that binds
those other proteins (2), can be used to assess the role of the putative caveolin
scaffold. Caveolin protein overexpression and knockout also has been used to
examine the role of these proteins in physiology and signal transduction (26).
Because caveolins act as regulators of several signal transduction pathways
(6), alteration in their expression by such approaches cannot be considered a
pure “probe” of the compartmentation of a particular signaling pathway in cav-
eolae. The function of lipid rafts and caveolae in signaling or other cellular
processes also can be inferred from studies in which the microdomains are
disrupted. Methyl-β-cyclodextrin, a chemical that does not enter cells but can
bind cholesterol and remove it from the PM, disrupts lipid rafts and caveolae
(27). Filipin, a polyene antibiotic and sterol-binding agent, also disrupts lipid
rafts and caveolae (28,29). This chapter does not describe these methodologies
but interested readers may wish to consult articles describing their use
(19,28,30).

Microscopic studies are useful and sometimes important for corroboration
of results from biochemical studies of lipid rafts and caveolae. However, such
approaches, not described here, are limited by their inability to detect lipid
rafts (as noted previously), the poor resolution of light and fluorescent
microscopy for the identification of caveolae, and the variable ability and avail-
ability of suitable antibodies to detect the proteins of interest. With suitable
antibodies, one can assess protein localization using double immunostaining
and electron microscopy. Cholera toxin, which binds to GM1 ganglioside en-
riched in lipid rafts (28), can be used as a marker of lipid rafts and caveolae
whereas caveolin can be used as a marker of caveolae. Atomic force
microscopy, which can detect the surface topology of cell membranes, is a
technique with future promise for visualizing lipid rafts (18). Other technolo-
gies, such as fluorescence resonance energy transfer and bioluminescence
energy transfer, are powerful tools for examination of interaction of compo-
nents, but their use is limited to the examination of exogenously expressed
proteins with fluorescent/luminescent tags (31).

This chapter describes nondetergent- and detergent-based methods for iso-
lating lipid rafts/caveolae and caveolae. We describe some variations of this
general approach that can be useful in specific circumstances and we present
complementary methods to address the question of signaling in lipid rafts or
caveolae. We also describe a method for immunoisolation of detergent-
insoluble membranes that selectively isolates caveolae vs lipid rafts. Each
method has advantages and disadvantages that should be considered when
choosing an experimental approach to answer a particular biological question.
Nondetergent fractionation of cells retains certain proteins in lipid raft/caveo-
lar fractions that can be lost upon detergent solubilization (22,32). However,
detergent-based approaches can allow the measurement of protein function,



184 Ostrom and Insel

such as enzyme activity, whereas the nondetergent methods (because of high
pH and high energy sonication) do not. We believe that it generally is desirable
to use a combination of different, complementary approaches, along with
immunoprecipitation (i.e., “pull-down” of proteins in detergent conditions that
solubilize all membrane proteins [not described herein]) to assess protein–
protein interactions to study signal transduction in lipid rafts and caveolae.

2. Materials
1. Phosphate-buffered saline (PBS).
2. 500 mM Na2CO3 (should be approx pH 11.0, but do not adjust).
3. 2-(N-morpholino)ethanesulfonic acid (MES)-buffered saline (MBS): 25 mM

MES, 150 mM NaCl, pH 6.0.
4. MBS/Na2CO3: 250 mM Na2CO3 in MBS.
5. 90% Sucrose/MBS: dissolve 45 g of sucrose with MBS until volume equals 50

mL. Heat in a microwave oven (in 10-s intervals) to dissolve/melt.
6. 35% Sucrose in MBS/Na2CO3: 5.83 mL of 90% sucrose/MBS plus 9.17 mL of

MBS/Na2CO3.
7. 5% Sucrose in MBS/Na2CO3: 0.83 mL of 90% sucrose/MBS plus 14.17 mL of

MBS/Na2CO3.
8. Triton X-100 buffer: MBS, 1% Triton X-100, protease inhibitor mix (Sigma P-8340,

diluted 1:100).
9. 35% Sucrose in MBS/Triton X-100: 5.83 mL of 90% sucrose/MBS plus 9.17 mL

of Triton X-100 buffer.
10. 5% Sucrose in MBS/Na2CO3: 0.83 mL of 90% sucrose/MBS plus 14.17 mL of

Triton X-100 buffer.
11. Membrane buffer: 0.25 M of sucrose, 1 mM of ethylene diamine tetraacetic acid,

20 mM tricine, pH 7.8
12. 30% Percoll: 3 mL of Percoll stock solution diluted in 9 mL of PBS.
13. Modified lysis buffer: 50 mM of Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EGTA;

10 mM MgCl2; 0.5% Triton X-100; protease inhibitor mix (Sigma P-8340,
diluted 1:100).

14. Protein A-agarose and protein G-agarose (50 µL per sample).
15. Immunoprecipitation (IP) wash buffer 1: 50 mM Tris-HCl, pH 7.5, 500 mM NaCl,

0.2% Triton X-100.
16. IP wash buffer 2: 10 mM Tris-HCl, pH 7.5, 0.2% Triton X-100.

3. Methods
3.1. Isolation of Lipid Rafts and Caveolae by Sucrose Density Centrifugation

This method relies on the unique lipid composition (with enrichment in sph-
ingolipid and cholesterol) of lipid rafts and caveolae, which makes these mem-
brane domains resistant to solubilization in certain conditions, as well as more
buoyant than other cellular lipids. We describe the method for adherent cells in
tissue culture but it can be readily adapted for cells in suspension or for tissue
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samples. We have found that two 150-mm plates of cells are adequate for one
preparation.

3.1.1. Sodium Carbonate Isolation of Lipid Rafts and Caveolae
1. Check that cells are at least 70% confluent. One preferably grows cells on 150-

mm tissue culture plates (dishes) to optimize the amount of starting material.
Aspirate medium and wash three times with ice-cold PBS. On the last wash, be
sure to remove all PBS by tilting the plate at a steep angle for 30 s then aspirating
all liquid.

2. Apply 1 mL of 500 mM Na2CO3 to each 150-mm plate and make sure it covers
the entire monolayer. Scrape cells from the plate with a cell scraper, making sure
to retain as much cellular material as possible.

3. Transfer the cells from two plates (2 mL total) to a prechilled Dounce (glass–
glass) homogenizer and homogenize the cells with 20 strokes on ice.

4. Transfer the homogenate to a cold 50-mL Falcon tube and homogenize with a
polytron three times for 10 s with intervals of 10–15 s. Rinse the polytron blade
with 0.5 mL of 500 mM Na2CO3 into the sample to recover all possible material.

5. Homogenize the sample using an ultrasonic cell disruptor equipped with a stain-
less-steel probe at high power three times for 20 s each with a full 60 s of rest
between each homogenization.

6. Proceed to Subheading 3.1.4.

3.1.2. Detergent Isolation of Lipid Rafts and Caveolae
1. Check that cells are at least 70% confluent. Aspirate medium and wash three

times with ice-cold PBS. On the last wash, be sure to remove all PBS by tilting
the plate at a steep angle for 30 s and then aspirating all liquid.

2. Apply 1 mL of 1% Triton-X 100 buffer to each 150-mm plate so that it covers the
entire monolayer (see Note 1). Scrape cells from the plate with a cell scraper
making sure to retain as much cellular material as possible.

3. Transfer the cells from two plates (2 mL total) to a prechilled Dounce (glass–
glass) homogenizer and incubate on ice for 20 min. Homogenize the cells with 20
strokes on ice.

4. Proceed to Subheading 3.1.4.

3.1.3. Variation: Isolation of Lipid Rafts and Caveolae From PMs
1. Check that cells are at least 70% confluent. Aspirate medium and wash three

times with ice-cold PBS. On the last wash, be sure to remove all PBS by tilting
the plate at a steep angle for 30 s and then aspirating all liquid.

2. Apply 1 mL of membrane buffer to each 150-mm plate so that it covers the entire
monolayer. Scrape cells from the plate with a cell scraper making sure to retain
as much cellular material as possible.

3. Collect the cells from two plates (2 mL total) and homogenize cells with 20
strokes in a Dounce (glass–glass) or Teflon-glass homogenizer on ice then cen-
trifuge at 300g for 5 min and collect the supernatant.

4. Layer the supernatant on top of 30% Percoll and centrifuge at 64,000g (19,000
rpm on a SW41 rotor for a Beckman ultracentrifuge) for 30 min.
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5. Collect the opaque band near the top of the Percoll layer as PM.
6. Adjust PM to 500 mM Na2CO3 by adding an equal volume of 1 M Na2CO3 and

sonicate three times for 20 s with full 60-s rests between intervals.

3.1.4. Sucrose Density Centrifugation to Fractionate Cell Homogenates

Once cells or tissues are homogenized using one of the above approaches
(Subheadings 3.1.1–3.1.3.), the lipid raft/caveolar fraction can be isolated using
sucrose density centrifugation. As explained previously, this method relies on
the unique lipid composition of the lipid raft/caveolae (rich in sphingolipid and
cholesterol), which makes these domains of the membrane more buoyant than
other cellular components. A schematic diagram of this fractionation, as shown
in Fig. 1 and as described subsequently, involves use of a discontinuous gradi-
ent, although a continuous gradient also can be used.

1. Mix 2 mL of homogenized sample (leaving any foam behind) with 2 mL of 90%
sucrose/MBS in an ultracentrifuge tube. Save any remaining sample as whole
cell lysate.

2. Carefully layer 4 mL of either 35% sucrose in MBS/Na2CO3 (if sample was
homogenized by nondetergent method, Subheadings 3.1.1. or 3.1.3.) or 35%

Fig. 1. Schematic diagram of sucrose density centrifugation to isolate buoyant frac-
tions consisting of lipid rafts and caveolae (see Subheading 3.1.4.). Homogenized
cell or tissues lysates in a final concentration of 45% sucrose are bottom loaded in an
ultracentrifuge tube. A discontinuous sucrose gradient consisting of 35 and 5%
sucrose is formed on top of the sample and the gradient is centrifuged for 16 to 20 h at
approx 240,000g. Buoyant lipid raft and caveolar material will float up to the 35 to 5%
sucrose interface whereas the rest of the cellular material will remain in the 45%
sucrose layer. The gradient is typically collected in 1-mL fractions starting at the top.
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sucrose in MBS/Triton X-100 buffer (if sample was homogenized by detergent
method, Subheading 3.1.2.) on top of the sample/90% sucrose/MBS layer. A
visible interface should exist between the two density layers.

3. Carefully layer 4 mL of either 5% sucrose in MBS/Na2CO3 (if sample was
homogenized by nondetergent method, Subheadings 3.1.1. or 3.1.3.) or 5%
sucrose in MBS/Triton X-100 buffer (if sample was homogenized by detergent
method, Subheading 3.1.2.) on top of the 35% sucrose layer. A second interface
should be visible between the 35% sucrose and the 5% sucrose layers and the
ultracentrifuge tube should be nearly full.

4. Centrifuge for 16–20 h at 39,000 rpm (4°C) in SW41Ti rotor (Beckman), equiva-
lent to a maximum force (bottom of tube) of approx 260,000g and an average
force (middle of the tube) of approx 188,000g (see Note 2).

5. At the completion of the centrifugation, carefully remove the ultracentrifuge tube
from the bucket. A faint light-scattering band, which consists of the buoyant lipid
raft/caveolar material, is often visible at the 35% sucrose–5% sucrose interface.

6. Collect samples from the gradient from the top down as 1-mL fractions, being careful
to keep the pipet at the top of the liquid in order to draw each fraction appropriately.

7. Fractions can then be analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting (see Note 3).

3.2. Immunoisolation of Caveolae

With this method, one takes advantage of the reduced solubility of lipid
rafts and caveolae to detergent in order to isolate these domains from the rest
of the cellular material (as in Subheading 3.1.2.) and one then selectively
“traps” caveolae (vs lipid rafts) by using an antibody to immunoprecipitate
caveolin (and associated lipids and proteins). Antibodies to any of the caveolin
isoforms can be used, but they should be chosen carefully based on expression
of caveolins in the cell or tissue of interest. With this method, one has the
potential to maintain enzyme and receptor binding activity, thus allowing one
to assess protein function. We have used this approach to assay receptor-
activated adenylyl cyclase activity in caveolae from cardiac myocytes (25) and
other cells; thus, the function of other proteins are likely also maintained.

1. Check that cells are at least 70% confluent. Aspirate medium and wash three
times with ice-cold PBS. On the last wash, be sure to remove all PBS by tilting
plate at a steep angle for 30 s and then aspirating all liquid.

2. Add 2 mL of modified lysis buffer to each 15-cm plate. Homogenize cells with
20 strokes in a Dounce (glass–glass) homogenizer.

3. Transfer to a 1.5-mL microtube and add 50 µL of either protein G- or Protein
A-agarose suspension (see Note 4). Incubate at 4°C on a rocking platform for 1 h.

4. Centrifuge in a microcentrifuge at maximum speed (12,000–14,000g) for 30 s to
pellet agarose and then transfer the supernatant to a new tube.

5. Add primary antibody (1–3 µL, depending on the antibody concentration) and
gently mix (preferably by rocking) at 4°C for 1 h.
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6. Add 50 µL of protein A- or protein G-agarose to tube and incubate at 4°C on a
rocking platform for 1 h.

7. Centrifuge in a microcentrifuge at maximum speed (12,000–14,000g) for 30 s to
pellet agarose. Supernatant should be saved as the IP supernatant and used as a
control.

8. Add 1 mL of modified lysis buffer to pellet, mix, and rock at 4°C for 5 min.
9. Centrifuge in a microcentrifuge at maximum speed (12,000–14,000g) for 30 s to

pellet agarose, remove supernatant, and add 1 mL of wash buffer 1 to pellet, mix,
and rock at 4°C for 5 min.

10. Centrifuge in a microcentrifuge at maximum speed (12,000–14,000g) for 30 s to
pellet agarose, remove supernatant, and add 1 mL of wash buffer 2 to pellet, mix,
and rock at 4°C for 5 min.

11. The final pellet should then be suspended in a suitable assay buffer (if enzyme
activity is to be measured) and/or in sample buffer for analysis by SDS-PAGE
(for immunoblotting). Immunoblot analysis should be performed on a portion of
the immunoprecipitated pellet and supernatants to confirm appropriate IP and to
assess which proteins have been coprecipitated with the target protein.

4. Notes
1. Nonionic detergents other than Triton X-100, including NP-40, octylglucoside,

CHAPS, Lubrol, and Brij 98, can be used to solubilize cells and isolate lipid raft
and caveolar domains (19). In addition, some investigators have used concentra-
tions of Triton X-100 less than 1% in protocols similar to that described in this
chapter.

2. Other rotors can be used for the sucrose density centrifugation, including a
Beckman SW55Ti rotor with 5-mL buckets. In this case, 1 mL of cell homoge-
nate is mixed with 1 mL of 90% sucrose and 2 mL of of 35% sucrose with 1 mL
of 5% sucrose layered on top. The rotation speed is adjusted to maintain equiva-
lent g forces. Fractions are collected in 0.5-mL aliquots to yield 10 fractions.

3. It is critical to determine the appropriateness of each fractionation by performing
immunoblot analysis for markers of cellular organelles. Fractions from the 5%
sucrose/35% sucrose interface (numbers 4 and 5) should contain the bulk of any
caveolin immunoreactivity but exclude markers of clathrin-coated pits (such as
adaptin-β), Golgi (such as mannosidase II), and other cellular organelles for the
markers discussed previously. The total protein in each fraction also can be used
as an indicator of appropriate fractionation. The buoyant fractions from most
cells contain approx 5% or less of the total cellular protein. Individual fractions
from the gradient can be pooled into a buoyant fraction (collected from the 5 to
35% sucrose interface) and a nonbuoyant fraction (consisting of the entire 45%
sucrose layer), if desired, to facilitate rapid screening of antibodies. This approach
simplifies immunoblot analysis when the localization of many different proteins
needs to be assessed. However, it is wise to collect individual fractions as
described previously and then to combine a portion of these fractions to form
pooled fractions, saving some portion of the individual fractions at –70°C for
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future use (Fig. 1). When immunoblot analysis of fractions is planned, it is best
to add SDS-PAGE sample buffer to each fraction and to denature at –70°C for 10
min immediately after collecting the gradient, which will ensure more reproduc-
ible results when storing frozen samples for extended periods. For detection of
low abundance proteins, samples also can be concentrated in a Speed-vac (or
similar type) concentrator before addition of sample buffer. However, the frac-
tions from the bottom of the gradient will not concentrate as well because of the
presence of higher concentrations of sucrose. Dialysis also can be used to remove
sucrose and to concentrate the samples.

4. When performing any type of immunoprecipitation, one should carefully choose
between protein A-agarose and protein G-agarose for precipitation of the pri-
mary antibody. Protein A has high affinity for human, rabbit, guinea pig, and pig
immunoglobulin (Ig)Gs and moderate affinity for mouse, horse, and cow IgGs.
Protein G has high affinity for human, horse, cow, pig, and rabbit IgGs and mod-
erate affinity for sheep, goat, chicken, hamster, guinea pig, rat, and mouse IgGs.
Protein A and protein G also differ in their affinities for different subclasses of
IgGs. More information on the different affinities of protein A and protein G can
be found in the product information sheet from Roche Applied Science.
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Bioluminescence Resonance Energy Transfer
to Monitor Protein–Protein Interactions

Tarik Issad and Ralf Jockers

Summary
The bioluminescence resonance energy transfer (BRET) methodology allows for the

study of protein–protein interactions as well as conformational changes within proteins
or molecular complexes. BRET is a highly versatile technique that can be applied to in
vitro studies using purified proteins, crude cell membranes, cell fractions obtained by
centrifugation on a density gradient, as well as permeabilized cells. Importantly, BRET
also allows for monitoring of protein–protein interactions, in real time, in intact living
cells that can be submitted to various stimuli. Moreover, quantitative BRET analysis
also permits a pharmacological approach of protein–protein interactions, allowing one
to determine whether a given stimulus induces a conformational change within
preassociated partners or increases the association (recruitment) between two separated
partners. Determination of the proportion of the dimeric vs monomeric form of a protein
in the cell also is possible. Therefore, the BRET technology can be considered as a new
and powerful tool in the field of protein–protein interactions.

Key Words: Resonance energy transfer; cell signaling; receptor activation; oligo-
merization; protein–protein interactions.

1. Introduction
Unraveling signaling pathways activated by membrane receptors is of fun-

damental importance for a detailed understanding of physiological and patho-
logical processes. Transmembrane signaling generally involves the activation
of a receptor by a ligand. Binding of the ligand induces conformational changes
within receptors that often are organized as homo- or hetero-oligomers. Receptor
activation may be associated with the stimulation of an enzymatic activity asso-
ciated with the receptor, recruitment of signaling proteins, and/or relocalization
of the receptor to a different cell compartment.
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Regardless of the specific activation mechanism, changes in protein–protein
interactions play a key role in the stimulation of intracellular signaling path-
ways that will eventually result in activation of biological processes. Thus, a
detailed description of the dynamics of protein–protein interactions appears to
be crucial for a better understanding of signaling pathways. Ideally, these
interactions should be studied in the natural environment of the partners, in
intact cells, that can be stimulated by different hormones, metabolites, and
pharmacological drugs. Indeed, under these conditions, interactions that
depend on the subcellular localization of the proteins and/or on their posttrans-
lational modifications (e.g., phosphorylations/dephosphorylations) will be pre-
served. These studies can now be performed using a very powerful technique,
the bioluminescence resonance energy transfer (BRET) methodology.

1.1. Principle of the BRET Methodology

BRET is a natural phenomenon, observed in marine organisms, in which an
energy transfer occurs between luminescent donor and fluorescent acceptor
proteins. Oxidation of coelenterazine by Renilla luciferase (Rluc) produces
light with a wavelength of 480 nm. However, in the sea pansy Renilla, the
close proximity of a green fluorescent protein allows a nonradiative energy
transfer that results in light emission at 509 nm by the green fluorescent protein
(1,2). Resonance energy transfer occurs when part of the energy of an excited
donor is transferred to an acceptor fluorophore, which re-emits light at another
wavelength. Resonance energy transfer only takes place if the emission spec-
trum of the donor molecule and the absorption spectrum of the acceptor mol-
ecule overlap sufficiently. It also depends on the distance between the donor
and the acceptor (which should range between 10 and 100 Å) and on their
relative orientation (3,4).

To study protein–protein interactions by BRET, one of the partners of inter-
est is fused to Rluc, whereas the other partner is fused to a fluorescent protein
(e.g., yellow fluorescent protein [YFP]; Fig. 1). If the two partners do not interact,
only one signal, emitted by the luciferase, can be detected after addition of its
substrate, coelenterazine. If the two partners interact, resonance energy trans-
fer occurs between the luciferase and the YFP, and an additional signal, emit-
ted by the YFP, can be detected. In addition, because resonance energy transfer
not only depends on the distance between the luminescent and the fluorescent
protein, but also on their relative orientation, conformational changes that oc-
cur between two interacting proteins, or within a single protein, also can be
monitored (5). This methodology has been first described in a study on the
dimerization of the bacterial Kai B clock protein (6). BRET was subsequently
used to study the dimerization and/or ligand induced conformational changes
of G protein-coupled receptors (GPCRs) (7–11), a tyrosine kinase receptor
(12), and a cytokine receptor (13). BRET also has been used to study the in-
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teraction of membrane receptors with intracellular partners, such as the asso-
ciation of β-arrestin (7) and GPCR kinase 2 (14) with GPCRs, and the interac-
tion of a tyrosine kinase receptor with protein tyrosine phosphatases (15,16).

BRET is a very versatile technique that can be used in vitro, in acellular
systems, as well as in vivo, in intact living cells. Two BRET systems (BRET1
and BRET2) can be used. The respective advantages and disadvantages of
BRET1 vs BRET2 have been discussed elsewhere (17). We will describe here
in vitro and in vivo protocols that have been used in our laboratory to monitor
conformational changes or protein–protein interactions using the BRET1 tech-
nology and BRET1 tools (YFP as the fluorescent protein, coelenterazine H as
the luciferin, and emission filters of 485 and 530 nm). These protocols can
easily be applied to BRET2 by using BRET2-specific tools.

Fig. 1. Principle of the BRET technology. To study the interaction between two
proteins, protein 1 is fused to Renilla luciferase (Rluc) and protein 2 is fused to a
yellow fluorescent protein (YFP). The reaction is initiated by addition of the substrate
of luciferase, coelenterazine. If the distance between 1 and 2 is greater than 100 Å,
light is emitted with an emission spectrum characteristic of the Rluc. If the distance
between 1 and 2 is 10 to 100 Å, part of the energy of the excited Rluc is transfered to
the YFP, resulting in an additional signal emitted by the YFP.
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2. Materials
1. Dual wavelength microplate reader. For BRET measurements, we generally use

one of the first BRET-designed apparatus (Fusion from Perkin Elmer), but other
adequate equipment have since been developed (Mithras, Berthold; Envision,
Perkin Elmer). The following optimized filter settings are used to measure Rluc
light emission (485/20 nm) and YFP light emission (530/25 nm). For fluores-
cence measurements, the reader should be equipped with a fluorescence module
to quantify the amount of the YFP fusion protein (filter settings: excitation 480/
20 nm, emission 530/25nm).

2. White 96- or 384-well microplates (reusable optiplates, Perkin Elmer) for both in
vitro experiments and in vivo experiments using cells in suspension.

3. White culturPlate-96 (Perkin Elmer) for in vivo experiments with adherent cells.
4. Black 96-well plates (Homogeneous time-resolved fluorescence [HTRF] plates,

Perkin Elmer) for fluorescence measurements.
5. Coelenterazine H (Interchim, Montlucon, France). Store stock solution (1 mM)

in ethanol at –20°C in the dark.
6. Buffer A: 1% (w/v) Triton X-100, 20 mM 3-(N-Morpholino) propanesulfonic

acid (MOPS), 2.5 mM benzamidine, 1 mM ethylene diamine tetraacetic acid
(EDTA), 1 mM-4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride
(AEBSF), and 1 µg/mL each aprotinin, pepstatin, antipain, and leupeptin.

7. Buffer B: 0.1% (w/v) Triton X-100, 20 mM MOPS, 2.5 mM benzamidine, 1 mM
EDTA, and 1 µg/mL each of pepstatin, antipain, and leupeptin.

8. Buffer C: 20 mM MOPS, pH, 7.4.
9. Buffer D: 5 mM Tris-HCl, pH 7.4, 2 mM EDTA, 5 µg/mL soybean trypsin inhibi-

tor, 5 µg/mL leupeptin, and 10 µg/mL benzamidine.
10. Buffer E: 75 mM Tris-HCl, pH 7.4, 12.5 mM MgCl2, 5 mM EDTA.
11. Buffer F: 20 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM ethylenebis (oxyethylene-

nitrilo)tetraacetic acid, 6 mM magnesium chloride, 1 mM AEBSF; and 1 µg/mL
each aprotinin, pepstatin, antipain, and leupeptin.

3. Methods
3.1. cDNA Constructs for BRET Experiments

The partners of interest are typically fused at either N-terminus or C-termi-
nus with Rluc and the fluorescent protein. The choice of the fusion protein (C-
terminal vs N-terminal) may sometimes be dictated by the nature of the protein
(for instance, transmembrane protein) or by pre-existing information concern-
ing specific regions of the protein of interest (domains of interaction with other
proteins, targeting sequences, regulatory domains, etc.).

Because the BRET signal not only depends on the distance between the two
partners but also on the relative orientation of the energy donor and acceptor, it
is always informative to have, when possible (e.g., for soluble cytosolic pro-
teins), fusions in both orientations (N-terminal and C-terminal). This allows
one to determine which conformation gives the best results and can bring
information concerning the domains of the partners involved in the interaction.
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3.2. Cell Transfections

For BRET experiments, we have mostly used human embryonic kidney
(HEK) 293 and COS-7 cells, but any cell type that is easily transfected can be
used (see Note 1). In each experiment, we generally perform two sets of trans-
fections using the transfection reagent FuGene 6 (Roche, Basel, Switzerland)
according to the supplier instructions:

1. Transfection of one set of cells only with the complementary DNA (cDNA) cod-
ing for the partner fused to Rluc.

2. Cotransfection of another set of cells with both the cDNA coding for the partner
fused to Rluc and the cDNA coding for the partner fused to YFP.

These sets allow one to correct for the luciferase signal in the 535-nm detec-
tion window.

3.3. BRET Measurements

BRET measurements should be performed under temperature-controlled
conditions to obtain reproducible results. We usually perform all our experi-
ments in a room where the temperature is controlled by air conditioning
(+20°C). Other temperatures can be used because BRET designed-apparatus
generally include temperature-controlled units.

1. Use 96-well culture plates for adherent cells or distribute resuspended cells, mem-
branes, or extracts containing Rluc and YFP fusion proteins into reusable
microplates.

2. Initiate BRET reaction by adding the luciferase substrate coelenterazine H (5 µM
final concentration). Coelenterazine can be added before ligand stimulation, at
the same time, or after preincubation with different ligands. Depending on the
assay (see Note 2), data acquisition is started immediately after coelenterazine
addition or later on.

3. Sequentially integrate the luminescence signals at 485 and 530 nm for 1 s. This
can be repeated every minute for the next 10 to 45 min (see Note 2).

4. Calculate BRET ratio (see Note 3).

3.4. BRET on Partially Purified Receptors

We will exemplify in vitro BRET experiments with our work on partially
purified insulin receptors (12). To monitor the effect of insulin on the confor-
mation of the insulin receptor, we use the cDNA coding for the insulin receptor
fused in frame with either Rluc or YFP.

3.4.1. Partial Purification of Insulin Receptors

1. HEK 293 cells are transfected in 10-cm diameter culture dishes with either insu-
lin receptor-Rluc (IR-Rluc) or IR-Rluc and IR-YFP.

2. Two days after transfection, cells are washed in ice-cold phosphate-buffered
saline (PBS) and extracted on ice in buffer A.
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3. The insoluble material is removed by centrifugation at 4°C for 10 min at 10,000g.
4. The soluble extract is gently mixed with 3 mL of wheat germ lectin sepharose for

2 h at 4°C.
5. The mixture is poured into a column and washed at 4°C with 60 mL of buffer B.
6. Partially purified insulin receptors are eluted with 15 mL of buffer B containing

0.3 M N-acetyl-glucosamine (18). Fifteen fractions (1 mL each) are collected and
rapidly tested for their content in insulin receptors by measuring the luciferase
activity on a 10 µL aliquot in the presence of coelenterazine in a final volume of
50 µL of buffer C.

7. The fractions enriched in luciferase activity are pooled, concentrated using cen-
trifugal filter devices (Amicon Ultra, Millipore), aliquoted, and stored at –80°C
for subsequent use.

3.4.2. In Vitro BRET Measurement

1. Preincubate 5 µL of partially purified receptors (approx 2 µg of proteins) in
96-well microplates at 20°C in a total volume of 60 µL of buffer C with ligands
for the appropriate time (see Note 4).

2. Add coelenterazine and start BRET measurements immediately.

3.5. BRET on Cell Fractions
3.5.1. BRET on Crude Membrane Preparations

1. Transfect cells with the cDNAs coding for Rluc or Rluc and YFP fusion proteins
in 10-cm diameter culture dishes.

2. Two days after transfection, cells are placed on ice, washed twice with ice-cold
PBS, and then detached mechanically in buffer D.

3. Homogenize cells with a polytron (Janke and Kunkel Ultra-Turrax T25) three
times for 5 s.

4. Centrifuge the lysate at 450g for 5 min at 4°C.
5. Centrifuge the supernatant at 48,000g for 30 min at 4°C.
6. Resuspend the pellet in 0.5 mL of buffer E.
7. Perform BRET experiments in white microplates in the same buffer with 25 µL

of membrane/well in the presence of coelenterazine in a final volume of 30 to 50
µL. Start readings immediately and repeat measurements for the next 10 min.

3.5.2. BRET on Subcellular Fractions Obtained by Sucrose Density
Gradient

BRET measurements can also be performed on different subcellular frac-
tions after fractionation of the cells on a sucrose gradient (see Note 5), which
may be very useful in determining in which cell compartment an interaction
takes place (15).

1. Transfect cells with the cDNAs coding for Rluc or Rluc and YFP fusion proteins
in 10-cm diameter culture dishes.

2. Prepare 8 mL of sucrose gradient (0.25–2.0 M) in a Beckman ultraclear tube
(344057). Let the tube rest overnight at 4°C for stabilization of the gradient.
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3. Place the culture dish on ice and lyse the cells with 1 mL of ice-cold buffer F.
4. Homogenize by eight passes through a ball-bearing homogenizer (Cell cracker

EMBL).
5. Lay carefully 0.5 mL of the lysate on the sucrose gradient. Centrifuge at 75,000g

in a Beckman SW55 rotor for 6 h at 4°C. With a 1-mL pipet, collect carefully
fractions of 300 µL from the top of the tube. Perform BRET measurements to
assess the interaction between the two partners in each fraction on 20-µL aliquots
in a final volume of 50 µL containing coelenterazine. Because BRET measure-
ments always imply recording of luciferase activity in each well, these measure-
ments also permit to evaluate the distribution of the Rluc fused protein in each
fraction (reading at 485 nm; see Note 6). Determine the distribution of the YFP
fused partner in each fraction by measuring the fluorescence obtained upon
exogenous YFP excitation at the appropriate wavelength using 20-µL aliquots
distributed in black 96-well HTRF plates.

6. Use the remaining of each fraction for analysis of markers of different cell com-
partments (plasma membrane, endoplasmic reticulum) by classical biochemical
procedures (Western blotting, enzymatic determination, etc. [15]).

3.6. BRET on Permeabilized Cells

For some membrane receptors (e.g, cytokine receptors), considerable
amounts of protein may be retained in intracellular compartments where they
are not accessible to stimulation with hydrophilic ligands. To get access to
these receptors without disturbing the overall architecture of the cell, perme-
abilization of the membrane may be adequate. We have employed this assay to
monitor the leptin-induced conformational change within the short isoform of
the leptin receptor, which is predominantly localized in intracellular compart-
ments (13).

1. Equimolar amounts of C-terminal Luc- and YFP–leptin receptor fusion proteins
are coexpressed in COS-7 cells.

2. Forty-eight hours after transfection, cells are washed once with PBS, and incu-
bated for 5 min with trypsin/EDTA.

3. Cells are collected in serum-containing medium and washed twice with PBS.
4. Cells are resuspended in PBS, distributed in white microplates (1–2 × 105 cells/

well) and preincubated with ligand for 10 min at room temperature in the pres-
ence of 0.015% saponin (optimized concentration to obtain cell permeabilization
without modification of luciferase activity and YFP fluorescence).

5. BRET measurements are initiated by coelenterazine addition to a final volume of
30 to 50 µL and reading is started immediately.

3.7. Using BRET on Intact Cells
3.7.1. Cells in Suspension

Cells are transfected and prepared exactly as described in Subheading 3.6.
BRET measurements are performed in PBS in the absence of saponin to keep
the cells intact.
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3.7.2. Adherent Cultured Cells

The use of adherent cells instead of cells in suspension may sometimes ap-
pear to be necessary. Indeed, the architecture of the cell may be altered when
removing cell attachment to the culture dish, and this can markedly affect the
dynamics of protein–protein interactions. For instance, we definitively ob-
served that insulin-induced interaction of the insulin receptor with intracellular
partners was markedly affected when BRET experiments were performed in
nonadherent cells.

1. Transfect cells in a six-well culture plate exactly as described previously for
BRET measurement on cells in suspension.

2. One day after transfection, transfer the cells into microplates (white culturPlate-
96) at a density of 30,000 cells per well (see Note 7).

3. On the following day (48 h after tranfection), remove the cell culture medium,
and wash the cells with 40 to 50 µL of PBS before BRET measurements.

4. Perform BRET measurements directly in these 96-well microplates in PBS (final
volume, 50 µL) containing coelenterazine (see Note 8).

3.8. BRET Donor Saturation Experiments

The BRET donor saturation assay has been developed by us and others to
extend the information obtained from basic BRET experiments toward a more
quantitative and detailed interpretation of the BRET signal (13,16,19). The
assay has been particularly used: to determine whether ligand-induced BRET sig-
nals correspond to conformational changes between preassociated BRET
donor and acceptor fusion proteins, or to a change in the number of BRET compe-
tent complexes (association or dissociation of interacting partners [13,16]); to
compare the relative affinities of different couples of interaction partners (19);
and to estimate the proportion of the dimeric vs monomeric fraction of the two
BRET partners (13,19).

1. Perform several independent transfections using a constant amount of cDNA cod-
ing for the BRET donor and increasing quantities of cDNA coding for the BRET
acceptor (i.e., 0, 10, 20, 50, 100, 200, 300, 500, 1000 ng/well in a 6-well plate;
see Note 9).

2. Preincubate cells in the absence or presence of a saturating agonist concentration
if ligand-induced BRET signals will be analyzed. Otherwise, proceed directly
to step 3.

3. Perform BRET measurements in white microplates or cell culture plates as
described in Subheading 3.7. and determine the amount of BRET donor by mea-
suring the maximal luciferase activity (reading at 485 nm).

4. Determine the amount of BRET acceptor for each transfection by measuring the
fluorescence obtained on exogenous YFP excitation in black 96-well HTRF plates
and subtract background fluorescence determined in wells containing
untransfected cells (see Note 10).
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5. Calculate YFP/Rluc fusion protein ratio for each data point. Depending on the
application, it may be necessary to convert luminescence and fluorescence val-
ues into actual amounts of interacting partners using standard curves correlating
luminescence and fluorescence signals with protein amounts (see Note 11).

6. Plot BRET values as a function of the YFP/Rluc fusion protein ratio.
7. Fit data using a nonlinear regression equation assuming a single binding site

(GraphPad Prism) and determine BRETmax and BRET50 values (see Note 12) or
BRET1/1 values (see Note 13).

4. Notes
1. Overexpression of proteins, especially those that are localized in the same cellu-

lar compartment (membrane, cytosol), may give rise to nonspecific protein inter-
actions and BRET signals. To avoid these nonphysiological conditions, proteins
should be expressed at low levels. Furthermore, the relative amount of YFP to
luciferase fusion proteins has to be considered because the BRET signal depends
on this parameter (see Subheading 3.8.). We typically use a 1:1 ratio between
the YFP and the Rluc fusion proteins whenever determination of the amount of
BRET partners is possible using a quantitative technique (i.e., radioligand bind-
ing assay). Preliminary experiments should be designed to adjust these param-
eters for the proteins to be studied. A noninteracting fluorescent or luminescent
protein can also be used as a control for nonspecific interactions. Rluc or YFP
alone can be used as noninteracting cytosolic control proteins. An irrelevant pro-
tein, fused to Rluc or YFP, targeted to the same compartment as the protein of
interest, can be used as a non-interacting control for this subcellular compartment.

2. Luciferase signal (light emission by luciferase after addition of coelenterazine)
increases rapidly, reaches a maximum and decreases slowly with time. Because
BRET is a ratiometric measurement (530 nm/485 nm), this does not affect the
BRET ratio (provided the signal is still sufficient for a reliable measurement of
light emission above background). Depending on the assay (in vitro, cell in sus-
pension, adherent cells), the kinetics of increase and decrease in luciferase signal
can be quite different. Therefore, depending on the assay, a preincubation period
with coelenterazine may be necessary in order to start BRET measurements when
the luciferase signal is maximal. The rate of decrease of the luciferase signal also
depends on the specific assay. Thus, depending on the experiments, light emis-
sion acquisition will be possible for relatively short periods of time (10 min for
partially purified preparations) or much longer periods of time (40–50 min for
intact cells).

3. The BRET ratio has been defined previously (7) as: [(emission at 530 nm) –
(emission at 485 nm) × Cf]/(emission at 485 nm), were Cf corresponded to (emis-
sion at 530 nm) / (emission at 485 nm) for the Rluc fusion protein expressed
alone in the same experimental conditions. Developing this simple equation
shows that the BRET ratio corresponds to the ratio 530 nm/485 nm obtained
when the two partners are present minus the ratio 530 nm/485 nm obtained under
the same experimental conditions when only the partner fused to Rluc is present
in the assay.
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4. Different reaction buffers can be used, but pilot experiments should be conducted
because some chemicals may inhibit the luciferase activity.

5. Sucrose gradients rather than commercially available Nycodenz® (Nycomed AS)
solutions should be used, as we find that the latter markedly reduces the luciferase
signal.

6. Reliable quantification of Rluc by measuring light emission at 485 nm is possible
under conditions of energy transfer between Rluc and YFP fusion proteins,
because the amount of energy transfered from the Rluc to the YFP is generally
negligible compared with the energy released by the Rluc as light at 485 nm.

7. We do not recommend direct transfection of the cells in 96-well culture plates.
Indeed, in our experience, this has proven to introduce important variability in
the level of expression of the different partners (because of inaccuracy of trans-
fecting very small amounts of DNA associated with the variability in cell number
in each well). Some cells adhere poorly in 96-well culture dishes when washed
and incubated in PBS. Therefore, polylysine coating of the wells prior to trans-
ferring the transfected cells is highly recommended for some cell types (e.g.,
HEK 293 cells).

8. Note that for adherent cells, penetration of coelenterazine into the cells is prob-
ably slower than for cells in suspension, since the luciferase signal reaches its
maximal value only 10 to 20 min after addition of coelenterazine (vs 2–3 min in
nonadherent cells). We usually perform a preincubation of the cells for 15 min
with coelenterazine before starting BRET measurements on adherent cells.

9. If BRET donor saturation curves of different BRET partners are compared to
determine their relative affinities, keep the amount of expressed BRET donor
constant for all conditions to obtain comparable results.

10. For adherent cells, fluorescence can be determined directly in white culture plates
at the end of the BRET experiment. Although background fluorescence is higher
under these conditions, the signal above background is generally sufficient to
allow for accurate determination of the relative amount of the fluorescent partner.

11. If the purpose of the experiment is to discriminate between a ligand-induced con-
formational change between two interacting partners and a ligand-induced change
in the number of interacting partners (for instance, an increased recruitment of
one partner to the other, owing to an increased affinity between the two partners),
luminescence and fluorescence values may be directly used to calculate the
YFP:Rluc ratio. In contrast, if the purpose of the experiment is to compare the
relative affinities between two different pairs of partners, or to determine the
proportion of the dimeric vs the monomeric fraction of two BRET partners, it is
necessary to convert luminescence and fluorescence values to actual protein
amounts using independently established standard curves correlating both
parameters. Correlation curves have to be established for each construct because
this correlation is an intrinsic characteristic of each fusion protein. For all fusion
proteins tested so far, a linear correlation has been observed (11,13,19–22). Cor-
relation curves may be established by transfecting cells separately with increas-
ing DNA concentrations of Rluc or YFP fusion protein constructs. The amount
of protein should be determined with a quantitative technique, such as the
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radioligand binding assay in the case of membrane receptors, in Rluc-expressing
cells on the one hand and YFP-expressing cells on the other hand. On the same
batches of Rluc-transfected or YFP-transfected cells, maximal luminescence and
YFP fluorescence can be determined, respectively. Luminescence and fluores-
cence values can then be plotted against the number of binding sites to generate
linear regression curves.

12. As the amount of BRET acceptor increases, the BRET signal increases as a
hyperbolic function for a given amount of the BRET donor and reaches an as-
ymptote (BRETmax), which corresponds to the saturation of all BRET donor mol-
ecules by acceptor molecules. Assuming that the association of interacting
proteins, fused to the BRET donor and the BRET acceptor respectively, is ran-
dom, the amount of acceptor required to obtain the half-maximal BRET (BRET50)
for a given amount of donor reflects the relative affinity of the two partners (see
Fig. 2 [19]). Saturation of the curve is important because the accuracy of the
determination of the BRETmax value governs the precision of the BRET50 value.
If the BRET curve does not saturate, express lower BRET donor amounts and/or
higher BRET acceptor amounts in order to reach saturation. Comparison of
BRET50 values obtained from cells incubated in the absence or presence of ago-
nist may shed light on the activation mechanism of the corresponding proteins.
Identical BRET50 values indicate that conformational changes within BRET part-
ners rather than the recruitment or dissociation of BRET partners are involved
(see Fig. 3). A shift of the BRET50 toward lower values in the presence of agonist
indicates the recruitment of BRET partners because of an increase in affinity
between Rluc and YFP fusion proteins. A shift toward higher values indicates a
decrease in the affinity of the BRET partners and their dissociation. Provided that

Fig. 2. BRET donor saturation curve. Cells are transfected with a constant amount
of Rluc-fusion protein and increasing amounts of yellow fluorescent protein-fusion
protein. BRET values increase as a hyperbolic function reaching an asymptote
(BRETmax ). The half-maximal BRET (BRET50) for a given amount of donor reflects
the relative affinity of the two partners.
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BRET donor saturation curves have been carried out at the same BRET donor
concentration and that effectively expressed protein amounts have been deter-
mined, BRET50 values give a direct measure for the relative affinity of different
BRET couples (see Fig. 4).

13. If a free equilibrium governs the association of BRET donor and acceptor mono-
mers, one can predict that, in the case of a 1:1 molecular ratio of the two BRET
partners, only 50% of the dimers (donor/acceptor) would produce BRET, whereas
dimers that contain only BRET donors or acceptors, would represent 25% each
of total dimers (donor/donor and acceptor/acceptor). Accordingly, the BRET value

Fig. 3. Interpretation of ligand induced BRET signals. Basal- and ligand-stimulated
BRET values (A) are expressed as the percent of BRETmax (B,C), to determine whether
the effect of a ligand corresponds to a conformational change or a recruitment between
partners. If the curve obtained in the presence of agonist is shifted to the left compared
with the basal curve, ligand-induced BRET signal can be interpreted as the recruit-
ment of BRET partners on agonist stimulation (B). If both curves are superimposible,
the signal induced by the ligand corresponds to a conformational change (C).
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observed under these conditions (BRET1/1) should reach 50% of maximal BRET, the
value corresponding to the complete saturation of BRET donor by BRET accep-
tor. Depending on the proportion of monomers and dimers, the BRET1/1 will theoreti-
cally vary between 50% of BRETmax (100% dimer) to 0% of BRETmax (100% mono-
mer; see Fig. 5).
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Identification of Interacting Proteins
Using the Yeast Two-Hybrid Screen

Kelly L. Jordan-Sciutto and Marshall B. Montgomery

Summary
Transmembrane-signaling events are mediated and regulated by protein–protein in-

teractions. The yeast two-hybrid screen has proven to be an effective approach for study-
ing interaction between signaling molecules, such as ras and raf. This approach can be
used to identify new binding partners for a protein of interest or define the interaction
domains and relative affinity between two proteins known to interact. To determine
interaction, one protein is produced as a fusion protein with a known DNA-binding domain
and a second protein is produced as a fusion protein with an acidic activation in yeast. If
there is interaction between the two proteins of interest, the DNA-binding domain is
brought into the vicinity of the acidic-activation domain, which recreates a functional
transcriptional activator, which drives transcription of reporter genes allowing for selec-
tion and/or quantification of interaction between the two proteins. Here we describe a
two-hybrid yeast system that has been used to successfully characterize protein interac-
tions among signaling molecules.

Key Words: Yeast two-hybrid; interaction trap; protein–protein interaction; yeast
transformation; auxotrophy; β-galactosidase activity; matchmaker.

1. Introduction
The two-hybrid screen was devised as a method of identifying novel bind-

ing partners for a protein of interest (1). The screen itself is based on the sepa-
rable nature of the DNA-binding and acidic-activation domains in transcription
factors (2,3). By generating a fusion protein between a protein of interest
(called the bait) and the DNA-binding domain (DBD) of a known transcription
factor, a protein “hybrid” is produced that will bind to a specific promoter
sequence, but will have no transcriptional activity (Fig. 1A). The consensus
DNA-binding sites for the DBD are present in the promoters of two reporter



212 Jordan-Sciutto and Montgomery

genes, usually one for autotrophy for a specific amino acid (ability to grow in
media without that amino acid, such as histidine [his]) and Lac Z, an enzyme
with a colorimetric read out. A second fusion protein is introduced containing
a hybrid of a known acidic-activation domain (AAD) and a library protein (Fig.
1B). If a library protein interacts with the bait, a functional transcriptional
activator is recreated at the promoter (Fig. 1C). Transcriptional activation will
produce functional enzymes that allow for selection of interacting proteins (see
Fig. 1C). For use as a screen for novel proteins that interact with the “bait,” a
complementary (c)DNA library is cloned in frame with the coding region for
the AAD. Only cDNAs encoding interacting proteins will activate expression
of the reporter genes allowing for selection of proteins that bind to the bait.

Since its inception in 1989, several versions of the two-hybrid screen have
been generated and used to identify interacting proteins (4–7). Presently, there
are commercially available kits for the two-hybrid screen that contain further

Fig. 1. Scheme of the two-hybrid yeast screen. (A) Bait: The protein for which you
would like to identify or characterize binding partners is produced as a fusion protein
with a known DNA-binding domain (DBD). The DBD binds the DNA-binding domain
consensus sequence (DBS), which is located in the promoter upstream of the HIS3
enzyme. Transcription of this enzyme is “OFF” when only the bait is present. (B)
Prey: A cDNA library is cloned in frame with an acidic-activation domain (AAD).
The fusion protein produced is termed the prey. In the absence of an interacting bait,
transcription is “OFF.” (C) If the bait and prey interact, the AAD is brought into the
vicinity of the DBD bound to the DBS in the promoter of the HIS3 gene, leading to
production of the HIS3 transcript and ultimately the protein that allows for selection of
yeast with the ability to grow in the absence of supplemental histidine.
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modifications that ease isolation and analysis of the identified proteins (see
www.clontech.com, www.invitrogen.com, and www.origene.com). The goal
of this chapter is not to replace the manual for such kits (nor can it provide
specific directions for all noncommercial variants because there are multiple
versions, each with unique features). We provide methods for a yeast two-
hybrid system that has been used to identify interacting partners for the G pro-
tein ras (7). However, given the protocol herein, it should be relatively easy to
extrapolate this protocol to other systems because they are based on the same
principles, although the vector names and selectable markers may change. A
final goal of this chapter is to provide some insight into the problems that can
arise in using this screen and how they can be addressed.

2. Materials
2.1. Growth of Yeast for the Two-Hybrid Screen

1. Yeast two-hybrid vectors: BTM116, BTM116-VP16, BTM116-daughterless,
pVP16, pVP16-MyoD, and cDNA library in pVP16 or compatible vector (has
LEU2 selectable yeast marker).

2. Yeast strain: L40 (MATa, his3∆200, tryptophane [trp]1-901, leucine [leu]2-3,
112 adenine [ade]2, LYS2::[lexAop]4-HIS3, URA::[lexAop]8-lacZ, GAL4,
gal80) constructed by Stan Hollenberg.

3. Media and agar plate recipes: a key to success in using the yeast two-hybrid
screen is proper preparation of selective drop-out media (SD). Maintenance of
the plasmids and reporter genes in the yeast cells is dependent on converting
auxotrophic yeast strains (yeast that require specific amino acids or nucleic acids
to grow) to an autotrophic state (the ability to grow in the absence of an amino
acid or nucleic acid). The gene allowing the conversion to autotrophy is encoded
on the plasmid. To select for presence of the plasmid, make SD lacking the
appropriate amino acid. In the recipe in this section, we list the amount of each
amino acid needed for 1 L. However, if you make this up each time you need it,
it can be quite time consuming. We recommend making “drop-out” amino acid
and nucleic acid stocks. To do this, we recommend multiplying the amount of
each amino acid needed by a common factor (e.g., 10, which will be enough for
10 L) and adding them into a common stock omitting the unneeded metabolite.
Mix well by rotating in a sterile Erlenmeyer flask for 1 h. When making the
media, add the appropriate amount of the stock. For example, if making media
lacking his, trp, and leu, the amount of drop-out stock would be 1.0 g. (All the
amino acids add up to 1.25 g. Without the 0.05 g of his, 0.10 g of leu, and 0.10 g
of trp, only 1.0 g is needed.) Make up drop-out stocks for the bait vector only (i.e.,
trp–), the prey vector only (i.e., leu–), the bait and prey vector (i.e., uracil (ura)–,
trp–, and leu–), and the bait, prey, and selectable reporter (i.e., trp–, leu–, ura–,
lysine (lys)–, and his–). In the system described here, ura and lys are left out as
they select for integration of the HIS3 and Lac Z reporter genes in the L40 yeast
strain, respectively.

www.clontech.com
www.invitrogen.com
www.origene.com
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a. SD media: for 1 L: add 1.2 g yeast nitrogen base (without amino acids and
[NH4]2SO4), 5 g of ammonium sulfate, 10 g of succinic acid, 6 g of NaOH,
and SD in appropriate quantity. (SD per liter [or add the premade stock]: 0.l g
each of ade, arginine, cysteine, leu, lys, threonine, trp, and ura; and 0.05 g
each of valine, tyrosine, serine, praline, phenylalanine, methionine, isoleu-
cine, his, and aspartic acid.)
Bring to 900 mL with water. (If making agar plates also add 20 g of bactoagar/L.)
Sterilize by autoclaving. For agar plates, cool to 55°C, add 100 mL of sterile
filtered 20% glucose, and pour into Petri dishes (approx 40 mL/plate). For
liquid media, the autoclaved solution can be stored until needed in the auto-
claved bottles. Before use, add one-tenth of the volume of 20% glucose to
nine-tenths volume of the media.
To generate your specific selective media, omit the amino acid of which the
plasmid encodes the gene for synthesis (i.e., if the plasmid contains the Leu2
selectable marker, then omit leu from the selective media and only yeast con-
taining the plasmid will grow.)

b. YPAD media: add 10 g of yeast extract, 20 g of peptone, and 0.1 g of adenine
to 900 mL of water. Autoclave, cool to 55°C, and add 100 mL of sterile fil-
tered 20% glucose. YPA is the same as YPAD but with water substituted for
the glucose (or dextrose, as the D indicates).

2.2. Yeast Transformation Via Lithium Acetate
1. 10X TE (autoclaved): 100 mM Tris-HCl, pH 7.5, 10 mM ethylene diamine

tetraacetic acid (EDTA).
2. 10X LiOAc (autoclaved): 1 M LiOAc.
3. 50% Polyethylene glycol (PEG): 50% (w/v) PEG 3350, filter-sterilized (slow,

but necessary).
4. 10 mg/mL Salmon sperm DNA.
5. Dimethyl sulfoxide.

2.3. Yeast Transformation Via Electroporation
1. 1 M Sorbitol (ice-cold, filter-sterilized).
2. Sterile H2O (ice-cold).

2.4. β-Galactosidase Filter Assay
1. Nitrocellulose filters (circular, same size as Petri dishes).
2. Whatman filter paper no. 1.
3. Liquid nitrogen.
4. Z-buffer: 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH 7.0

in H2O.
5. 50 mg/mL X-gal (5-bromo-4-chloro-3indolyl-β-D-galactopyranoside) in H2O.

2.5. β-Galactosidase Quantitative Liquid Assay
1. Breaking buffer: 100 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 20% glycerol in

H2O.
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2. 125 µM Phenylmethylsulfonylfluoride in isopropanol.
3. Glass beads (0.45–0.5 mm)
4. Z-buffer: (for quantitative β-galactosidase assay) 60 mM Na2HPO4, 40 mM

NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 30 mM β-mercaptoethanol (added
fresh).

5. 4 mg/mL O-nitrophenyl β-D-galactopyranoside (ONPG).
6. 1 M Na2CO3.
7. Bradford Reagent (Bio-Rad).
8. Plastic cuvets (for visible range spectrophotometry).

2.6. Plasmid Isolation From Yeast (Smash and Grab)

1. Phenol:chloroform.
2. Smash and Grab lysis buffer: 2.5 M LiC1, 50 mM Tris-HCl (pH 8.0), 4% Triton

X-100, 62.5 mM Na2 EDTA.
3. Ethanol (amount will vary based on number of samples tested).
4. 3 M sodium acetate.
5. Luria Broth agar plates with ampicillin (100 µg/mL).

2.7. Other Reagents

1. Y-Per® yeast protein extraction kit (Pierce) for protein extraction.

2.8. Major Equipment

1. Incubators for growing liquid cultures and plates at 30°C.
2. Agitator or roller drum for aerating liquid cultures.
3. Water bath at 42°C.
4. Centrifuge for spinning large volumes (up to 500-mL bottles).
5. Microcentrifuge.
6. Plating wheel.
7. Electroporator equipped for bacterial and yeast transformation with 0.2-cm gap

cuvets for yeast and 0.1-cm gap cuvets for bacteria.
8. Spectrophotometer.

3. Methods
3.1. Identifying Interacting Proteins Using the Yeast Two-Hybrid Screen

Because this volume provides methods for studying signaling pathways, we
have chosen to describe the protocol for a yeast two-hybrid screen used to
identify interacting proteins for a protein involved in these processes. In addi-
tion to identifying raf as a ras interacting protein (7), this screen also has been
used successfully to identify interacting proteins for the daughterless transcrip-
tion factor, the E2F1 transcription factor (8) and a novel developmental protein
that shuttles between the nucleus and cytoplasm, FAC1 (9,10). The protocols
provided here are applicable to any yeast two-hybrid system with minor modi-
fication. Whether using a commercial kit or another system described in the



216 Jordan-Sciutto and Montgomery

literature, we hope these protocols augment instruction materials in the litera-
ture and provide alternative approaches.

The basic outline of the protocol is to (1) generate a bait vector and choose a
library (prey); (2) transform the bait and prey vectors into a reporter yeast
strain; (3) screen the resulting colonies for interaction by assessing activation
of both reporters; (4) remove false-positives; and (5) identify real-positives
and confirm interaction.

3.2. Choosing the Bait Plasmid

Although screening your clones for true-positives is critical, the most im-
portant aspect for a successful yeast two-hybrid screen is choosing the appro-
priate bait. Before initiating the screen, it is necessary to first determine whether
the protein of interest will work as bait in the system. First, you must choose a
bait vector. For the screen described here, we will use the BTM116 vector
(Fig. 2), designed by Paul Bartel and Stan Fields (11). The features of this
vector include: origins of replication for both yeast and bacteria; ampicillin-
resistance gene for selection in bacteria; the TRP1 gene, which will allow
growth of auxotrophic yeast strains on plates lacking the amino acid trp; and
the Lex A DBD followed by a polyinker for inserting your bait cDNA (Fig. 2,
see Note 1 for choosing DBDs).

At this point, we suggest analyzing the bait with regard to the following
parameters:

1. Endogenous transcriptional activation.
2. Interaction with the AAD.
3. Production and stability of fusion protein.
4. Nuclear entry (see Note 2).
5. Hydrophobic domains.

Other concerns are discussed in the under Subheading 4. (see Notes 3–5).
To address these concerns, we suggest creating a panel of “bait” vectors that
can be assessed for each of the above criteria. In addition to the full-length
protein, we suggest making overlapping deletion mutants based on known func-
tional motifs and predicted secondary structure (an example is shown in Fig.
3). Once you have chosen the “baits” you plan to make, clone them via stan-
dard cloning methods into BTM116. Be sure that your cDNA sequence is in
the same translational reading frame as the Lex A DBD. The panel of baits will
not only help you determine what will work best in the screen, but will provide
you with an immediate tool to evaluate the interaction domain for any identi-
fied binding partners at the end of the screen.

To determine whether your protein has endogenous transactivation abilities,
transform BTM116-bait into yeast cells of the L40 yeast strain using the small-
scale lithium acetate transformation (see Subheading 3.4.1.). Plate half the
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Fig. 2. Example of bait vector features. The map for the bait vector described in this
protocol is shown here. The cDNA for the Lex A DNA-binding domain (Lex A) is
upstream of a polylinker for inserting the cDNA of interest. The reading frame of the
polylinker is shown below the map with unique restriction sites for cloning. This vec-
tor also encodes the yeast TRP1 gene for autotrophy on tryptophane lacking plates,
yeast, and bacterial origins of replication (ori and 2µ), and an ampicillin-resistance
gene for maintenance in bacteria.

Fig. 3. Example of bait analysis with regard to transactivation of the two-hybrid
yeast reporter, Lac Z. Bait plasmids encoding amino acids 1–437, 1–121, 88–241, or
241–437 of a hypothetical transcription factor were introduced into yeast and assayed
for β-galactosidase activity (Lac Z activity). Shown is the relative activation of Lac Z
using various deletion constructs. Based on the basis of these results, the bait that will
work best in the screen will encode amino acids 1–121, whereas 241–437 likely con-
tains an acidic activation domain.
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transformation on agar plates lacking trp and half on a plate that lacks trp and
his (the reporter in L40 for activation from the Lex A binding sites). If the bait
alone leads to growth on both the bait selected media (SD/trp–) and the bait/
reporter selected media (SD/trp–, his–), it is activating transcription of the reporter
gene in the absence of the library. To determine the strength of activation, we
recommend using the quantitative β-galactosidase activity assay (see Subhead-
ing 3.6.2.2.). For the screen, choose a bait that allows minimal or, ideally, no
activation of Lac Z or the autotrophic reporter, his. As a control, include yeast
transformed with BTM116 alone. This should be completely silent in the screen.
In Fig. 3, the ideal construct to be used as a bait would include amino acids 1-
121 of the hypothetical proteins shown. It is also valuable to have a positive
control, such as a bait vector with the AAD fused to the DBD. We use BTM116-
VP16, which has the VP16 AAD cloned in frame with the Lex A DBD. This
will give positive growth on both plates and high activation in the β-galactosi-
dase assay.

To determine whether your bait interacts with the transcriptional activation
domain, transform yeast (again using the small-scale lithium acetate transfor-
mation protocol; see Subheading 3.4.1.) with BTM116-bait and the plasmid
used for the library, but with no inserted cDNA (pVP16). Plate half the trans-
formation on agar plates selecting for these two plasmids (SD/trp– and leu–).
Plate the other half on a plate that lacks the two amino acids that allow selection
of the bait and library vector, as well as the reporter amino acid (SD/trp–, leu–,
and his–). If a bait allows growth on the plate lacking his, as well as the control
plate (lacking only the plasmid markers), it is likely that the bait is interacting
with the AAD. As a control, include the bait vector without your protein of
interest (BTM116) in combination with the library vector (pVP16). If you have
a control that contains two known interacting proteins (one in the bait and one
in the prey vector) this would serve as a good positive control and assist in
identifying false-positives. We use BTM116-daughterless and pVP16-myo D.

To determine whether your bait fusion protein is produced and stable, make
protein extracts from yeast transformed with the bait plasmid, BTM116-bait
using the Y-Per yeast protein extraction kit (Pierce) following the manufacturer’s
instructions. Immunoblot the protein extracts for the DBD or the bait if an
antibody is available for the protein domain you are investigating. As a con-
trol, assess expression of the DBD from the bait vector (pBTM116) without
your gene of interest.

Methods to determine whether your protein is getting into the nucleus have
been devised but are not available for the screen described here (12). If such an
assay is available for your system, please use it to determine nuclear localiza-
tion of your protein of interest. In the assay described here, a nuclear localiza-
tion signal (NLS) is present in the library vector (pVP16), which should
transport the bait protein to the nucleus if it is interacting with the protein pro-
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duced from the library cDNA contained in the vector. To determine whether
the NLS is sufficient for delivery of the bait to the nucleus, we recommend
cloning the bait in frame with the AAD of the library vector (pVP16-bait),
which will produce a bait-VP16 fusion protein. Again, transform yeast with
this vector and plate half on SD/leu– and half on SD/leu–– his– agar plates. If
your protein is still excluded from the yeast nucleus, then it will not activate
transcription of the reporters leading to inability to grow on the plates lacking
his and reducing Lac Z activity via the quantitative β-galactosidase activity
(see Subheading 3.6.2.2.). This activity should be compared with yeast trans-
formed using a vector containing the AAD alone (pVP16 alone) as a negative
control and the DBD fused to the AAD (pVP16-LexA) as a positive control.

Hydrophobic domains are notoriously promiscuous in the yeast two-hybrid
screen. We recommend two ways of assessing them. The first is to use known
algorithms to predict hydrophobicity of the bait protein (Kite Doolittle, etc).
The second is to do a pilot transformation with the library and bait. Using the
small-scale lithium acetate transformation (yielding <10,000 transformants),
transform L40 yeast cells with BTM116-bait and the pVP16-library. Plate a
small aliquot to determine the number of transformants on SD/trp–, leu–, and
ura– agar plates (ura– selects for cells to maintain the His3 reporter contruct).
Plate the remaining transformation on SD/trp–, leu–, his–, ura–, and lys–) agar
plates. Few interactors should be identified. If more than 0.1% of the
transformants are positive on the plates lacking his, then the background of
your screen is too high for that bait, which may be attributable to hydrophobic
or other “sticky” domains. By doing a pilot first, you will not waste time sifting
through the 6000 or more clones that would come up in a full genome-wide screen.
Once you have identified a bait that is usable in the screen and minimizes false-
positives, you are now ready to consider what library you will use.

3.3. Plasmids for Prey: The Library
With commercially available kits come commercially available libraries.

Undoubtedly, purchasing a library is easier than making your own. It is not the
purpose of this protocol to explain how to make a cDNA plasmid library; how-
ever, we felt we would be remiss if we did not at least mention this part of the
protocol. Your library choice will be dependent on your experimental system
of interest and individual hypothesis.

Key features of the library that we will discuss are in regard to the vector in
which such a library will be cloned. The library vector, or “prey,” for the two-
hybrid screen should have several main features. First, it should contain a
selectable marker for growth in yeast. This marker will likely provide autotro-
phy for a specific amino acid (as other yeast markers described to this point).
In our screen, the library was cloned into the pVP16 vector (generated by Stan
Hollenberg), which has the LEU2 gene, allowing growth of auxotrophic yeast



220 Jordan-Sciutto and Montgomery

on leu– agar plates. Second, it should contain an AAD with a multiple cloning
site at the carboxy-terminus for inserting the cDNA library. It also should con-
tain a selectable marker for growth in bacteria and necessary bacterial and yeast
origins of replication. Shuttling the vector to Escherichia coli is necessary for
analysis and maintenance after identification in the screen. Although our sys-
tem does not have this feature, some systems will include an additional select-
able marker in the library (prey) vector that provides a selective advantage in
E. coli over the bait plasmid. This marker facilitates isolation of the prey plas-
mid after completion of the screen. The most common is a cyclohexamide
selection marker found in commercially available library vectors.

3.4. Yeast Transformation

Similar to bacterial transformation, yeast transformation is the introduction
of a DNA plasmid with a selectable marker into yeast. In the case of yeast, the
selectable marker usually is an enzyme that allows growth of yeast in the
absence of an amino acid or nucleic acid. Here, we list three methods for trans-
formation. The small-scale transformation is for introducing your bait vector
prior to initiating the screen and the controls before and after the screen. There
also are two methods for large-scale transformation: lithium acetate and
electroporation. Electroporation has been the method of choice for us, but oth-
ers have reported great success with lithium acetate. For this reason we offer
both (see Note 6).

3.4.1. Small-Scale Transformation by Lithium Acetate

This protocol (adapted from ref. 13) is used to introduce the bait plasmid
into yeast in preparation for introduction of the library. Generating a strain
containing the bait plasmid increases number of yeast transformed with both
the bait plasmid and a library plasmid. However, this protocol can be used to
introduce any vectors into yeast and is useful in several other aspects of this
protocol as well (i.e., determining specificity of interaction between bait and
prey, determining if a bait is appropriate for the assay).

1. Grow yeast cells to an optical density (OD) at a wavelength of 595 (OD595) = 1.0
in YPAD (ODs from 0.7 to 3.0 have been used but cells must be in log phase
growth). For three transformations, grow a 40-mL culture.

2. Pellet cells via centrifugation at 1500g, discard supernatant, and resuspend yeast
cells in freshly made 1X TE (pH 7.5), 0.1 M LiOAc solution to one-fourth of the
original culture volume. Fresh solutions are ideal.

3. Pellet cells and resuspend to a density of 2 × 109 cells/mL in 1X TE, 0.1 M LiOAc.
For a 40-mL culture, this equals 600 µL.

4. Add 200 µL of cells to a microcentrifuge tube containing 150 µg of salmon sperm
DNA and 200 to 500 ng of transforming DNA (i.e., BTM116-bait) and mix
thoroughly.
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5. Add 700 µL of 1X TE, 0.1 M LiOAc, 40% PEG 3350, and mix thoroughly with
pipet (do not vortex). Incubate for 30 min at 30°C with gentle shaking (roller drum).

6. Heat shock for 15 min at 42°C.
7. Spin for 30 s in a microcentrifuge at 14,000g and aspirate all but 100 µL of the

supernatant.

Resuspend cell pellet in 100 µL with P1000 pipet tip and plate. If you are
using greater than 1.0 µg of DNA and spreading over several plates, you may
want to spread the cells directly after heat shock, i.e., no pelleting.

3.4.2. Large-Scale Transformation by Lithium Acetate

Before introducing the library vector, the bait plasmid is first introduced
into the yeast strain by small-scale lithium acetate yeast transformation
(adapted from ref. 7) and selected for on appropriate agar plates (in our case
SD/trp–). The resulting strain is used to transform the library.

1. Grow a 2-mL culture of the yeast strain with bait overnight at 30ºC in media
selecting for the bait plasmid and any other features of your yeast strain (i.e.,
SD/trp– and ura–).

2. Inoculate 100 mL of the same medium with an aliquot of the overnight culture
from above and grow at 30ºC overnight. The goal is to find a dilution that places
the 100-mL culture at mid-log phase (OD600 = 1) the next day. Yeast double
approximately once an hour, so dilute back to an OD that will yield a culture with
an OD between 1 and 3 when you arrive the next morning.

3. Inoculate 1 L of YPAD (prewarmed to 30ºC) with the culture from step 2 (OD at
600 nm should be approx 0.3). Grow at 30ºC for 3 h. If the cells were in mid-log
phase and the bait does not inhibit growth, they will more than double during this
period.

4. Pellet cells at 1500g for 5 min at room temperature. (A fixed angle rotor gives
better recovery.) Decant supernatant.

5. Resuspend pellet in 500 mL of TE. Respin.
6. Resuspend pellet in 20 mL of 100 mM LiAc/ 0.5X TE.
7. Add DNA mixture: 1.0 mL of 10 mg/mL denatured salmon sperm DNA and 500

µg of library plasmid DNA and mix. (Mini-prep DNA that has been phenol-
extracted works well as yeast transform better if the DNA is not perfectly “clean.”
Therefore, RNase treatment of the library DNA is not necessary or desirable.)

8. Add 140 mL of 100 mM LiAc/40% PEG-3350/1X TE. Mix well. Incubate 30 min
at 30ºC.

9. Place into a sterile 2-L beaker and replace foil cover. Add 17.6 mL of dimethyl
sulfoxide and swirl to mix. Heat shock at 42ºC in a water bath for 6 min, with
occasional swirling to facilitate heat transfer. Immediately dilute with 400 mL of
YPA (no glucose) and rapidly cool to room temperature in a water bath.

10. Pellet cells at 1500g for 5 min at room temperature.
11. Wash cells with 500 mL of YPA.
12. Resuspend pellet in 1.0 L of prewarmed YPAD. Incubate at 30ºC for 1 h with gentle

shaking. This step gives about a threefold increase in transformation efficiency.
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13. Remove l.0 mL to a microcentrifuge tube. Pellet cells, remove supernatant, and
resuspend in l.0 mL of media selecting for the bait and prey plasmids, but not
interaction (SD/trp–, ura–, and leu–). Plate 10 µL and 1 µL (= l/105 and 1/106 of
total) on media selecting for both plasmids, but not the interaction (SD/trp–,ura–,
and leu–). This measures the primary transformation efficiency. This protocol
should give 10 to 100 million transformants.

14. Pellet the liter of cells as in step 10. Resuspend pellet in 500 mL of media select-
ing for the bait and prey plasmids (SD/trp–,ura–, and leu–). Re-spin and resuspend
pellet in l L of prewarmed media, again selecting for the bait and prey plasmids.
Shake at 30°C for 4 to 16 h. The plating efficiency for activating pairs on the
screen selection marker plates appears to dramatically increase some time during
this recovery period. At 4 h, the plating efficiency was measured at approx 5%
and increased to 50% at 16 h. A shorter recovery period is more desirable and
will be sufficient if the primary transformation efficiency is high enough.

15. Pellet cells at 1500g for 5 min at room temperature.
16. Wash cells twice with full-selective media (SD/trp–, leu–, ura–, lys–, and his–).

Resuspend final pellet in 10 mL of full-selective media (SD/trp–, leu–, ura–, lys–,
and his–).

17. Plate aliquots on full-selection agar plates (SD/trp–, leu–, ura–, lys–, and his–). If
the density is too high, the true-positive clones will grow poorly. Therefore, the
optimal plating volume is dependent on the recovery time. With a 4-h recovery,
plate 50 or more plates at 100 µL/plate. With a longer recovery time in SD/ura–,
trp–, and leu–), the cells will have divided a number of times, therefore plate de-
creasing volumes, such as 100, 50, 25, 10, and 5 µL (10 plates for each volume).
Typically, approx 10 to 100 µL will give good colony outgrowth, although this
number is dependent on the number of doublings during the overnight incubation
and the overall transformation efficiency. Also plate l/106 and 1/107 of the total
transformation reaction on plates selecting for just the bait and prey plasmids
(SD/trp–, leu–, and ura–) as in step 13. Compare the number of transformants on
these plates with the number of primary transformants from step 13. This allows
a calculation of the number of doublings and the percentage of His+ colonies
which should be screened to roughly cover the number of primary transformants,
although this must be corrected for plating efficiency.

3.4.3. Transformation by Electroporation

This protocol (adapted from ref. 14) resulted in the best transformation effi-
ciency in the most time efficient manner. Thus, this is our method of choice.
However, you should determine which protocol gives you the best efficiency
(see Note 6).

1. Transform the yeast strain with the “bait” plasmid of interest (BTM116-bait)
using the small-scale lithiumacetate method described previously (i.e., Subhead-
ing 3.4.1.).

2. Innoculate 500 mL of YPAD with the two-hybrid yeast strain (L40) with the bait
vector and grow to an OD595 of 1.3 to 1.5.
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3. Divide the tube into two 250-mL centrifuge bottles and spin at 3000g for 5 min at
4ºC. Discard the supernatant.

4. Resuspend each pellet in a total of 250 mL of ice-cold sterile water.
5. Centrifuge at 3000g for 5 min at 4ºC.
6. Resuspend each pellet in 100 mL of ice-cold sterile water, combine in one bottle

and fill to 250 mL.
7. Centrifuge at 3000g for 5 min at 4ºC as described previously and discard super-

natant.
8. Resuspend in 20 mL of ice-cold, 1 M sterile, filtered sorbitol and transfer to

smaller (i.e., 50 mL oak ridge) centrifuge tube.
9. Centrifuge at 3000g for 5 min at 4ºC. Discard the supernatant.

10. Resuspend yeast pellet by pipetting in 500 µL of sorbitol (keep on ice). The final
volume varies from 1 to 1.5 mL.

11. In separate microcentrifuge tubes (there are usually enough competent cells to do
45 electroporations), add 40 µL of the competent cell mixture. (Be sure to mix
each time before aliquoting the cells. The mixture is very dense and settles
quickly.) Add 200 ng of library DNA to microcentrifuge tubes. Leave one tube
without DNA for a “no DNA” control. Allow to sit on ice 10 min.

12. Transfer tube contents to 0.2-cm sterile electroporation cuvet. Tap to bottom.
13. Pulse at 1.5 kV, 25 uF, 200 Ω.
14. Immediately add 500 µL of ice-cold, 1 M sorbitol to the electroporation cuvet

and transfer back to Eppendorf tube. For large-scale electroporations, you can
combine all the electroporations into a single 50-mL conical (Note: Remember
to keep a “no DNA” transformation control in a separate tube). This step gives an
average transformation efficiency without having to plate a transformation effi-
ciency control for each sample.

3.5. Plating on Selective Media

1. To determine the transformation efficiency for extrapolation to total cDNAs
screened, plate 10 µL and 50 µL of transformed yeast on plates containing the
Bait:Prey interaction marker (i.e., SD/trp–, leu–, and ura–).

2. Spread the remaining cells on plates lacking the interaction marker (SD/trp–, leu–,
ura–, lys–, and his–), 200 µL /10-cm plate or 500 µL /15-cm plate. These plates are
your actual screen. (Note: For electroporated libraries: although the original
electroporation protocol suggests including 1 M sorbitol in the plates, we have
obtained 10-fold better efficiency without sorbitol using the L40 yeast strains
and plasmids. However, this efficiency may be dependent on the strain used. If
transformation efficiency is poor, try including 1 M sorbitol in the plate recipe
for transformation by electroporation. Expect approx 6000 transformants from
200 ng of DNA.)

3.6. Screening Positive Clones

Once the initial screen is complete, it is necessary to verify that isolated
clones are true positives. There are four phases to this:
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1. Restreaking identified colonies on selective plates and assaying for β-galactosi-
dase activity.

2. Retransforming isolated prey vectors with the bait vector into fresh yeast.
3. Introducing the identified prey vector with the bait vector lacking the gene of

interest or containing an unrelated gene to verify that the prey is not interacting
with the DBD independent of the protein of interest.

4. Introducing the identified prey vector with no bait vector to determine if the prey
binds the promoter of the reporter independent of the DBD.

3.6.1. Replating on Selective Media

Positive colonies from an initial screen are streaked in a grid to new selec-
tive plates (SD/trp–, leu–, ura–, lys–, and his–; see Fig. 4). Plates are grown at
30ºC until the yeast are visible (usually 2–3 d), which serves two purposes.
The first is to weed out false-positives caused by overplating. If yeast cells are
plated to densely, there will sometimes be growth even though the yeast are not
truly autotrophic for the marker. This grid also serves as a template to assay for
the second reporter for the yeast system, Lac Z. Colonies that grow are assayed
for β-galactosidase activity as described in the following section.

3.6.2. β-Galactosidase Assay

The β-galactosidase assay is used as a secondary screen to amino acid
autotrophy. This assay was included in the screen to remove false-positives
resulting from prey containing a DNA binding domain interacting with the

Fig. 4. β-Galactosidase screening of HIS3-positive clones from the yeast two-
hybrid screen. HIS+ colonies are streaked to a grid on agar plates lacking histidine
(left panel). Positive yeast will grow and yield white colonies. Streaked yeast are
lifted onto a nitrocellulose filter and assayed for LAC Z activity. Yeast streaks that
turn blue (depicted in gray) should be considered for further analysis (right panel).



The Yeast Two-Hybrid Screen 225

promoter independent of the bait. It weeds out a fair amount of these false-
positives and is worth doing. The filter assay is recommended for mass screen-
ing. We also include a quantitative assay for determining relative affinity of
the inter- action, which can aid in determining which clones to pursue follow-
ing the screen.

3.6.2.1. β-GALACTOSIDASE COLONY ASSAY FOR LARGE-SCALE SCREENING (FILTER ASSAY)

This assay can be used to assay the grid of positives restreaked to selective
media in the previous step. If there are a large number of positive colonies that
make restreaking prohibitive, nitrocellulose filters can be applied directly to
the screen plates and assayed for β-galactosidase activity. When using this ap-
proach, remember to mark the plate and nitrocellulose for orientation so you
can go back and isolate the original colony. We do this by poking three asym-
metric holes through the filter and agar using a syringe needle dipped in black
India ink, which will limit the number of colonies that need to be restreaked to
selective media.

1. Place a dry circular nitrocellulose filter onto yeast colonies grown in plates. This
filter should be the same size and shape as the plate. In our case, we use 10-cm
diameter circular filters for our 10-cm Petri dishes.

2. Remove filter and place colony side up on a precooled aluminum boat floating in
a sea of liquid nitrogen. After 30 s, immerse boat and filter for 5 s. Remove filter
and place at room temperature, colony side up, until thawed.

3. Prepare a Petri dish for the reaction. In the lid of a 10-cm dish, place 3 mL of Z-
buffer containing 50 µL of 50 mg/mL X-gal. Place two no. 1 Whatman filter
circles in the Z-buffer, followed by the nitrocellulose filter, colonies facing up.
Try to avoid air bubbles. Cover with the bottom of the dish and place at 30ºC. For
longer incubations, the Petri dish should be placed in a humidified chamber.
Strong interactions yield detectable color in less than 30 min.

4. The original agar plates should be incubated at 30ºC overnight to regrow the
colonies lifted by the filter for the assay. Recover viable cells from Lac Z-posi-
tive colonies by lining up the filter with the original agar plate. We have found
that placing asymmetric holes in the filter paper with a syringe needle dipped in
India ink aids in realigning the colonies with the filter paper.

3.6.2.2. Quantitative β-Galactosidase Activity Assay

This is an in vitro assay for β-galactosidase activity in yeast (adapted from
ref. 15) via preparation of crude extract. Activity is then normalized to the
amount of protein assayed. This quantitative approach allows determination of
relative interaction affinity. It is also useful for determining endogenous
transactivation potential of the bait (see Subheading 3.2.). It should be men-
tioned that commercial kits also are available for generating extracts for this
assay (i.e., Y-Per from Pierce). Although we have not used these kits for this
purpose, it is likely they will work as well as the method described here.
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1. Grow a 5-mL culture of cells to 1 to 2 × 107 cell/mL in media selective for both
the bait and prey vectors.

2. Chill cells on ice and harvest by centrifugation (between 1000 and 1500g for 5
min in a clinical centrifuge is adequate). Keep cells on ice from this point on.

3. Resuspend in 250 µL of breaking buffer. Cells can be frozen at –20°C and
assayed at a later date. All of the following steps can be performed in a 1.5-mL
microfuge tube.

4. If cells have been frozen, thaw on ice. Add glass beads (0.45–0.5 mm) to fill
liquid to the meniscus. Add 125 µM of phenylmethylsulfonylfluoride to a final
concentration of 1.25 µM .

5. Vortex at top speed, six times for 15 s. Chill on ice between bursts.
6. Add 250 µL of breaking buffer to the beads. Mix well and withdraw the liquid

extract by plunging the tip of a 1000-µL pipetter to the bottom of the tube. Place
extracted solution into a new tube.

7. Clarify the extract by 15-min centrifugation in a microcentrifuge at 14,000g.
8. The assay is performed by adding 10 to 100 µL of extract to 0.9 mL of Z-buffer

with 0.03 M β-mercaptoethanol (added fresh and brought to pH 7.0 with NaOH).
Bring volume to l mL with breaking buffer. The tube containing the mixture is
incubated at 28°C in a water bath for 5 min and the reaction is initiated by addi-
tion of 0.2 mL of ONPG (4 mg/mL in H2O, sterile filtered and stored at –20ºC).
Carefully note the time of addition. Incubate at 28°C until the mixture has
acquired a pale yellow color. Terminate the reaction by adding 0.5 mL of 1 M
Na2CO3 and note time. Measure the OD at 420 nm.

9. Measure the protein concentration in the extract using the dye-binding assay of
Bradford (16). Dilute the Bradford reagent fivefold. Filter the diluted reagent
through Whatman 540 paper or equivalent. To 1 mL of diluted reagent, add 10 to
20 µL of extract and mix. Measure the blue color formed at 595 nm. Use dispos-
able plastic cuvets to prevent the formation of a blue film. Prepare a standard
curve using several dilutions (0.l to 1 mg/mL) of bovine serum albumin dissolved
in breaking buffer. Typical extracts prepared in this fashion contain 0.5 to l mg
per milliliter of protein.

10. Express the specific activity of the extract according to the fo1lowing formula:

OD420 × 1.7/0.0045 × [protein] × extract volume × time

where OD420 is the OD of the product o-nitrophenol at 420 nm. The factor 1.7
corrects for the reaction volume. The factor 0.0045 is OD of a 1 nmol/mL solu-
tion of o-nitrophenol. Protein concentration is expressed as milligrams per milli-
liter. Extract volume is the volume in milliliters; time is in minutes. Specific
activity is expressed as nanomoles per minute per milligram of protein.

3.6.3. Isolation of Plasmids From Yeast

For the rest of the false-positive controls, the library plasmid DNA needs to
be extracted from yeast and transferred to E. coli (see Note 7). We recommend
the following procedure nicknamed the “smash and grab” (adapted from ref. 17).



The Yeast Two-Hybrid Screen 227

1. Grow a 5-mL culture overnight in media selecting only for the library (prey)
plasmid (SD/leu–). By using media that selects for the prey plasmid while not
selecting for the bait plasmid, some of the yeast will spontaneously lose the bait
vector in some of the yeast cells. Spread 50 µL of a 1:10,000 dilution of this
culture on SD/leu– agar plates. After growth, replica plate to SD/trp– plate and
then to a fresh SD/leu– plate. Pick a colony that grows on the SD/leu– plate, but
not the SD/trp– plate to 5 mL of SD/leu– media. Such a colony will have lost the
bait vector and now allow for isolation of the library vector only.

2. Pellet the yeast at 1500g at room temperature for 5 min
3. Resuspend pellet in 0.3 mL of lysis buffer and transfer to 1.5-mL tube. Add

approx 150 µL of glass beads (0.45–0.50 mm) and 0.3 mL of phenol/chloroform.
(Remove any beads adhering near the top of the tube as they will provide a channel
of escape for phenol during the next step). Vortex the tubes vigorously for 1 min.

4. Pellet debris in a microcentrifuge for 1 min.
5. Transfer aqueous phase to a new tube. Precipitate DNA by adding 2 volumes of

200 proof ethanol and one-tenth volume of 3 M sodium acetate, storing at –20°C
for 40 min, and microcentrifuging at top setting at 4°C for 20 min. Wash with
70% ethanol.

6. Resuspend DNA pellet in 25 µL of TE and electroporate E. coli cells with 1–2
µL. (Notes: The yeast miniprep also can function as a template for polymerase
chain reaction amplification of cDNA inserts. Include 0.1% Tween-20 in the
reaction mix. Amplification of cDNA inserts using surrounding vector sequence
will allow subcloning into another vector useful for subsequent analysis (i.e.,
glutathione-S-transferase fusion vector).

7. Plate on luria broth plates with appropriate bacterial selection marker (ampicillin
is most common).

8. Make bacterial stocks of clones (add 15% glycerol to growing culture and freeze
at –80°C. Isolate DNA from bacteria via miniprep for reintroduction into yeast to
screen for false-positives.

3.6.4. Reintroducing Positive Clones and Ruling Out False-Positives

Once the plasmids have been isolated from yeast and stored in bacteria, it is time
to rule out the potential false-positives outlined in Subheading 3.2., items 2–4.

Yeast cells that are auxotrophic for a marker can revert to autotrophy as the
result of recombination at the reporter locus. To rule out false-positives caused
by reversion, we recommend transforming fresh yeast cells with the bait and
each identified prey vector, which has been transferred to E. coli and purified
by DNA miniprep. Using the small-scale lithium acetate transformation proto-
col (Subheading 3.4.1.), transform the yeast with the two vectors simulta-
neously and plate half on plates lacking only the amino acids for the vector
selectable markers (SD/trp– and leu–) and half on plates also lacking the amino
acid for which the interaction reporters renders the yeast autotrophic (SD/trp–,
leu–, ura–, lys–, and his–). Only prey that yield colonies positive on both plates
should be pursued further.



228 Jordan-Sciutto and Montgomery

Simultaneously with the previous transformation, include a control for
interaction between prey and the DBD. In this case, the isolated prey vector is
transformed into yeast cells with the bait vector lacking the actual bait
(BTM116) or containing an unrelated bait (i.e., BTM116-daughterless). Trans-
formed yeast should not grow on plates lacking his. If it does grow, it indicates
that the prey is interacting with the DBD or the fusion domain and not the
protein of interest. It may also be interesting at this stage to include bait-dele-
tion mutants generated at the beginning of the protocol to determine whether
the prey interacts specifically with a domain within the bait.

Finally, the prey vector should be transformed into L40 yeast by itself. Half
of the transformed cells should be plated on media selecting for the prey vector
alone (SD/leu–) and the remaining half should be plated on media lacking the
amino acid to select for both the vector and the interaction reporter (SD/leu–

and his–). This step will determine whether the prey is activating transcription
by directly binding the reporter promoter. Again, this control can be performed
at the same time as the two previous screens to rule out false-positives but must
be plated on different selective media.

3.6.5. Analysis of Positive Interactors

Prey that meet all the aforementioned outlined criteria are strong candidates
for true interaction (see Note 8). If the screen is working well, you should
expect between 0 and 100 true-positives. This level provides a workable num-
ber of proteins to follow up. At this point, the cDNA should be identified by
sequencing of the prey plasmid now stored in E. coli. Further experimentation
should be performed to verify the interaction biochemically and functionally.
Also, some logic should be applied to determining authenticity of a clone, as
well as empirical determinations. Based on known protein abundance (see Note
9), known function (see Note 10), or strength of interaction (see Note 11) some
clones determined to be true-positive may need to be reconsidered. These cri-
teria will aid in determining which interacting proteins to pursue first.

If this version of the protocol does not yield positive clones (see Note 12) or
yields too many positive clones (see Note 9), it is possible that another yeast
screen is more appropriate for your protein of interest, or that another approach
will be necessary.

4. Notes
1. It is important to consider the features of the bait plasmid you plan to use in the

screen. There are now numerous such plasmids available each with a unique fea-
ture making it more or less desirable for use. The most basic divergence in vec-
tors is the choice of DBD used for producing the fusion protein. By far the most
common DBDs used are the E. coli Lex A DBD and the yeast Gal4 DBDs. We
feel the Lex A DBD has several advantages over the Gal4. First, Lex A is not
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conserved or normally expressed in yeast. Thus, there is no need to remove the
Lex A gene from the yeast genome. The Gal 4 domain must be used in Gal4–

yeast, which do not grow as well as their wild-type counter parts. There are few,
if any, yeast proteins that will affect Lex A function in yeast, unlike Gal 4.
Finally, because Lex A also is not conserved in higher eukaryotes, it has very few
spurious interactions with the expressed library proteins (indeed only one has
been reported to date). Thus, Lex A provides a low background for the screen
with fewer concerns for yeast growth.

2. Another problem may be that the bait does not enter the nucleus. This step is
especially crucial for proteins that are normally cytoplasmic or membrane bound.
The first suggestion is to use a bait vector that has a NLS. Because the NLS
functions through protein interactions, it will increase the numbers of clones that
are not specific to the protein of interest. However, these will be easily detected
as prey that gives a positive with the bait vector lacking the protein of interest
(see Subheading 3.6.4.). Another reason your protein of interest may not get into
the nucleus is the presence of domains targeting your protein to membranes. If
there are known transmembrane- or membrane-binding domains, it is recom-
mended that these be removed. Not only will they interfere with nuclear entry,
but they will create a high background in the screen.

3. Whether using Lex A or Gal4, addition of your protein of interest to the fusion
creates a “fusion domain.” This protein sequence, which occurs at the juncture
between the DBD and the bait protein, has been reported to create false-positives
in the screen. To begin to address this, we suggest making deletion constructs
containing smaller parts of the protein. If the interaction is owing to spurious
interaction at the “fusion domain,” it should not bind to any of the deletion mu-
tants created. We also recommend verifying interaction in an independent sys-
tem, such as gluthathion-S-transferase fusion protein affinity column pull-down
assays, coimmunoprecipitation, or verification in a yeast two-hybrid system us-
ing a different DBD.

4. Low protein stability can also be a problem, especially for large proteins. If a
protein contains a domain known to decrease stability, this may be deleted. If
not, simply using a shorter stretch of the protein will increase stability.

5. Whether you suspect your protein to have hydrophobic or nonspecific interac-
tions, we feel it is a good idea to do a pilot library screen first (described in
Subheading 3.1.). This will give you an idea of how many positive clones to
expect in the real screen and determine if the bait you have chosen will give a
manageable number of positive interactors.

6. Before doing an all-out large-scale library screen, we recommend practicing both
library transformation protocols on a small scale. This will help you determine
which protocol is best for you without wasting library DNA. It will also help you
determine whether you need to scale up your transformation to screen the library
fully (you should aim for a transformation protocol that yields 10,000 to 100,000
transformants/µg DNA).

7. New screens use mating strategies to remove the time-consuming shuttling of the
prey vector into E. coli. These strategies are not available for the screen dis-



230 Jordan-Sciutto and Montgomery

cussed here, but should be considered if using a system in which they are avail-
able. However, in the end, you will want any clones of interest shuttled to E. coli,
so this aspect of the protocol is still necessary.

8. Once interacting prey cDNAs have been shuttled to E. coli, the inserts can be
characterized by enzyme restriction mapping, which will give an idea of how
many duplicate clones you have identified prior to sequencing.

9. If your protein of interest binds to an abundant protein (such as cytoskeletal com-
ponents), these clones may swamp out rare and lower affinity interactions. In this
case, the screen may be of less use to you. However, if among the 100 clones you
identify from screening 1 million yeast colonies, only one clone is actin, it is
unlikely that this is a true interaction. Abundant proteins should be identified
more frequently among the true-positives than rare proteins.

10. Because yeast are eukaryotes, there are a fair number of proteins conserved with
mammalian proteins. If your screen is not working, it is possible that yeast pro-
teins are interfering with your bait (i.e., sequestration, modification, degradation,
etc.). Some of these may make your protein unsuitable for use in the yeast two-
hybrid screen.

11. After transformation of the library, the number of days plates are left in the incu-
bator will determine how many positive clones you get. Normally, yeast colonies
will appear 2 to 3 d after transformation. If left longer, the more colonies will
grow over time. It may be useful to pick early-positives and delineate between
them and late-positives. Late-positives may indicate weaker interaction. It is up
to you and the volume of positives you have as to how many clones you are
willing to analyze.

12. Because yeasts are a single-cell organism, it is also possible that modifications
needed for interaction are not present. A yeast tri-hybrid (tribrid) screen is now
available for interactions that require a third party or modification, such as phos-
phorylation, not endogenously available in yeast.
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Analysis of PDZ Domain Interactions Using Yeast
Two-Hybrid and Coimmunoprecipitation Assays

Hyun Woo Lee, Jaewon Ko, and Eunjoon Kim

Summary
The PDZ domain is a protein–protein interaction module that interacts with a C-ter-

minal short peptide motif in its binding partners. A variety of methods have been used to
study PDZ domain interactions. This chapter details the two methods most commonly
used in the analysis of PDZ interactions: yeast two-hybrid and coimmunoprecipitation
assays. In addition, we discuss the features that must be considered for an efficient analy-
sis of PDZ interactions.

Key Words: PDZ; yeast two-hybrid; coimmunoprecipitation.

1. Introduction
The PDZ (PSD-95/Dlg/ZO-1) domain is a protein–protein interaction mod-

ule that recognizes a C-terminal short peptide motif in the target proteins (1,2).
The PDZ domain is an approx 90-amino-acid region that folds into a globular
structure containing six antiparallel β-strands and two α-helices. C-terminal
peptides bind to a groove in the PDZ domain. On the basis of the C-terminal
amino acid sequences of their peptide ligands, PDZ domains fall into three
classes: class I binds to peptides ending with -X-S/T-X-Φ (X, any amino acid
residue; Φ, hydrophobic residues); class II to peptides ending with -X-Φ-X-Φ;
and class III to peptides ending with -X-D/E-X-Φ (2).

PDZ domain-containing proteins are implicated in the organization of
macromolecular protein complexes containing membrane, signaling, and
cytoskeletal proteins at sites of cellular junctions, such as neuronal synapses
(1–7). This chapter describes two major and complementary methods for study-
ing PDZ domain interactions: yeast two-hybrid and coimmunoprecipitation. In
addition to experimental details, we also describe the features that must be
considered for an efficient analysis of PDZ interactions.



234 Lee, Ko, and Kim

2. Materials
2.1. Yeast Two-Hybrid Assay

1. Yeast two-hybrid vectors (Table 1).
2. Yeast strains (Table 2).
3. Salmon sperm DNA (10 mg/mL solution; Sigma, St. Louis, MO).
4. 1X TE (10 mM Tris-HCl + 1 mM ethylene diamine tetraacetic acid [EDTA],

pH 7.5).
5. 1X LiAc solution (100 mM lithium acetate, pH 7.5).
6. 50% Polyethylene glycol (PEG; Sigma). PEG-3000 or PEG-3500 is more effi-

cient than PEG-8000.
7. Dimethyl sulfoxide (Sigma).
8. Yeast peptone dextrose (YPD) medium: 20 g/L Bacto-peptone (BD, Sparks, MD),

10 g/L yeast extract (USB, Cleveland, OH), 2% glucose (Sigma). For the prepa-
ration of YPD plates, add 15 g/L agar before autoclaving.

9. –LT plate: 6.7 g nitrogen base, 100 mL of 10X Trp-Leu-His dropout mixture (see
step 10), 40 mL of 50% glucose, 10 mL of 200 mg/mL histidine, and 15 g/L agar.

10. –HLT plate: omit histidine from –LT and add 3-amino-1,2,4-triazole (3-AT) to a
final concentration of 2.5 mM. It is important to cool the media down to approx
55°C before adding 3-AT because it is destroyed at high temperatures.

11. 10X Trp-Leu-His drop-out mixture: 300 mg of L-isoleucine, 1500 mg of L-valine,
200 mg of L-adenine, 200 mg of L-arginine HCl, 300 mg of L-lysine HCl, 200 mg
of L-methionine, 500 mg of L-phenylalanine, 2000 mg of L-threonine, 300 mg of
L-tyrosine, and 200 mg of L-uracil per 1 L.

12. 1 M 3-AT.
13. X-Gal solution (Sigma): dissolve 5-bromo-4-chloro-3-indolyl-D-galactopyranoside

(X-gal) in N,N-dimethylformamide at 40 mg/mL. Store in the dark at –20°C.
14. Z-buffer: 16.1 g/L Na2HPO4·7H2O, 5.5 g/L NaH2PO4·H2O, 0.75 g/L KCl, and

0.246 g/L MgSO4·7H2O. Sterilize the solution by autoclave or filtration.
15. Whatman filter paper no. 1 (125 mm) (Whatman Ltd.; Maidstone, UK).

2.2. Coimmunoprecipitation

1. HEK293 T-cells: a human embryonic kidney cell line, American Type Culture
Collection CRL-1573.

2. 2.5 M CaCl2.
3. 2X HEPES-buffered saline: 50 mM HEPES, 280 mM NaCl, and 1.5 mM

Na2HPO4. The final pH should be 7.1. Store at 4°C.
4. Cell lysis buffer: phosphate-buffered saline (PBS) containing 1% Triton X-100

(PBST).
5. Protease inhibitors: 1 mM phenylmethylsulfonyl fluoride, 2 mg/mL aprotinin, 2

mg/mL leupeptin, 2 mg/mL pepstatin, and 2 mg/mL benzamidine.
6. Primary antibodies against target proteins.
7. Protein A-Sepharose (Amersham Pharmacia; Uppsala, Sweden).
8. Equipment for sodium dodecyl sulfate-polyacrylamide gel electrophoresis

equipment.
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Table 1
List of Commonly Used Yeast Two-Hybrid Vectors

Vector Selection marker Functional domain Promoter

GAL4-based

pAS1 TRP1 GAL4DB + HA ADH1 (full length)
pAS2 TRP1 GAL4DB + HA ADH1 (full length) CYH2
pAS2-1 TRP1 GAL4DB ADH1 (full length) CYH2
pGBT9 TRP1 GAL4DB ADH1 (truncated)
pMA424 HIS3 GAL4DB
pGAD2F LEU2 GAL4AD
pGAD424 LEU2 GAL4AD ADH1 (truncated)
pGAD10 LEU2 GAL4AD ADH1 (truncated)
pGAD-GL LEU2 GAL4AD ADH1 (truncated)
pGAD-GH LEU2 GAL4AD ADH1 (full length)
pGAD1318 LEU2 GAL4AD ADH1 (full length)
pSE1107 LEU2 GAL4AD
pSD-10 URA3 VP16AD
pACT1 LEU2 GAL4AD
pACT2 LEU2 GAL4AD + HA ADH1 (truncated)

LexA-based

pBHA TRP1 LexA ADH1 (truncated)
pBTM116 TRP1 LexA ADH1 (truncated)
pLexA HIS3 LexA ADH1 (full length)
pB42AD TRP1 B42 + SV40 NLS + HA GAL1 (full length), inducible promoter
pHybLex/Zeo Zeocin LexA ADH1 (truncated)
pYESTrp TRP1 V5 epitope + SV40 NLS + B42 GAL1 (full length), inducible promoter
pGilda HIS3 LexA GAL1 (full length), inducible promoter



236 Lee, Ko, and Kim

3. Methods
3.1. Yeast Two-Hybrid Assay
3.1.1. Yeast Two-Hybrid Vectors

In the yeast two-hybrid system, two separate proteins are fused to the DNA-
binding or the activation domains of a transcription factor. When the two pro-
teins interact, the DNA-binding and -activation domains are brought together,
reconstituting a bipartite transcription factor and causing the transactivation of
reporter genes, such as lacZ (encoding β-galactosidase) or his3 (encoding imi-
dazole acetol phosphate transaminase; Fig. 1).

There are several vectors and host strains that can be used for yeast two-
hybrid screening (Tables 1 and 2). In this chapter, we describe the system
using pBHA (LexA DNA-binding domain [DBD]) as the bait vector, pGAD10
(Gal4 activation domain) as the prey vector, and the L40 strain. pBHA and
pGAD10 are a shuttle vectors that replicate autonomously in both Escherichia
coli and Saccharomyces cerevisiae and carry the bla gene, which confers ampi-
cillin resistance to E. coli. pBHA contains the TRP1 nutritional gene that
allows yeast auxotroph cells to grow on synthetic media lacking tryptophan
(Fig. 2). pGAD10 contains the LEU2 nutritional marker gene, which allows
yeast cells carrying pGAD10 to survive on limiting media lacking leucine (see
manuals from Clontech for more details on this vector). Expression of the DBD
and activation domain fusion proteins from pBHA and pGAD10 vectors,
respectively, in yeast cells is directed by the constitutive ADH1 promoter. The
nuclear localization signal in Gal4-activation domain fusion proteins from

Table 2
List of Commonly Used Yeast Strains

Expression of reporter

Strain Reporter genes Uninduced Induced

H7Fc LacZ, — Low
HIS3 — High

YRG-2 LacZ, — Low
HIS3 — High

SFY526 LacZ — High
Y187 LacZ — High
Y190 LacZ, — High

HIS3 Low High
CG-1945 LacZ, — Low

HIS3 Very low High
L40 LacZ,

HIS3
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Fig. 1. Principles of the yeast two-hybrid system. Two chimeric fusion proteins, the
bait containing the DNA-binding domain and the prey containing the activation domain,
are expressed in the same yeast cell. The interaction of the two proteins reconstitutes a
functional transcription activator, which leads to transcriptional activation of the reporter
gene. DB, DNA-binding domain; AD, activation domain.

pGAD10 assists their nuclear targeting, whereas LexA–DBD fusion proteins
from pBHA do not have a nuclear localization signal and are distributed in
both the nucleus and cytosol.

3.1.2. Generation of Bait and Prey Constructs

PDZ interactions involve two binding partners: a C-terminal PDZ-binding
peptide and the PDZ domain. We usually subclone the C-terminal peptide of a
protein into the pBHA bait vector and the PDZ domain into the pGAD10 prey
vector because we often find that the PDZ domain in pBHA activates reporter
gene expression in the absence of a PDZ interaction through “self-activation”
(see Note 1). For generation of bait and prey constructs, standard subcloning
protocols can be used. In brief, C-terminal peptides and PDZ domains are
subcloned in frame into the multiple cloning sites of pBHA and pGAD10, re-
spectively (see Note 2). Sometimes short peptides (approx 7 amino acid resi-
dues) are sufficient to mediate PDZ interactions. In this case, we anneal two
synthetic oligonucleotides, instead of amplifying inserts by polymerase chain
reaction, and subclone them into pBHA vector.
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Fig. 2. Schematic diagram of the restriction map (A) and multiple cloning sites (B)
of the pBHA bait vector. Zeocin is a glycopeptide antibiotic of the bleomycin family.
pHybLex/Zeo carries the zoeocin resistance gene. The SV40 nuclear localization sig-
nal is the simian virus 40 large T-antigen nuclear localization signal (-PKKKRVE-).
B42 is an E. coli protein that acts as a transcription activation domain. The 1500-bp full-
length ADH1 promoter, which normally drives the expression of the metabolic enzyme
alcohol dehydrogenase 1, leads to high-level expression of sequences under its con-
trol. In contrast to this full-length promoter, expression from a truncated 410-bp ADH1
promoter leads to low or very low levels of fusion protein expression.

Because the free carboxylate group at the C-terminus of the peptide is im-
portant for the PDZ interaction, care should be taken to add a stop codon at the
end of the peptide. Indeed, an extra amino acid residue at the peptide C-termi-
nus has been shown to abolish the PDZ interaction. Also, point mutations in
peptides and PDZ domains are often used as negative controls (see Note 3).
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3.1.3. Transformation of Yeast Cells
1. Pick a colony of L40 yeast and use it to inoculate 30 to 50 mL of YPD broth.

Grow overnight at 30°C under aerobic conditions with vigorous shaking (250
rpm). On the next day (the optical density [OD]600 of the culture is usually >1.5),
dilute samples of the culture into 10 mL of fresh YPD broth so that the OD600 is
approx 0.15, and grow at 30°C with vigorous shaking (250 rpm) until the OD600

reaches 0.4 to 0.6 (approx 4 h). The L40 yeast colonies are maintained on YPD
plates at 4ºC, and old colonies, which turn pink, should be transferred to fresh
plates every 3 to 4 wk.

2. Mix bait DNA (500 ng; approx 2 µL of miniprep-purified DNA), prey DNA (500
ng), and salmon sperm DNA (100 µg; 10 µL of 10 mg/mL solution) in a
microcentrifuge tube. Because salmon sperm DNA is very viscous, if necessary,
boil it for 5 to 10 min so that it can be pipetted. We recommend the use of both
negative (i.e., bait DNA + empty prey vector for self-activation check) and posi-
tive (known interactions) controls.

3. Harvest yeast cells by centrifugation in a table-top centrifuge (1000g) at room
temperature and resuspend the cell pellet in one-fifth volume of sterile water.
Centrifuge the cells at 1000g and resuspend the pellets in 1X TE/1X LiAc solu-
tion (100 µL per sample).

4. Add 100 µL of resuspended yeast cells to the DNA mixtures in each
microcentrifuge tube.

5. Add 600 µL of 40% PEG solution in 1X TE/1X LiAc to each tube. Because PEG
is very viscous, cutting off the end of a 1-mL pipet tip can help pipetting.

6. Incubate the samples at 30ºC for 30 min in a shaking water bath (250 rpm). Invert
the tubes every 10 to 15 min because the yeast cells tend to sediment.

7. Add one-tenth volume (70 µL) of dimethylsulfoxide and vortex briefly or invert
several times.

8. Heat shock the cells by incubating the tubes in a water bath at 42ºC for 15 min
and then chill the tubes on ice for 1 to 2 min.

9. Collect the cells by centrifugation for 10 s in a microcentrifuge at approx 15,000g
and resuspend the pellet in 1 mL of YPD.

10. Grow the resuspended cells in a shaking water bath at 30ºC for 2 h, and invert the
microcentrifuge tubes every 30 min.

11. Collect the cells by centrifugation in a microcentrifuge at approx 15,000g, and
resuspend the pellet in 50 µL of YPD.

12. Spread the cells on –LT and –HLT plates (25 µL per plate).
13. Incubate the plates for 2 to 3 d in a 30ºC incubator.

3.1.4. HIS3 Growth Counting and β-Gal Assay

As mentioned previously, pBHA and pGAD10 plasmids carry TRP1 and
LEU2 as auxotrophic markers, respectively. Therefore, yeast transformants
containing both plasmids should survive on the –LT plate. In addition, yeast
transformants in which bait and prey fusion proteins interact should induce
HIS3 reporter gene expression and overcome the histidine-lacking environ-
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ment of the –HLT plate (see Notes 4 and 5). HIS3 growth is measured by
comparing the number of yeast colonies on the –LT and –HLT plates.
Semiquantitative measurements of HIS3 growth are often reported (i.e., +++,
>60%; ++, 31 to 60%; +, 10 to 30%; –, no significant growth [8,9]).

β-Galactosidase activity is measured by soaking yeast colonies with X-gal
and checking how long it takes them to turn blue. For this assay, yeast colonies
on –LT plates (rather than those on –HLT plates) are used because the size of
the yeast colonies on –HLT plates varies depending on the levels of HIS3
expression. β-Galactosidase activities can also be semiquantitatively assessed
(i.e., +++, <45 min; ++, 45 to 90 min; +, 91 to 240 min; –, no significant
β-galactosidase activity [8,9]). Experimental details of β-galactosidase are
described herein.

1. Place a Whatman no. 1 filter on top of the yeast colonies on the –LT plate.
2. As soon as the filter gets wet, carefully lift it off the plate with forceps. Make sure

that most of the colonies are transferred to the filter.
3. Submerge the filter in liquid nitrogen for 10 to 15 s.
4. Take the frozen filters out of liquid nitrogen and thaw them at room temperature

for approx 30 s.
5. Carefully place the filter colony side up onto a Whatman no. 1 filter soaked with

X-gal solution in Z-buffer (17 µL of the X-gal stock solution in 1 mL of Z-buffer).
Avoid trapping bubbles between the two filter papers.

6. Incubate the filter at room temperature and check how long it takes for the yeast
colonies to turn blue.

3.2. Coimmunoprecipitation

The coimmunoprecipitation assay detects the formation of a complex
between two proteins in vivo or in heterologous cells. This chapter describes
coimmunoprecipitation in heterologous cells. In contrast to the yeast two-
hybrid assay, which usually detects the PDZ interaction between two partial
proteins (C-terminal peptide and the PDZ domain), the coimmunoprecipitation
assay usually involves complex formation between two full-length proteins.
The interaction also occurs in a mammalian cellular environment where appro-
priate posttranslational modifications can occur. It should be noted, however,
that the association of proteins in coimmunoprecipitation assays could be indi-
rect and should therefore be confirmed by other complementary assays, such
as the yeast two-hybrid assay.

3.2.1. Transfection

1. Transfect 60 to 70% confluent HEK293 T-cells in a 60-mm culture dish with
mammalian expression plasmids using the calcium phosphate precipitation
method. LipofectAMINE can also be used as an alternative reagent for transfec-
tion. Use the appropriate negative controls (see Note 6).
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2. Three hours before the transfection, replace the culture medium with Dulbecco’s
modified Eagle’s medium.

3. Dilute 3 µg of expression constructs (for co-transfections, 3 µg each per con-
struct) in sterile water to a volume of 216 µL. Add 24 µL of 2.5 M CaCl2. Add the
DNA–CaCl2 mixture drop by drop (approximately one drop per second) to 240
µL of 2X HEPES-buffered saline while gently vortexing.

4. Incubate the mixture at room temperature for 30 min to allow the DNA and CaCl2

to aggregate.
5. Mix by vortexing and gently add 480 µL of the DNA–CaCl2 aggregates to the

cells (add a few drops at a time, and mix by swirling the plate).
6. Incubate the plate for 4 to 6 h at 37°C in a 5% CO2 incubator.
7. After the incubation, replace culture media with fresh Dulbecco’s modified

Eagle’s medium.

3.2.2. Preparation of Cell Lysates
1. Remove media, and wash HEK293 T-cells co-expressing a PDZ domain protein

and its binding partner twice with 1 mL of cold PBS.
2. Add 400 µL of cold (4°C) PBST supplemented with protease inhibitors.
3. Scrape adherent cells off the plate with a rubber policeman and transfer the

lysates to a new microcentrifuge tube.
4. Briefly sonicate the cells at low power, and rock the tubes for 30 min at 4°C.
5. Centrifuge the samples for 20 to 30 min at 15,000g in a microcentrifuge at 4°C.
6. Transfer the supernatant to a new tube. Typically, 90% of the cell lysate is used

for immunoprecipitation assay, and 10% is set aside as the input sample for
immunoblotting.

3.2.3. Immunoprecipitation
1. Dilute 200 µL of the supernatant with 300 µL of PBST containing protease

inhibitors, add 2 µg of primary antibodies (see Note 7), and incubate the samples
for 90 min at 4ºC on a rocking platform.

2. Add 30 µL of buffer-equilibrated protein A-Sepharose (50% slurry), and incu-
bate the samples for 90 min at 4°C. The use of resin-coupled primary antibodies
usually gives better results than a soluble antibody followed by protein A-
Sepharose.

3. Wash the resin three times with at least 10 times the bed volume of PBST supple-
mented with 1 mM EDTA and 1 mM EGTA (protease inhibitors not needed) and
gently invert the tubes. Collect the resin by centrifugation for 10 s at approx 500g
in a microcentrifuge. Be careful to avoid removing any of the resin while removing
the supernatant.

4. After the final washing, remove the residual buffer in the bed by using a Pasteur
pipet with a very fine tip.

5. Add 20 µL of 2X sodium dodecyl sulfate-polyacrylamide gel electrophoresis
loading buffer to the resin and boil for 5 min.

6. Sediment the beads by centrifugation for 10 s at 500g in a microcentrifuge and
remove the supernatant for further analysis.
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7. Analyze the immunoprecipitates by Western blotting. Try to also analyze the
input samples (see step 6 in Subheading 3.2.2.) and immunoblot for both the
PDZ domain protein and the potential associated proteins.

4. Notes
1. The problem of self-activation caused by the PDZ domain in pBHA can be solved

by using baits containing additional regions flanking the PDZ domain. Alterna-
tively, 3-AT, which lowers the biosynthesis of histidine by inhibiting an imida-
zole glycerolphosphate dehydratase (10), can be used. Recommended 3-AT
concentrations depend on the type of yeast strains (e.g., 1–5 mM for L40). Excess
3-AT may reduce the survival of yeast cells.

2. Although the PDZ domain is approx 90 amino acid residues, domain prediction
programs often predict PDZ domains smaller than their actual size and, there-
fore, are non-functional in experiments. Whenever possible, the boundary of tar-
get PDZ domains should be determined by carefully comparing them to known
PDZ domains. Furthermore, it is common to use approx 10 additional amino acid
residues at both ends of the PDZ domain during their construction.

3. Point mutations in the C-terminal peptide or in the PDZ domain can be used to
generate negative control constructs. Commonly mutated residues in the C-ter-
minal peptides include the last hydrophobic residue and the residue at the –2
position (Ser/Thr for class I PDZ-binding peptides and hydrophobic residues for
class II PDZ-binding peptides). In the PDZ domain, the carboxylate-binding loop
(R/K-XXX-GLGF), which is required for binding to the C-terminal carboxylate
oxygens of peptides, is highly conserved and point mutated in negative controls
(11,12). In addition to these point mutations, irrelevant PDZ domains are ideal as
additional negative controls to demonstrate the specificity of the PDZ interaction
under investigation.

4. Negative results in the yeast two-hybrid assay do not necessarily mean that the
two proteins do not interact because the fusion proteins expressed in yeast cells
may not be functional. A way to test whether they are functional is to use positive
controls, such as a known binding partner. Alternatively, the problem may be
solved by reciprocal transfer of the inserts, that is, by moving an insert from
pBHA to the pGAD10 vector. This swapping of inserts might improve improper
folding and steric hindrance of the fusion proteins.

5. Additional features should be considered when studying PDZ interactions. Some-
times the PDZ domain by itself is not sufficient for the interaction with the pep-
tide and needs the presence of adjacent regions/domains (often another PDZ
domain), which may be attributable to a need for structural stabilization, as shown
in the GRIP and syntenin PDZ proteins (11,13,14). In addition, phosphorylation
either in the PDZ-binding peptides or in PDZ domains regulates their interaction
(1,2,15–19).

6. A commonly used negative control in the coimmunoprecipitation assay is to use
lysates from cells transfected with only a single construct. More relevant nega-
tive controls for PDZ coimmunoprecipitation are, as in the yeast two-hybrid
assay, point mutations in the C-terminal PDZ-binding peptide or in the PDZ
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domain. Other commonly used negative controls include the deletion of the last
three or four residues of the C-terminal peptide or the deletion of the whole PDZ
domain. Sometimes these mutations or deletions do not disrupt the interaction.
This suggests that the protein association under investigation is mediated by domains
or motifs other than the PDZ–peptide interaction, as in the interaction between
the Shank PDZ protein and the bPIX guanine nucleotide exchange factor (9).

7. Because the PDZ domain interaction involves the C-terminal peptide in the bind-
ing protein, a protein that is epitope-tagged at its C-terminus cannot be used for
PDZ coimmunoprecipitation analysis. For the same reason, primary antibodies
that are raised against the C-terminal peptide may not efficiently precipitate the
complex. In this case, coimmunoprecipitation should be attempted in both orien-
tations (i.e., immunoprecipitations using antibodies to both the PDZ protein and
the putative PDZ-binding protein).
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Clustering Assay for Studying the Interaction
of Membrane Proteins With PDZ Domain Proteins

Jaewon Ko and Eunjoon Kim

Summary
Some membrane proteins must be clustered at target sites to efficiently perform their

functions. PDZ domain-containing scaffold proteins bind to the tails of target membrane
proteins and promote their localization and clustering on the cell surface. This chapter
describes the experimental details of the clustering assay, using the interaction between
potassium channels and PSD-95, an abundant PDZ domain protein in neuronal synapses,
as a model.

Key Words: Membrane protein; clustering; PSD-95; PDZ; immunocytochemistry.

1. Introduction
For proper function, membrane proteins, including receptors, ion channels,

and cell adhesion molecules, must cluster on the membrane surface at their
specific target sites. The clustering of membrane proteins is thought to be me-
diated by interaction of their cytoplasmic regions with scaffolding proteins.

PDZ (PSD-95/Dlg/ZO-1) domain-containing proteins are well-known ex-
amples of such scaffolding proteins. The PDZ domain is an approx 90-amino-
acid module that mediates protein–protein interaction and is found in more
than 400 proteins in the human and mouse (1–6). It is a globular domain that
contains a groove and hydrophobic pockets on its surface, through which it
binds the C-terminus of its target proteins (7).

One of the best-characterized PDZ domain-containing proteins is PSD-95, a
key scaffolding protein at neuronal synapses (1–6). The three PDZ domains of
PSD-95 bind the C-termini of various membrane proteins, including potassium
channels and N-methyl-D-aspartate receptors (8–10). In addition to membrane
proteins, PSD-95 interacts with a variety of signaling, scaffolding, and
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cytoskeletal proteins (11–14), contributing to the assembly of macromolecular
protein complexes in excitatory neuronal synapses.

The clustering assay is an in vitro experimental system that can be used to
analyze the interaction between membrane proteins and PDZ domain proteins.
In the clustering assay, co-expressed membrane and PDZ domain proteins form
clusters at the surface membrane, where they are co-localized. In contrast, when
expressed alone, membrane and PDZ proteins do not form clusters and are
usually diffusely distributed throughout the cell.

PSD-95 was first shown to cluster Kv1.4 potassium channels on the plasma
membrane of heterologous cells (8). Subsequently, PSD-95 has been shown to
cluster a variety of other membrane proteins, including inward rectifier potas-
sium channels, glutamate receptor subunits, α1-adrenergic receptors, stargazin
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptor-
interacting membrane protein), and frizzled (receptor for Wnt proteins [8,15–
22]). PICK1, another PDZ protein, has been shown to cluster membrane
proteins, including ephrins and their receptors, GluR2, mGluR7 glutamate
receptor subunits, UNC5H (receptor for netrin-1), and the monoamine plasma
membrane transporter (23–27). Other PDZ proteins shown to cluster mem-
brane proteins include GRIP, Shank/ProSAP, and S-SCAM (28–30). Thus, the
interaction of membrane proteins with PDZ proteins appears to be a mecha-
nism by which membrane proteins are clustered at their target membranes.

Although clustering of membrane proteins is an interesting phenomenon, its
underlying mechanism and physiological significance are still largely elusive.
In the case of the well-known clustering of potassium channels by PSD-95,
important molecular mechanisms underlying the clustering include the direct
interaction between the potassium channel and PSD-95, the multimeric nature
of both potassium channels and PSD-95, the palmitoylation of PSD-95, and
the intramolecular interaction between the Src homology (SH)3 and guanylate
kinase domains of PSD-95 (31–36). A current model for the clustering of
potassium channels by PSD-95 is that the clusters represent two-dimensional
lattice-like structures in which multimeric channels and PSD-95 form a macro-
molecular complex. Unlike PSD-95, SAP97, a member of the PSD-95 family,
has been shown to cause the formation of intracellular clusters of potassium
channels in heterologous cells (35,37), suggesting that clustering might have
functions at sites other than the plasma membrane.

Although further studies must be performed to understand the mechanisms
and roles of the clustering phenomenon, the clustering assay, together with
other in vitro methods, can be used to help investigate the interaction of mem-
brane proteins with their cytosolic scaffolds. In this chapter, we describe experi-
mental details of the clustering assay using the interaction between the Kv1.4
potassium channel and PSD-95 in heterologous cells as a model.
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2. Materials
2.1. Cell Culture and Transfection

1. COS-7 cells or other heterologous cells (American Type Culture Collection,
Rockville, MD; see Note 1).

2. Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Life Technologies,
Rockville, MD).

3. Heat-inactivated fetal bovine serum (Invitrogen, Life Technologies).
4. Gentamicin (Invitrogen, Life Technologies).
5. LipofectAMINE (Invitrogen, Life Technologies).
6. Opti-MEM I reduced serum medium (Invitrogen, Life Technologies).
7. Sterile round microscope glass cover slips (13 or 18 mm diameter; Fisher Scien-

tific, Pittsburgh, PA).
8. 12-Well tissue culture plates (Nunc, Kamstrupvej, Danmark).
9. Microscope slides (25 × 75 × 1 mm; Fisher Scientific, Pittburgh, PA).

10. Poly-D-lysine (Sigma, St. Louis, MO).
11. Porcelain rack (Thomas Scientific, Swedesboro, NJ).
12. Glass chamber for nitric acid washing.
13. Nitric acid (Junsei Company, Japan).

2.2. Immunocytochemistry
1. Phosphate-buffered saline (PBS): 135 mM NaCl, 4.5 mM Na2HPO4, 1.5 mM

KH2PO4, pH 7.4.
2. Paraformaldehyde (Sigma).
3. 100% Cold (–20°C) methanol (Merck, Darmstadt, Germany; absolute grade).
4. Triton X-100 (Amresco, Santa Cruz, CA).
5. Blocking buffer: 3% horse serum, 0.1% crystalline-grade bovine serum albumin

in PBS.
6. Store at 4°C or –20°C (for long-term storage).
7. Vectashield mounting solution (Vector Laboratories, Burlingame, CA).
8. Primary antibodies against the proteins expressed in heterologous cells. Store in

aliquots at 4°C or –70°C (for long-term storage).
10. Secondary antibodies conjugated to fluorescent dyes, such as Cy3 (red) or

fluorescein isothiocyanate (FITC) (green; Jackson Research Laboratory, West
Grove, PA).

2.3. Fluorescence Microscopy

Confocal laser scanning or conventional fluorescence microscope with
appropriate detection filters and water or oil objectives with high numerical
apertures (×40 or ×63 for most applications).

3. Methods
3.1. Cleaning Cover Slips

1. Place round cover slips in a porcelain rack and, in a hood, submerge the rack for
36 to 48 h in a glass chamber containing nitric acid.
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2. Rinse the cover slips with MilliQ water twice for 1 h and twice more for 30 min.
3. Cover the rack containing the washed cover slips with aluminum foil.
4. Bake the rack in a furnace for 6 h at 225°C.

3.2. Coating Cover Slips
1. Place round cover slips in 12-well plates (one cover slip in each well).
2. Place and spread approx 100 µL (or enough to cover the surface) of poly-D-lysine

(1 µg/mL in H2O) on the surface of each cover slip.
3. Close the lid of the 12-well plate and incubate the plate overnight at room temperature.
4. Rinse the cover slips three times with sterile water.

3.3. Transfecting Cells
1. Spread cells onto coated cover slips in a 12-well plate at low density (15 to 20%

confluence).
2. Incubate the plate overnight in a 5% CO2 incubator at 37ºC. This step will allow

the attachment of the cells to the surface of coated cover slips.
3. Transfect the cells with mammalian expression plasmids using LipofectAMINE

according to the manufacturer’s protocols (see Note 2). Briefly mix 2.4 µL of
LipofectAMINE with 40 µL of Opti-MEM. Meanwhile, incubate 0.4 µg of
expression constructs (for co-transfections, 0.2 µg each) in 40 µL of Opti-MEM.
Mix the DNA with LipofectAMINE, and incubate for 30 min at room temperature.

4. Add 320 µL of Opti-MEM to the DNA + lipid mixture (total volume 400 µL).
5. Wash the cells once with Opti-MEM.
6. Place all of the of the final mixture (400 µL) onto each well and incubate the

plate for 4 to 6 h in a 5% CO2 incubator at 37°C.
7. After the incubation, replace Opti-MEM with 1 mL of prewarmed (37°C) DMEM

supplemented with 5% fetal bovine serum.
8. After 24 h of incubation in a 5% CO2 incubator at 37ºC, examine the cells with a

microscope. If cell debris is observed, exchange the old media with fresh,
prewarmed (37°C) DMEM.

3.4. Immunocytochemistry
1. Forty-eight hours after transfection, wash the cover slips three times for 5 min

each with PBS (with gentle shaking). This step and the following steps in this
section can be performed in new 12-well plates.

2. Fix the cells for 5 min with 4% paraformaldehyde in PBS (see Note 3) or with
cold methanol (–20°C; see Note 4).

3. Wash the cells three times for 5 min each with PBS.
4. Permeabilize the cells for 2 min with 0.1% Triton X-100 in PBS.
5. Wash the cells three times for 5 min each with PBS.
6. Incubate the cells for 30 min with blocking buffer at room temperature with gentle

shaking.
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7. Incubate the cells for 1 h at room temperature with relevant primary antibodies in
blocking buffer. The primary antibody concentration and incubation time can be
adjusted if necessary (see Note 5).

8. Wash the cells three times for 10 min each with PBS.
9. Incubate the cells for 30 min at room temperature with fluorescence dye-

conjugated secondary antibodies (Cy3, Cy5, or FITC) in blocking buffer. The
incubation time can be extended to 1 h if necessary.

10. Wash the cells three times for 10 min each with PBS.
11. Place approx 50 µL of Vectashield solution on a microscope slide, and carefully

place the stained cover slip face (cell-attached side down) onto the wetted area of
the slide. Try to avoid forming bubbles.

3.5. Image Acquisition and Data Analysis

Fluorescence images are acquired using a confocal or conventional fluores-
cence microscope usually using ×40 or ×63 water or oil objectives. Acquire the
images of co-transfected cells using both channels (e.g., Cy3 and FITC channels;
Fig. 1; see Note 6). Co-clustering efficiency is quantified by measuring the num-
ber of cells showing co-clusters out of the total number of co-transfected cells.

4. Notes

1. COS-7 cells are flatter than other heterologous cells, such as HEK293T-cells.
Because co-clusters are more easily observed in flatter cells than in other less flat
cells, COS-7 cells are preferred for the co-clustering assay.

2. In our experience, high expression levels of transfected proteins are important
for successful co-clustering experiments. Thus, we recommend the use of mam-
malian expression vectors with strong promoters, such as cytomegalovirus. Single
transfections are useful negative controls for the clustering assay. In addition,
mutant proteins that cannot interact with PDZ domain proteins, including point
mutants in the C-terminus or deletion mutants lacking the last three or four amino
acid residues, can also be used as negative controls.

3. High-quality paraformaldehydes are recommended for immunocytochemistry
experiments.

4. Methanol often is preferred for the fixation of cytoskeletal proteins. When metha-
nol is used as a fixative, permeabilization can be omitted because methanol also
permeabilizes the cells.The use of high-quality methanol is recommended.

5. The standard concentration for primary antibodies is 1 µg/mL. If low expression
levels of the transfected proteins are expected, use a higher concentration of pri-
mary antibodies and an extended incubation time (as long as 2 h).

6. The presence of co-clusters on the surface of cells can be supported by Z-stack
optical sectioning of the cells in confocal laser scanning microscopy (Fig. 1).
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Fig. 1. Different patterns of Kv1.4 co-clustering with PSD-95 and SAP97. COS-7
cells were co-transfected as follows: (A,E,G) wild-type Kv1.4 and PSD-95; (B) Kv1.4
C-terminal -ETDA mutant and PSD-95; (C,F,H) wild-type Kv1.4 and SAP97; (D)
Kv1.4 C (-ETDA) mutant and SAP97. Each pair of pictures (A1,A2–D1,D2) repre-
sents the same co-transfected cell visualized through different immunofluorescence
filter channels. As indicated, the left half of each pair (A1,B1,C1,D1) shows the distri-
bution of the Kv1.4 or Kv1.4 mutant, visualized with Cy3-labeled secondary antibod-
ies; the right half (A2,B2,C2,D2) shows the distribution of PSD-95 or SAP97, labeled
with fluorescein isothiocyanatesecondary antibodies. Only the wild-type Kv1.4 shows
co-clustering with PSD-95 and SAP97. In cells co-transfected with Kv1.4 (-ETDA)
mutant and PSD-95 or SAP97, both proteins are diffusely distributed in a pattern simi-
lar to singly transfected cells. (E–H) Confocal microscope images show that PSD-95/
Kv1.4 co-clusters are on, or very close to, the surface, whereas SAP97 forms
coaggregates with Kv1.4 that are intracellular and concentrated in the perinuclear
region. (E) and (F) are horizontal confocal sections and (G) and (H) are vertical sec-
tions (only Kv1.4 immunofluorescence is shown). Arrowhead in H indicates an intra-
cellular aggregate of Kv1.4 in a cell co-transfected with SAP97. In (G), two layers of
Kv1.4 clusters can be discerned toward the thicker middle part of the cell, presumably
associated with adherent and nonadherent surfaces of the cell. This figure was reprinted
from Fig. 1 of ref. 37.
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Mammalian Cell Microinjection Assay to Study
the Function of Rho Family Guanosine Triphosphatases

Ritu Garg and Anne J. Ridley

Summary
Microinjection is an excellent technique for studying the acute responses of cells to

proteins and can be used to investigate the effects of mutations in proteins on their activ-
ity. It has been used widely to study the responses to Rho family guanosine triphos-
phatases and is particularly useful for cell types that are difficult to transfect. Here, we
describe the procedure for microinjecting cells with purified recombinant proteins or
with expression vectors encoding proteins, and for analyzing the cells after injection.

Key Words: Rho GTPase; microinjection; actin cytoskeleton; growth factors; fibro-
blasts; MDCK cells.

1. Introduction
Microinjection has been used widely as a technique to introduce proteins

and DNA into mammalian cells. A major advantage of microinjection over
transfection approaches is that it is possible to analyze very early responses to
proteins: responses to microinjected proteins can be detected within minutes,
and expression of proteins encoded by microinjected DNA can often be
detected within 2 h. In addition, most cells, including primary cells, are
microinjectable, whereas many cell types are not readily transfectable. Analy-
sis of responses in microinjected cells usually is based on immunocytochemi-
cal approaches because, in general, it is not possible to inject sufficient numbers
of cells to conduct biochemical studies. In some cases, however, microinjec-
tion has been used to analyze changes in protein phosphorylation, for example,
after the injection of fibroblasts with cyclic adenosine monophosphate (cAMP)-
dependent protein kinase (1).
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Microinjection approaches have been important in defining the early responses
of cells to a number of small Ras-related guanosine triphosphate (GTP)-binding
proteins. Injection of recombinant Ras protein showed that it stimulated DNA
synthesis, morphological transformation, and membrane ruffling (2,3). Injec-
tion studies have been used widely to establish the roles of members of the Rho
family of Ras-related proteins in regulating actin organization. By microinject-
ing recombinant proteins, RhoA was shown to regulate actin stress fiber for-
mation, whereas Rac1 regulates membrane ruffling and the formation of
lamellipodia, and Cdc42 regulates filopodium formation (4–8). In addition,
microinjection of Ras, Rac, and Rho proteins into Madin-Darby canine kidney
(MDCK) epithelial cells has shown that Ras and Rac are required for motility
responses of these cells to hepatocyte growth factor/scatter factor (9).

Although recombinant proteins provide an ideal approach for investigating
cytoskeletal reorganization induced by Rho GTPases, there are situations in
which this is not possible. Some Rho GTPases cannot be purified in adequate
quantities from Escherichia coli, and alternative approaches, such as purifica-
tion from insect cells, are very long and labor intensive. Many investigators
have instead introduced expression vectors encoding Rho GTPases into cells
(8,10–12). DNA can be introduced into cells by many different methods,
including calcium phosphate-mediated transfection, lipofection, diethylaminoethyl
(DEAE)-dextran-mediated transfection, and electroporation. Microinjection
has the advantage that changes to the cytoskeleton can be analyzed early after
protein expression, without the accumulation of long-term changes in gene
expression that may indirectly affect cell morphology. Microinjection of DNA
also provides a rapid means of assessing the localization of Rho GTPases in
cells (10,11), which is not possible by protein injections. By expressing a pro-
tein tagged with an epitope, it is possible to follow its localization indepen-
dently of endogenous proteins (11).

Here, the method used to microinject recombinant Rho proteins and DNA
expression vectors encoding Rho proteins into Swiss 3T3 cells and MDCK
cells is presented (see Note 1). Many cell types have been used to study Rho
protein function, including macrophages, many cancer cell lines, and
endothelial cells. Generally, we find that it is useful to compare responses in at
least two different cell types to get a good overview of a protein’s function.
The microinjection technique was initially described in detail by Graessmann
and Graessmann (13). Protein or DNA solution is loaded into glass pipets,
which have been pulled to a fine point at one end of approx 0.5- to 1-µm diam-
eter. A micromanipulator is used to position the point of the glass pipet very
close to the cells to be injected. The other end of the pipet is attached via tubing
to a pressure regulator. Air pressure applied to this end of the pipet forces the
solution out of the pointed end of the pipet. The pipet is manipulated so that it
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transiently pierces the plasma membrane of a cell, allowing the solution in the
pipet to enter the cell (see Note 2). The pipet remains within the cell for only a
very short period (<0.5 s) and then is removed, allowing the membrane to reseal.
The volume of solution introduced into cells is between 5 and 10% of their
total volume, or approx 10–14 L.

In microinjection experiments with Rho GTPases, DNA, or recombinant
protein is injected into 100 to 150 cells over a period of 10 to 20 min. The cells
subsequently are incubated for varying lengths of time with or without addi-
tion of growth factors, then fixed, permeabilized, and stained to show injected
cells together with either phalloidin to show actin filaments, or with various
other antibodies to detect, for example, focal adhesion proteins.

2. Materials
2.1. Cell Culture (see Note 3)

1. Dulbecco’s modified Eagle’s medium (DMEM) containing 0.11 g/L sodium
pyruvate, 4.5 g/L glucose can be purchased from Life Sciences. Antibiotics are
stored in aliquots at –20°C and added to a final concentration of 100 U/mL peni-
cillin and 100 µg/mL streptomycin. Medium is stored at 4°C.

2. Fetal calf serum (FCS) is batch tested and selected from various sources (see
Note 4). It is stored in 50-mL aliquots at –20°C.

3. Phosphate-buffered saline (PBS)-A is 137 mM NaCl, 2.7 mM KCl, 8.1 mM
Na2PO4, 1.47 mM KH2PO4.

4. 13-mm Diameter glass cover slips (Chance Propper, No. 11⁄2) are cleaned by
washing first with nitric acid, then extensively with distilled water, and finally
with ethanol. They are then baked before use.

2.2. Microinjection
1. Goat, rat, or rabbit immunoglobulin (Ig)G (10 mg/mL) is stored at 4°C, and can

be obtained from Pierce. The choice of species depends on which antibodies are
being used to stain cells after microinjection.

2. Protein injection buffers:

a. 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2.
b. 20 mM HEPES-Cl, pH 7.2, 100 mM KCl, 5 mM MgCl2.Buffer a usually is

used for recombinant Rho GTPases because it is compatible with biochemi-
cal assays carried out with these proteins. Buffer b is closer in composition to
the cytoplasm of cells and, therefore, is preferable where cells or responses
monitored may be highly sensitive to changes in, for example, levels of so-
dium. A variety of different microinjection buffer compositions has been used
by others and are documented in the literature.

3. DNA injection buffers:

a. PBS-A (see Subheading 2.1.).
b. 10 mM Tris-HCl, pH 7.5, 150 mM NaCl. Mg2+ ions are omitted from DNA

injection buffers because DNases require Mg2+.
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4. The programmable pipet puller (model no. 773) used is obtained from Campden
Instruments.

5. Glass pipets are 1.2-mm bore; they can be obtained from Clark Electroinstruments,
Reading, UK.

6. The microinjection station consists of an inverted phase-contrast microscope fit-
ted with a heated stage and an enclosed Perspex chamber. The temperature and
CO2 concentration in the chamber are maintained by the temperature regulator
TRZ3700 and CTI controller 3700, obtained from Zeiss. Humidity is provided
by placing a Perspex dish containing sterile distilled water in the chamber. Cells
are injected using an Eppendorf microinjector (model no. 5246) and microman-
ipulator (model no. 5171).

2.3. Fixing and Staining Cells
1. Formaldehyde can be obtained from BDH as a 40% solution containing 9 to 11%

methanol. It is toxic by inhalation, therefore to minimize exposure, fixing cells
are placed in a fume cupboard and formaldehyde is disposed of in the fume cup-
board outlet. Dilute fresh 1:10 (v/v) in PBS immediately before use. Formalde-
hyde fixation is adequate for analyzing F-actin using phalloidin.

2. 6% (w/v) paraformaldehyde is prepared from solid paraformaldehyde by dissolv-
ing an appropriate amount (approx 1 g) in PBS-A with heating in a fume cup-
board. It dissolves at approx 80°C. Dilute 1:2 in PBS (with Ca2+ and Mg2+) to
give final 3% solution. Paraformaldehyde is best when made fresh, but can be
stored at –20°C. Once thawed, do not refreeze. Paraformaldehyde is used for
most antibody staining.

3. PBS is PBS-A (see Subheading 2.1., step 3) containing 0.9 mM CaCl2 and 0.5
mM MgCl2. It can be obtained from Gibco as a 10X stock solution and diluted
with sterile distilled water.

4. Blocking solution (PBS/bovine serum albumin [BSA]) is PBS containing 1%
BSA. It can be stored for several weeks at 4°C provided 0.02% azide is added to
prevent the growth of micro-organisms. For some cell types or antibodies other
blocking solutions are needed. For example, for macrophages, we generally use
10% goat serum to block IgG receptors on the macrophage surface.

5. 0.2% Triton X-100/PBS. A stock solution of 10% Triton X-100 is used.
6. Tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin (Sigma) is

toxic in high quantities, but not at the levels used here for staining cells. Dissolve
in sterile distilled water at a concentration of 50 µg/mL and store in small aliquots
at –20°C in a light-sealed container.

7. Fluorescein isothiocyanate-labeled anti-rat/rabbit/goat IgG can be obtained from
Jackson Research Laboratories.

8. Mountant: 0.1% p-phenylenediamine (antiquench), 10% (w/v) Mowiol (obtained
from Calbiochem), 25% (w/v) glycerol, 100 mM Tris-HCl pH 8.5. Mowiol is
stored at 4°C without p-phenylenediamine, but once the p-phenylenediamine is
added, it is stored in 100-µL aliquots at –70°C. Once thawed, these aliquots can
be kept wrapped in aluminium foil at –20°C for approx 1 wk; however, the p-
phenylenediamine is sensitive to light and temperature.

9. 1- To 1.2-mm-thick glass slides can be obtained from Chance Propper.
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3. Methods
3.1. Preparation of Cells for Microinjection

1. Grow Swiss 3T3 cells (see Note 3) and MDCK cells in DMEM containing 10%
FCS in a humidified incubator at 37°C with 10% (v/v) CO2.

2. Passage Swiss 3T3 cells and MDCK cells every 3 to 4 d by washing with PBS-A,
then incubating for 2 to 3 min with 0.05% trypsin, 0.02% ethylenediaminetetraacetic
acid (EDTA). Swiss 3T3 cells are seeded in 80-cm2 flasks at a density of 3 × 105

cells per flask. MDCK cells are seeded in 25-cm2 flasks at a density of 1 to 2 ×
105 cells per flask.

3. Prepare cover slips by drawing a cross with a diamond-tipped marker pen. This
facilitates localization of injected cells. Sterilize by dipping in 100% ethanol and
flaming. Place in 18-mm diameter wells in four-well dishes.

4. For microinjection of Swiss 3T3 cells, seed at a density of 3 × 104 per 18-mm
well. At this density, Swiss 3T3 cells reach confluence in 3 d. After 5 to 7 d,
remove medium and replace with DMEM (no FCS) for approx 16 h. Transfer
each cover slip to a separate 35-mm dish containing 2 mL of DMEM, using fine
forceps and a 21-gage needle, bent at the end to facilitate lifting the cover slip.

5. For microinjection of subconfluent MDCK cells, seed at a density of 104 cells per
well. They are microinjected 3 d after seeding, when the majority of cells are in
colonies of between 16 and 80 cells. Alternatively, to analyze confluent cells,
they are seeded at a greater density and injected 4 to 5 d after seeding. Transfer
each cover slip to a 35-mm dishes containg 2 mL of DMEM/5% FCS approx 1 h
before microinjection.

6. Keep cells in an incubator close to the microinjector to minimize changes in tem-
perature and medium pH during transfer to and from the microinjector.

3.2. Injection of Proteins

1. The methods for purifying recombinant proteins for microinjection have been
previously described in detail (6,14). Proteins are expressed as glutathione S-
transferase fusion proteins in E. coli. In general, from a 1-L culture of E. coli,
approx 100 µL of concentrated protein is obtained. Proteins are stored in 10-µL
aliquots in liquid nitrogen, and the activity of each protein preparation is determined
by GTP-/guanosine diphosphate-binding assay after thawing an aliquot (14).

2. Thaw protein aliquots on ice. After thawing, the protein can be used for several
days provided it is kept at 4°C (see Note 5). It should not be refrozen because
freezing results in loss of activity.

3. Turn on the temperature regulator and CO2 controller at least 20 min before be-
ginning microinjection to allow the temperature to reach 37°C and CO2 levels to
reach 10%.

4. Pull pipets on a pipet puller according to the manufacturer’s instructions (see
Note 6). Pipets can be stored by pressing the middle of each pipet onto a strip of
Blu-Tak adhesive, in a 150-mm diameter plastic dish with a lid.

5. Dilute rat IgG to 1 mg/mL in protein injection buffer (see Note 5). Centrifuge the
proteins, protein injection buffer, and diluted rat IgG for 5 min at 4°C, 13,000g,
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to pellet small particles that will block up the microinjection pipets. Mix pro-
teins, buffer, and Rat IgG in sterile 600-µL microfuge tubes to give the required
concentrations of proteins and final concentration of 0.5 mg/mL rat IgG. Store
proteins on ice until adding to the microinjection needle. Proteins are normally
injected at concentrations between 5 and 500 µg/mL.

6. If inhibitors (e.g., kinase inhibitors) are to be tested for their effects on the
response of cells to a protein, add them to the cells before microinjection and
leave the cells in the incubator for the appropriate length of time needed for the
inhibitor to enter cells (see Note 7).

7. Take a dish containing cells on a cover slip from the incubator. Gently press
down the cover slip at the edge onto the dish with a yellow tip, to exclude air
bubbles and prevent the cover slip moving during microinjection. Place the dish
on the microscope stage and localize the etched cross using a low power objective.

8. Load approx 1 µL of protein or DNA solution into an Eppendorf microloader tip
and then load this into a glass pipet. Care should be taken to ensure that bubbles
are not present in the solution in the pipet.

9. Insert the pipet into the holder, then using the joystick, move it to the center of
the cover slip, looking from above the stage. Subsequently, looking down the
microscope, bring the pipet down so that it is nearly in focus above the cells. A
bright spot, representing the meniscus, should appear first. On higher power,
again bring the pipet to be nearly in focus but just above the surface of the cells.

10. Cells normally are injected in manual mode (see Note 2) using a ×32/0.4 NA
objective and ×10 eyepieces. Clear the pipet at high pressure (approx 7000 hPa)
briefly (<5 s) before injecting cells at a working pressure of around 1000 hPa (see
Note 5). If the aim is to inject all cells in a given area, use the photoframe as a
guide to work round all the cells in view. Between 100 and 150 cells are normally
injected over the course of 10 to 20 min, then the dish is returned to the incubator.

11. To determine the effects of injected proteins on growth factor responses, add
growth factors to the medium 15 to 30 min after finishing injections, and mix
gently.

3.3. Injection of DNA

Optimal expression of DNA in cells depends on the enhancer/promotor in
the expression vector. Generally, simian virus 40- or cytomegalovirus-based
promotor/enhancer systems work well in most, although not all, cell types. In
quiescent cells or primary cells, it is worth experimenting with different
expression vectors to find one that expresses efficiently in the cells of interest,
and then subclone all complementary DNAs into this vector.

1. Purification of DNA. For microinjection, we have found that it is important to
have highly purified DNA, preferably purified by CsCl2 density gradient cen-
trifugation, to minimize the levels of toxic contaminants from E. coli that affect
expression of plasmid-encoded genes, such that far fewer injected cells effec-
tively express the protein of interest. DNA purified with a commercially avail-
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able plasmid purification kit (for example, those supplied by Qiagen), using
endotoxin-free reagents can also provide high-quality DNA. With highly puri-
fied DNA, the percentage of microinjected cells that express protein from the
microinjected plasmid can approach 100%.

2. Prepare cells for microinjection as described for protein injection (see Subhead-
ing 3.1.).

3. Immediately before injection, dilute DNA to an appropriate concentration (1 to
100 ng/µL) in DNA microinjection buffer. The concentration of DNA required
for microinjection can vary greatly depending on the vector, insert, cell type, and
conditions. To minimize toxic side effects owing to overexpression of a protein,
the DNA should be titrated down to find the lowest level which still gives detect-
able, high-efficiency protein expression.

4. Centrifuge the diluted DNA at 13,000g for 5 min at 4°C, then carefully transfer
approx 5 µL to another microfuge tube (see Note 5).

5. Load DNA into a micropipet and inject (see Subheading 3.2.) into the nucleus
of cells.

6. To determine the effects of expressed proteins on growth factor responses, add
growth factors between 3 and 4 h after the injection.

7. The time after DNA injection at which cells are analyzed should be kept to a
minimum because increased accumulation of protein over time can be toxic (see
Note 8) With Rho GTPases, protein expression and cellular responses can be
detected within two hours of microinjecting expression vectors. If left for 16 h,
however, most injected cells die. With some larger proteins, it may be necessary
to incubate cells for longer than 2 h, but in our experience 4 h is always sufficient.

3.4. Fixing and Staining Cells

1. For analysis of responses to proteins, fix cells at time points after injection rang-
ing from 5 min to 24 h (see Note 9). For DNA, fix cells 1 to 24 h after injection.
At the appropriate time point, wash the cells with PBS (see Note 10), then fix in
4% paraformaldehyde/PBS or 3% paraformaldehyde/PBS for at least 15 min.
Cells can be left in fixing solution for up to 2 h without detrimental effects on the
staining with phalloidin (see Note 11).

2. After fixation, transfer cover slips to 18-mm diameter wells containing PBS, then
wash six times with PBS. An optional incubation step with 50 mM ammonium
chloride in PBS (10 min) can be included to quench residual formaldehyde.

3. Permeabilize for 5 min with 0.2% Triton X-100 in PBS, then wash two times
with PBS.

4. To stain for protein-injected cells containing IgG and for actin filaments, incubate
each cover slip with 200 µL of a 1:400 dilution of fluorescein isothiocyanate-
labeled anti-rat/rabbit/goat IgG together with 0.1 µg/mL TRITC-phalloidin in
PBS for 30 to 60 min. During this incubation, place dishes on a rocker at low
speed. When incubating with TRITC-phalloidin, keep the dishes in the dark by
covering with aluminum foil (see Note 12).
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5. To stain for DNA-injected cells, incubate cover slips in blocking solution for 30
min, then with primary antibodies to the protein expressed by the DNA (usually
epitope-tagged with myc, HA, or FLAG epitopes) in PBS for 30 to 60 min at
room temperature. Wash cover slips six times with PBS. This is followed by
incubation with fluorophore-labeled secondary antibodies and TRITC-phalloidin
(see step 4).

6. To stain with primary antibodies (e.g., to focal adhesion proteins, such as
vinculin) where antibody stocks are limiting, remove cover slips from the wells
using fine forceps and a 21-gage needle bent at the end. Immediately invert onto
a 15-µL drop of antibody solution (in blocking solution) on parafilm. Place the
parafilm on top of a dish in a sandwich box containing a small amount of distilled
water to maintain humidity.

7. Wash cover slips in multiwell dishes six times with PBS and place on a rocker for
a final wash in PBS for 5 min. Mount cover slips on slides with Mowiol solution
containing p-phenylenediamine as antiquench. This mountant takes about 1 h to
set permanently at room temperature. Before this, cover slips cannot be viewed
using oil immersion objectives.

8. Store slides at 4°C, in a light-tight slide container. Cells are viewed and photo-
graphed on a conventional epifluorescence microscope or on a confocal micro-
scope. Locate the etched cross under phase-contrast microscopy at low power,
and subsequently locate microinjected cells using epifluorescence. It is advisable
to make images of cells within 1 wk of staining, as nonspecific background
fluorescence increases gradually over time.

4. Notes
1. Microinjection is a technique which requires demonstration from an experienced

person. Companies that supply microinjection equipment, such as Zeiss, often
run training courses. Intensive workshops are also run occasionally by various
organizations, for example, the European Molecular Biology Organization.

2. Most microinjection setups allow the researcher to use either a semiautomatic or
manual mode of injection. Some setups are completely automatic. Our experi-
ence is that injecting on manual mode is by far the preferred mode. Although it
takes more practice to learn the muscle coordination, the user learns to inject
each cell according to its morphology and take up of protein, and the survival rate
is far better than on semiautomatic mode. For injections into confluent, serum-
starved Swiss 3T3 cells, no other method is appropriate, as it is essential that as
few cells as possible are killed. If many cells are killed, the cells are no longer
confluent.

3. Swiss 3T3 cells change in morphology during passaging in culture. They gradu-
ally lose their contact inhibition and grow to greater densities, preventing the
accurate analysis of the actin cytoskeleton for which they have been favored.
Eventually, spontaneously transformed cells will multiply more rapidly and take
over the culture. It is important to monitor their growth very carefully. We rou-
tinely only passage the cells about 8 to 10 times after thawing.
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4. Batch testing of FCS is crucial for the successful maintenance of Swiss 3T3 cells
and MDCK cells. For Swiss 3T3 cells, some batches inhibit growth almost com-
pletely, whereas others stimulate very rapid proliferation. To maintain the cells
for up to 10 passages in culture, it is important to have a batch of FCS that is
intermediate, that is, does not support the most rapid proliferation, as this leads
more rapidly to loss of contact inhibition and a more transformed phenotype. For
MDCK cells, some batches of serum promote a more “scattered” phenotype, so
that the analysis of scatter factor-induced scattering is not as tight. We routinely
test six batches of serum from various sources, every 15 to 18 mo, and select one
from these.

5. Difficulties in getting the protein or DNA to flow out of the pipet may have
several causes:

a. The DNA, protein or IgG may be contaminated. The IgG should be aliquoted
and stored at 4°C. Aliquots of Rac and Rho proteins can be used for several
days after thawing, but no longer than 1 wk. DNA should be injected within a
few hours after diluting in injection buffer.

b. The microfuge tube used to make up the final injection mix contains some
dust/particulate matter. Often just respinning the protein solutions and mix-
ing the components again in a fresh tube can solve the problem.

c. At high concentrations, it is difficult to inject protein or DNA. For protein,
difficulties occur at above approx 5 mg/mL, whereas for DNA, concentra-
tions of 0.5 mg/mL and greater can be problematic.

6. The optimal program for pipet pulling has to be determined by trial and error.
With the Campden Instruments programmable pipet puller, each instrument behaves
differently and must be individually programmed to obtain a certain shape of
pipet. It is advisable to optimize the program with pipets containing a solution of
IgG, rather than buffer alone, as buffer flows more easily than protein.

7. During microinjection, the cells are exposed to a strong light source for 10 to 15
min, which must be taken into account when analyzing the effects of added drugs,
for example, tyrosine kinase inhibitors, on the responses to Rho/Rac proteins.
Controls are performed where the effects of the drugs on growth factor responses
are tested on the microinjection microscope with the light source on.

8. If no or few protein-expressing cells are detected after DNA injection, this may
be the result of one of the following reasons:

a. The DNA is degraded. DNA should be diluted into injection buffer as close as
possible to the time of injection.

b. The promotor/enhancer of the vector expresses poorly in the cell type being
injected.

c. The protein is toxic to the cells or induces cell detachment from the substra-
tum. Cells should be analyzed at earlier time points after injection. To ensure
that cells are being successfully injected, include IgG (as for protein injec-
tions) in the injection buffer.
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9. Rho and Rac effects on the actin cytoskeleton can be detected within 5 min of
microinjecting the proteins. The extent and timescale of the response will depend
on the concentration of protein injected (8,9,12,15).

10. It is important to use PBS with Mg2+ and Ca2+ for fixing and staining because
Ca2+ is required for many cell–cell and cell–extracellular matrix interactions, and
Mg2+ is required to maintain cytoskeletal organization.

11. The methods for staining cells described here work for localization of actin fila-
ments and injected cells. Many variations exist for immunocytochemical stain-
ing techniques, and when using other antibodies it is necessary to test different
blocking steps and different dilutions to obtain optimal results. Methanol fixa-
tion cannot be used with phalloidin, so for antibodies where methanol fixation is
required, we use anti-actin antibodies to visualize actin.

12. We have found that TRITC-phalloidin (obtained from Sigma) is light-sensitive,
so weak actin filament staining can be the result of excessive exposure to light.
We only freeze–thaw aliquots a maximum of three times. During incubation of
cover slips with TRITC-phalloidin, the dishes are wrapped in aluminum foil.
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Affinity-Based Assay of Rho
Guanosine Triphosphatase Activation

Mary Stofega, Celine DerMardirossian, and Gary M. Bokoch

Summary
The recognition that Rho guanosine triphosphatases (GTPases) (Rho, Rac, and

Cdc42) play important regulatory roles in many areas of cell biology has made the abil-
ity to measure their activity in cells an important biological tool. Because Rho GTPases
become activated by conversion from guanosine diphosphate-bound states to guanosine
triphosphate (GTP)-bound forms, affinity-based methods to detect the formation of GTP-
Rho GTPases have been developed and are widely used for the purpose of assessing Rho
GTPase activities in biological studies.

Key Words: Rho; Rac; Cdc42; Rho GTPases; affinity-based activation assay; PBD
assay; RBD assay; pulldown assay.

1. Introduction
With the recognition of the many biological roles of Rho guanosine triphos-

phatases (GTPases) (including members of the Rho, Rac, and Cdc42 subfami-
lies), the ability to directly measure their activity in cell samples has become
an important biochemical tool for the cell biologist. GTPases cycle from inac-
tive (guanosine diphosphate [GDP]-bound) forms to active (guanosine triphos-
phate [GTP]-bound) forms that interact with and regulate components of
intracellular signaling pathways. The identification of binding domains in these
effector protein targets that specifically recognize the active, GTP-bound form
of the upstream Rho GTPase has provided the basis for affinity-based assays of
Rho GTPase activation (Fig. 1).

The Rac- and Cdc42-regulated p21-activated kinase 1 (Pak1) contains in the
N-terminal regulatory region a specific site for interaction with the active GTP
forms of these two GTPases. This region, referred to as the CRIB domain (1)
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(Cdc42/Rac interactive binding domain) or p21-binding domain (PBD), has a
minimal sequence required for specific GTPase binding consisting of amino
acids 74 to 89 (2). A homologous but Cdc42-selective CRIB domain is found
in Wiscott Aldrich syndrome protein (WASP) amino acids 235 to 268 (3).
Binding affinities of the Pak1 PBD range from 20 nM to 1 µM depending on
the length of the peptide encompassing the minimal CRIB domain (2). A Rho
binding site is contained within residues 7 to 89 of Rhotekin (4). Using such
probes, it is possible to selectively bind GTP-Rho GTPases because this active
form is generated during cell activation (Fig. 1). The isolated GTP–GTPases
are then detected through the use of specific antibodies for the particular Rho
GTPase being assayed. We describe here in detail the methods for performing
Rac/Cdc42 activation assays based on the use of the binding domain from p21-
activated kinase (PBD assay [5–10]) and RhoA activation assays based on the
use of the binding domain from Rhotekin (RBD assay [11]).

Fig. 1. Principle of the affinity precipitation (pulldown) assay to detect active Rac
and Cdc42 using the glutathione-S-transferase–Pak1 PBD-binding domain. Note: X
and Y represent nonrelevant proteins in the cell lysate.
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2. Materials
2.1. Pak1 PBD Assay for Rac and/or Cdc42

1. Complementary DNA (cDNA) encoding amino acids 67 to 150 of human PAK1
cloned into pGEX2T.

2. Luria broth (LB).
3. Ampicillin.
4. Isopropyl-β-D-thiogalactopyranoside (IPTG).
5. Bacterial lysis buffer: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1

mM dithiothreitol (DTT), freshly added; 1 mM ethylene diamine tetraacetic acid
(EDTA); 1 mM phenylmethylsulfonyl fluoride (PMSF), freshly added.

6. Wash buffer: 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT,
freshly added, 1 mM PMSF, freshly added, and 1 µg/mL aprotinin, freshly added.

7. Glutathione Sepharose 4B beads.
8. Cell lysis buffer: 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mm MgCl2, 1 mM

DTT, 1% NP-40, 10% glycerol, 1 mM PMSF, freshly added, 10 µg/mL aprotinin,
freshly added, and 10 µg/mL leupeptin, freshly added.

9. PBD binding buffer: 25 mM Tris-HCl, pH 7.5, 40 mM NaCl, 30 mm MgCl2, 1
mM DTT, 1% NP-40, 1 mM PMSF, freshly added, 10 µg/mL aprotinin, freshly
added, 10 µg/mL leupeptin, freshly added.

10. Anti-Cdc42 and/or anti-Rac antibodies. Multiple commercial sources are avail-
able. We suggest polyclonal (5087) from Santa Cruz for Cdc42, and monoclonal
(23A8) from Upstate Biotechnology for Rac1.

11. GTPγS and GDP.

2.2. Rhotekin Rho Binding Domain-Based Assay for RhoA

1. cDNA encoding amino acids 7 to 89 of human Rhotekin cloned into pGEX2T.
2. LB.
3. Ampicillin.
4. IPTG.
5. Bacterial lysis buffer: 50 mM Tris HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1

mM EDTA, 1 mM PMSF, freshly added, 1 mM DTT, freshly added.
6. Wash buffer: 25 mM Tris-HCl, pH 7.5, 5 mM MgCl2, and 1 mM EDTA, freshly

added, 1 mM PMSF, freshly added, and 1 µg/mL aprotinin, freshly added.
7. Glutathione sepharose 4B beads.
8. Rho binding domain (RBD) lysis buffer: 50 mM Tris-HCl, pH 7.2, 1% Triton X-100,

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 500 mM NaCl,
10 mM MgCl2, 1 mM PMSF, freshly added, 10 µg/mL aprotinin, freshly added,
and 10 µg/mL leupeptin, freshly added.

9. RBD wash buffer: 50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 10 mM MgCl2, 1 mM
DTT, freshly added, 1% NP-40, 1 mM PMSF, freshly added, and 10 µg/mL
aprotinin and 10 µg/mL leupeptin, both freshly added.

10. Anti-Rho antibody. We have used the monoclonal RhoA antibody from Upstate
Biotechnology.

11. Aluminum fluoride (AlF4)–: 10 mM sodium fluoride, 20 µM aluminum, 10 mM MgCl2.
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3. Methods
3.1. PBD Assay for Rac and/or Cdc42
3.1.1. Construction of Glutathione-S-Transferase–PBD Fusion Protein

cDNA for amino acids 67 to 150 of Pak1 PBD is amplified by polymerase
chain reaction (PCR) and cloned in to the pGEX 2T vector at the BamH1-
EcoR1 sites and transformed into DH10B Escherichia coli. Transformed bac-
teria are plated out in 100 µg/mL ampicillin plates overnight at 37°C, and single
colonies are picked and grown overnight at 37°C with 100 µg/mL ampicillin.
Plasmid DNA is isolated and checked for proper orientation and sequencing of
the PBD insert. Transformed bacteria containing the PBD insert are stored at
–80°C in 20% glycerol in LB (see Note 1).

3.1.2. Preparation of Glutathione-S-Transferase–PBD Protein
3.1.2.1. Inoculation and Induction of Glutathione-S-Transferase–PBD
Transcription

1. Prepare 1 L of LB with 100 µg/mL ampicillin.
2. Inoculate 40 mL of LB with ampicillin with glutathione-S-transferase (GST)–

PBD glycerol stock and grow overnight at 37°C with shaking.
3. Inoculate a 1-L flask with overnight culture.
4. Grow at 37°C until optical density (OD) of 600 nm is 0.7 to 0.8 (approx 3 h).

Save 50 µL of bacteria culture (this is the uninduced sample).
5. Induce transcription with 0.8 mM IPTG and grow for 3 h at 30°C. Save approx 50

µL (this is the induced sample).

3.1.3. Preparation of Glutathione Beads
1. Take equivalent of 1 mL of dry beads (Glutathione Sepharose 4B) and centrifuge

for 5 min, 4°C at 2000g.
2. Wash beads twice in 10 mL of H2O, twice in 10 mL of bacterial lysis buffer, and

once in 10 mL of bacterial lysis buffer +1 µg/mL aprotinin.

3.1.4. Harvest and Sonication of E. coli
1. Spin down E. coli culture 10 min at 2000g at 4°C (see Note 2).
2. Resuspend pellet in 10 mL of bacterial lysis buffer with 1 mg/mL lysozyme, 20

µg/mL DNase I, and 1 µg/mL aprotinin.
3. Incubate on ice for 30 min.
4. Sonicate bacteria on ice, incubate for another 15 min.
5. Centrifuge 10 min, 2000g at 4°C.
6. Collect supernatant and save 50 µL of supernatant sample (this is the GST–PBD

sample).

3.1.5. Incubation of E. coli Cytosol With Glutathione Beads
1. Combine Glutathione Sepharose 4B beads with E. coli supernatant from Sub-

heading 3.1.4., step 6, and incubate either 2 h or overnight at 4°C while inverting.
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2. Centrifuge for 5 min at 2000g at 4°C, and save 50 µL of supernatant as unbound
protein sample.

3. Wash beads 5× 10 mL in wash buffer.
4. Aliquot beads in washing buffer with 10% v/v glycerol and store at –80°C.

Determine protein concentration of GST–PBD.

3.1.6. Analysis of GST–PBD Purification Process by SDS-Polyacrylamide
Gel Electrophoresis (see Note 3)

1. Analyze approx 5 µL of samples from uninduced, induced, GST–PBD unbound,
and final purified GST–PBD aliquots by SDS-polyacrylamide gel electrophore-
sis (PAGE) and Coomassie staining to check protein induction, levels, and purity
of the final GST–Pak PBD (see Fig. 2).

2. Determine final protein concentration of product.

Fig. 2. Analysis of glutathione-S-transferase–Rho-binding domain preparation on a
12% (w/v) sodium dodecyl sulfate-polyacrylamide gel stained with Coomassie blue
protein dye.
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3.1.7. Preparation of Cell Extracts for Pak1 PBD Assay

1. Wash cells twice in ice-cold PBS and lyse cells for 30 min on ice in cell lysis
buffer (see Note 4). Centrifuge cell lysates for 10 min at 2000g at 4°C to clarify
lysates.

2. Determine the protein concentration for each sample.
3. Normalize total cell protein for each sample. The maximal final volume is 500

µL, and, if required, the samples are diluted in PBD binding buffer.
4. Add approx 10 µg of purified GST–PBD beads to samples and incubate for 1 h at

4°C while inverting.
5. Centrifuge the samples at 2000g for 2 min, aspirate supernatant, and wash three

times in PBD binding buffer.
6. Add Laemmli sample buffer, heat at 100°C for 5 min, and perform SDS-PAGE

on a 12% SDS-PAGE gel.
7. Transfer to nitrocellulose and perform Western blot analysis with appropriate

Rac and/or Cdc42 antibodies. Typical growth factor-induced stimulation of Rac1
GTP formation is shown in Fig. 3B.

Positive and negative controls for the assay should be performed with ly-
sates in which the endogenous Rho GTPases are loaded with either GDP (nega-
tive control) or with GTPγS (positive control; see Subheading 3.1.8.). In
addition, lysates from cells transiently overexpressing cDNAs for constitu-
tively active Cdc42- or Rac1-Q61L, or dominant-negative Cdc42- or Rac1-
T17N can be used as controls (see also Note 9).

3.1.8. Nucleotide Loading of Cell Lysates

As a positive control, add EDTA to a final concentration of 10 mM in cell
lysates prepared in cell lysis buffer, and then add GTPγS to a final concentra-
tion of 100 µM. Incubate for 15 min at 30°C and add MgCl2 to 60 mM to stop
nucleotide exchange (see Note 5).

As a negative control, add EDTA to 10 mM in cell lysates prepared in cell
lysis buffer, and add GDP to 1 mM. Incubate for 15 min at 30°C and add MgCl2

to 60 mM to stop nucleotide exchange. The GTPγS- or GDP-loaded lysates can
be used in the PBD assay as described in Subheading 3.1. Typical results are
shown in Fig. 3A.

3.2. RBD Assay for RhoA
3.2.1. Construction of GST–RBD Fusion Protein

cDNA for amino acids 7 to 89 of Rhotekin containing the RhoA binding
domain is amplified by PCR and cloned in to the pGEX 2T vector at the
BamH1–EcoR1 sites, and transformed into DH10a E. coli. Transformed bacte-
ria are plated out in 100 µg/mL ampicillin plates overnight at 37°C and single
colonies are picked and grown overnight at 37°C with 100 µg/mL ampicillin;
Plasmid DNA is isolated and checked for proper orientation and sequencing of
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the RBD insert. Transformed bacteria containing the RBD insert are stored at
–80°C in 20% glycerol in LB.

3.2.2. Preparation of GST–RBD
3.2.2.1. INOCULATION AND INDUCTION OF GST–RBD TRANSCRIPTION

1. Prepare 1 L of LB with 100 µg/mL ampicillin.
2. Inoculate 40 mL of LB with ampicillin with GST–RBD glycerol stock and grow

overnight at 30°C with shaking.
3. Inoculate 1-L flask with overnight culture.
4. Grow at 30°C until OD at 600 nm is 0.6–0.8. Save 50 L of bacteria culture (this is

the uninduced sample).

Fig. 3. Affinity precipitation of activated Rac1 and Cdc42 with glutathione-S-trans-
ferase (GST)–PDZ-binding domain (PBD). (A) SK-BR-3 breast carcinoma cells were
lysed in cell lysis buffer and cell lysates were loaded with guanosine diphosphate or
guanosine triphosphate (GTP)γS. Nucleotide-loaded lysates were incubated with GST
fusion protein containing the p21-binding domain of Pak1 (GST–PBD) to precipitate
activated Rho GTPases. Activated Rac1 (top panel) or Cdc42 (bottom panel) were
detected by Western blot analysis of precipitated proteins with monoclonal anti-Rac1
antibody or polyclonal anti-Cdc42 antiserum, respectively. Similar amounts of Rac1
or Cdc42 were detected in cell lysates by Western blot analysis with anti-Rac1 or anti-
Cdc42 antibodies (data not shown). (B) HeLa cells were stimulated with 100 ng/mL
recombinant human epidermal growth factor for 0, 5, or 10 min. Cells were lysed in
cell lysis buffer and were incubated with GST–PBD to affinity precipitate activated
Rho GTPases. As a control (Lane 1), GST–PBD was not incubated with cell lysate.
Activated Rac1 was detected by Western blot analysis of precipitated proteins with
monoclonal anti-Rac1 antibody. There were equal amounts of Rac1 protein in each
sample, as determined by Western blot.
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5. Induce transcription with 0.2 mM IPTG and grow for 3 h at 30°C. Save approx 50
µL (this is the induced sample).

3.2.3. Preparation of Glutathione Beads
1. Take equivalent of 1 mL of dry beads (Glutathione Sepharose 4B) and centrifuge

for 5 min, 4°C at 2000g.
2. Wash beads 2X 10 mL of H2O, 2X 10 mL of bacterial lysis buffer, and 1X 10 mL

of bacterial lysis buffer +1 µg/mL aprotinin.

3.2.4. Harvest and Sonication of E. coli

1. Spin down E. coli culture 10 min at 2000g at 4°C.
2. Resuspend pellet in 10 mL of bacterial lysis buffer with 1 mg/mL lysozyme, 20

µg/mL DNase I, and 1 µg/mL aprotinin.
3. Incubate on ice for 15 min.
4. Sonicate bacteria on ice, then incubate for another 15 min on ice.
5. Centrifuge 20 min at 2000g at 4°C.
6. Collect supernatant and save 50 µL of supernatant sample (this is the GST–RBD

sample).

3.2.5. Incubation of E. coli Cytosol With Glutathione Beads
1. Combine Glutathione Sepharose 4B beads with E. coli supernatant, and incubate

2 h or overnight at 4°C while inverting.
2. Centrifuge for 5 min at 2000g at 4ºC; save 50 µL of supernatant as unbound

protein sample.
3. Wash beads 5× 10 mL in 25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM MgCl2,

and 5% glycerol.
4. Aliquot beads in washing buffer with 10% v/v glycerol and store at –80°C.
5. Determine protein concentration of purified GST–RBD.

3.2.6. Analysis of GST–RBD Purification Process by SDS-PAGE
1. Analyze approx 5 µL of samples from uninduced, induced, GST–Rhotekin RBD

unbound, and final purified GST–RBD aliquots by SDS-PAGE and Coomassie
staining to check protein induction, integrity, and purity (Fig. 2).

2. Determine protein concentration of final product.

3.2.7. Preparation of Cell Extracts for RBD Assay
1. Wash cells twice in ice-cold Tris-buffered saline and lyse cells in cell for 30 min

on ice in lysis buffer. Clarify lysates by centrifugation for 10 min at 2000g.
2. Determine the protein concentration for each sample.
3. Normalize total cell protein for each sample. The maximal final volume is 500

µL, and, if required, the samples are diluted in RBD lysis buffer.
4. Add approx 20 to 30 µg of purified GST–RBD beads to samples and incubate for

45 to 60 min at 4°C while inverting.
5. Centrifuge the samples at 2000g for 2 min, aspirate supernatant, and wash four

times in RBD wash buffer.
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6. Add Laemmli sample buffer, heat at 100°C for 5 min, and perform SDS-PAGE
on a 12% SDS-PAGE gel.

7. Transfer to nitrocellulose and perform Western blot analysis with appropriate
Rho antibodies (see Note 6).

A positive control for the assay should be performed with lysates in which
the endogenous Rho GTPases are loaded with AlF4– (see Subheading 3.2.8.).
In addition, positive and negative controls for the assay can be performed with
lysates from cells transiently overexpressing cDNA for constitutively active
RhoA Q63L, or dominant-negative RhoA T19N. Typical results are shown in
Fig. 4 (see Notes 7 and 8).

3.2.8. Stimulation of Cell Lysates Using AIF4–

As a positive control, add MgCl2 to a final concentration of 10 mM, NaF to
a final concentration of 10 mM and, finally, AlCl3 at a final concentration of 20

Fig. 4. Affinity precipitation of activated RhoA with glutathione-S-transferase
(GST)–Rho-binding domain (RBD). (A) HeLa cells were transfected with cDNA encod-
ing the indicated RhoA proteins: RhoA Q63L is constitutively guanosine triphosphate-
bound, while RhoA T19N is guanosine diphosphate-bound. Cells were lysed in RBD
lysis buffer and were incubated with RBD–GST. Activated RhoA was detected by
Western blot analysis of precipitated proteins with monoclonal RhoA antibody (top
panel). Similar levels of RhoA wild-type or mutant proteins were detected in the HeLa
cell lysates by Western blot analysis of whole cell lysates with monoclonal RhoA
antibody (bottom panel). (B) SK-BR-3 breast carcinoma cells were lysed in RBD lysis
buffer and cell lysates were incubated in the presence or absence of AlF4–. Cell lystates
were incubated with GST fusion protein containing the Rhotekin binding domain of RhoA
(GST–RBD). Activated RhoA was detected by Western blot analysis of precipitated
proteins with monoclonal RhoA antibody. Similar amounts of RhoA in SK-BR-3 cell
lysates were detected by Western blotting with anti-RhoA antibody (data not shown).
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µM to RBD lysis buffer and RBD wash buffer to generate AlF4–. AlF4– mimics
the activated state of G proteins by binding to the γ-phosphate position in GDP-
bound G proteins. Typical results are shown in Fig. 4B.

4. Notes
1. Multiple methods based on modern molecular biology can be used in the expres-

sion of proteins and in the construction of expression plasmids.
2. Various strains of E. coli can be tried to maximize protein expression and purity

of the final product. We find that freshly inoculated and induced cultures give
best protein yields.

3. Breakdown products of the isolated PBD (or RBD) often are observed (see Fig.
2). They usually are not detrimental to the assay as long as the intact PBD/RBD is
the major product.

4. The choice of the lysate buffer can be varied and optimized for the cells being
used. Also for optimal results, the wash conditions for the lysates after binding
the PBD or RBD beads should be optimized for the cell type you are working
with. Positive controls (GTPγS-loaded or AlF4–-loaded samples) should give a
strong clear signal, whereas negative controls (GDP-loaded samples) should give
little or no signal.

5. Binding of GTP–GTPase reaches 75% by 30 min. and is maximal by 1 h at 4°C.
This time may need to be shortened if GTP hydrolysis in the cell lysate is high.
Binding of GTPase to the PBD or RBD inhibits hydrolysis. It is thus sometimes
preferable to add the beads to the sample during the lysis step to avoid rapid
hydrolysis of GTP to GDP.

6. Sensitivity of the assay will be determined to a large extent by the antibody used
for detection. We have recommended some antibodies that have worked for us.
However, you should first verify that the antibody you choose to use for detec-
tion gives you a strong signal against an aliquot of your cell lysate.

7. We feel it is imperative when performing the PBD or RBD assays on a cell sample
for the first time that the investigator carry out the GTPγS or AlF4– controls,
respectively. These allow you to determine the signal you will detect on the
immunblots with a maximally activated GTPase. You can then adjust the number
of cells you use per sample to get a signal in the detectable range, assuming that
the level of endogenously activated GTPase will usually be on the order of 5 to
10% of the maximal activatable GTPase present in the sample. We also conduct
these controls routinely to insure that the assay is working properly, and to be
able to calculate the percent of total GTPase activated in each sample.

8. Because of differences in their composition, it has been reported that the Rho-
binding domain from the Rho effectors Rhotekin, mDia, ROCK, and Citron have
differing effectiveness in binding and thus detecting RhoA GTP formation in
different biological circumstances (12). Thus, to fully optimize your RhoA assay,
it may be useful to test GST–RBDs from these different RhoA effector targets.

9. (General) The PBD assay may be made specific for Cdc42 by using the WASP Cdc42-
specific binding domain in place of the Rac/Cdc42-binding sequence from Pak1.
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Assay of Phospholipase D Activity in Cell-Free Systems

Shankar S. Iyer and David J. Kusner

Summary
Phospholipase D (PLD) enzymes are present in all animal and plant species and have

been linked to many critical cellular processes, including proliferation, differentiation,
motility, and secretion. The functional significance of PLD derives from its generation
of phosphatidic acid, which has both direct signaling properties via activation of numer-
ous kinases, phosphatases, phopspholipases, and other enzymes, as well as via its con-
version to diglycerides, the endogenous activators of protein kinase C. The two
mammalian PLD isoforms, PLD1 and PLD2, are peripheral membrane proteins that ex-
hibit important physical and functional interactions with the actin cytoskeleton. We out-
line a cell-free system for the characterization of mammalian PLDs and their activation
by physiologic stimuli or pharmacologic agonists for guanine triphosphate-binding pro-
teins. This assay system is used to illustrate the interactions of PLD1 with specific mem-
brane domains and their associated filamentous and monomeric actin components.

Key Words: Phospholipase; signal transduction; enzyme; membrane; phospholip-
ids; phosphatidic acid; macrophage; phagocyte; leukocyte; monocyte; human; inflam-
mation; infection; innate immunity; actin; cytoskeleton; GTP-binding protein;
phagocytosis; caveolae; membrane raft.

1. Introduction
Phospholipase D (PLD) enzymes comprise a large class of lipid hydrolases

that are present in all organisms from viruses to mammals and in all cells and
tissues of metazoan organisms. PLD catalyzes the hydrolysis of membrane
phospholipids to yield phosphatidic acid (PA) and the free head group (1–5).
In the case of phosphatidylcholine (PC), the major substrate of mammalian
PLD enzymes and the predominant membrane phospholipid in these cells, cho-
line is the other product of the reaction. The functional importance of PLD
derives from its generation of PA a bioactive lipid-signaling molecule. PA
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directly activates numerous kinases, phosphatases, phospholipases, and other
enzymes. PA also serves as a major source of diglycerides, the endogenous
activators of protein kinase C, via removal of the phosphate group by
phosphatidate phosphohydrolase. In the presence of primary alcohols (e.g.,
ethanol), PLD enzymes also catalyze a unique “transphosphatidylation” reac-
tion to produce the corresponding phosphatidylalcohol (phosphatidylethanol
[PEt]), rather than PA (1,6,7). Thus, PLD activity can be assayed via genera-
tion of the natural product, PA, or the phosphatidylalcohol derived from the
PLD-specific transphosphatidylation reaction.

PLD activities have been determined in numerous membrane fractions,
including the plasma and nuclear membranes, as well as the membranes of
organelles (Golgi, lysosomes) and endocytic and exocytic vesicles (8–12).
Mammalian PLDs are peripheral membrane proteins that exhibit a prominent
physical and functional association with the actin cytoskeleton (13–19). Both
mammalian PLD isoforms (PLD1 and PLD2) bind directly to actin with bidi-
rectional functional consequences (14–16). Monomeric G-actin inhibits PLD
activity, whereas filmentous F-actin augments it (14). Conversely, stimulation
of PLD enzymes has been linked to dynamic rearrangements of the actin
cytoskeleton. These unique physical and functional properties of mammalian
PLDs have increased the importance of cell-free reconstitution assays. We
describe a robust cell-free system for the characterization of several of these
critical properties of PLDs, including their physical and functional interactions
with the actin cytoskeleton, association with specific membrane domains (e.g.,
rafts, caveolae), and definition of PLD isoform-specific activities via a novel
immunoprecipitation–in vitro assay.

2. Materials
1. Diisopropylfluorophosphate (DFP): 5.8 M stock in anhydrous isopropanol; store

at 4ºC (see Note 1; Sigma, St. Louis, MO).
2. Phenylmethylsulfonylfluoride (PMSF): 100 mM stock in ethanol; store at 4ºC

(Calbiochem, San Diego, CA).
3. Leupeptin: 2 mM stock in H2O; store at 4ºC (Sigma).
4. Ficoll-Hypaque (Sigma).
5. Iscove’s medium (BioSource International, Camarillo, CA).
6. RPMI-1640 (Sigma).
7. H/S buffer: 25 mM HEPES, pH 7.4, 125 mM NaCl, 0.7 mM MgCl2, 0.5 mM

ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA).
8. H/K buffer: 25 mM HEPES, pH 7.4, 100 mM KCl, 3 mM NaCl, 5 mM MgCl2, 1

mM EGTA, 2 µM leupeptin, 0.5 mM PMSF, 1 mM dithiothreitol.
9. Lysis buffer: 0.3% Triton X-100 and 0.5% octyl glucoside in H/K buffer.

10. RIPA-like buffer: 1% Triton X-100, 1% octylglucoside, 1% in H/K buffer.
11. Media for U937 cell line: Iscove’s medium, 10% fetal bovine serum, 1% penicil-

lin/streptomycin.
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12. Media for THP-1 cell line: RPMI-1640, 10% fetal bovine serum, 0.1 mM 2-
mercaptoethanol, 1% penicillin/streptomycin.

13. 10% Mg(NO3)2 · 6H2O in ethanol.
14. Chloroform (all organic solvents are high-performance liquid chromatography

grade; Fisher, Pittsburgh, PA).
15. Methanol.
16. Ethylacetate.
17. Isooctane.
18. Acetic acid.
19. Guanosine 5'-[γ-thio]triphosphate (GTPγS): 50 mM in H2O, store at –20ºC

(Roche, Indianapolis, IN).
20. Dipalmitoylphosphatidylcholine (DPPC; all lipids are from Avanti Polar Lipids;

Alabaster, AL; see Note 2).
21. Dipalmitoylphosphatidylethanolamine (PE).
22. Phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2).
23. [2-palmitoyl-9,10–3H(N)]-DPPC, specific activity 60–80 Ci/mmol (American

Radiolabeled Chemicals, St. Louis, MO).
24. Thin-layer chromatography (TLC) plates, K6 Silica gel plates (250 µm; Fisher).
25. 1,25-dihydroxyvitamin D3: 0.24 mM in dimethyl sulfoxide, protect from light,

store at –70ºC (Calbiochem).
26. Interferon-γ: 1000 U/µL; store at –70ºC (Sigma).
27. Retinoic acid: 1 mM in dimethyl sulfoxide, store at –70ºC (Sigma).
28. Protein A-Sepharose (Sigma).
29. Rabbit polyclonal anti-PLD1 antibodies (Abs) to the following peptide sequences

of PLD1: (1) N-terminus, (PLD1-N), peptide 1–15, (2) Internal sequence, PLD1-
I, peptide 525–541, and (3) C-terminus, PLD1-C, peptide 1057–1074.

30. Complement-opsonized zymosan (COZ): Zymosan (Sigma) is washed three times
in phosphate-buffered saline (PBS), incubated with 25% serum in PBS for 30
min at 37°C on a rotator, and then washed twice in 4°C PBS.

3. Methods
The methods outlined in this chapter include the following:

1. Cultivation of monocytic cell lines and primary human macrophages.
2. Subcellular fractionation and reconstitution of PLD activity with purified mem-

branes and cytosol.
3. Analysis of PLD activity of the detergent-insoluble cytoskeletal fraction.
4. Characterization of the association of PLD1 with actin.
5. An immunoprecipitation–in vitro PLD assay to determine isoform-specific activity.

3.1. Cultivation of Human Monocytic Cell Lines and Primary Macrophages

Our characterization of the regulation of PLD activity in phagocytic leuko-
cytes uses both human monocytic cell lines (U-937, THP-1) and primary
human macrophages derived from blood monocytes. The U937 promonocytic
cell line expresses abundant GTPγS-stimulated PLD activity in the undiffer-
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entiated state. Thus, this cell line is used for the majority of large-scale bio-
chemical analyses in cell-free assays. THP-1 promonocytic leukemia cells dif-
ferentiated by cytokine treatment are used when a more mature
“macrophage-like” cell line is required, e.g., for studying responses to physi-
ological agonists, and the analysis of macrophage functional responses, such
as phagocytosis or generation of a respiratory burst. THP-1 cells also are used
for transfection of wild-type and mutant PLD genes by electroporation or
lipofection. Primary human monocyte-derived macrophages are used to evalu-
ate the accuracy and physiological relevance of the cell-line models and to
study highly differentiated phenotypes, including adhesion and bactericidal
activity.

3.1.1. Cultivation of Human Monocytic Cell Lines

1. The U937 human promonocytic leukocyte cell line from American Tissue Type
Culture Collection is maintained at 37°C, 7.5% CO2, at 0.3–1.0 × 106 cells, and
subcultured twice weekly. For large-scale preparations of membranes and cytosol,
cells are seeded into 1-L spinner flasks and grown with gentle agitation.

2. The THP-1 human promonocytic leukemia cell line (American Tissue Type Cul-
ture Collection) is differentiated to a macrophage-like phenotype (differentiated
THP-1 cells [dTHP]-1) by incubation in 1,25-dihydroxyvitamin D3 (100 nM),
interferon-γ (1000 U/mL), and retinoic acid (1 µM) for 48 to 72 h.

3.1.2. Preparation of Primary Human Monocyte-Derived Macrophages

1. Heparinized venous blood is drawn from healthy adult volunteers in accordance
with a protocol approved by the human subjects institutional review board.

2. Blood is diluted (1:1) with ice-cold PBS and layered onto 0.5 volume of Ficoll-
Hypaque and centrifuged at 500g for 40 min at 25°C with no brake.

3. The upper plasma layer is discarded. The cloudy Ficoll layer, which contains the
peripheral blood mononuclear cells (PBMCs), is removed and diluted 1:1 in cold
RPMI-1640, and centrifuged at 500g for 10 min at 4ºC with full brake.

4. The supernatant is discarded and the cell pellet is resuspended in RPMI-1640 and
PBMCs are counted in a hemacytometer.

5. PBMCs are cultured in RPMI-1640 and 20% autologous serum, at a concentra-
tion of 2 × 106 cells/mL in Teflon wells for 5 d at 37°C, 5% CO2.

6. Macrophages are purified by adherence to plastic tissue culture plates for 2 h at
37°C in 5% CO2. Monolayers are washed three times to remove nonadherent
lymphocytes and incubated in RPMI-1640, 2.5% autologous serum, without an-
tibiotics, for use in experiments.

7. Effects of experimental manipulations on macrophage viability are assessed by
the exclusion of Trypan blue, and monolayer density is determined by nuclei
counting with naphthol blue-black stain. Purity and viability of macrophage
preparations are greater than 95%.
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3.2. Subcellular Fractionation and Reconstitution of PLD Activity
With Purified Membranes and Cytosol
3.2.1. Cell Disruption by Nitrogen Cavitation

1. U937 human promonocytes are grown in a 1-L spinner flask (1.0 to 1.5 × 106

cells/mL) and centrifuged at 600g for 25 min at 4ºC.
2. The packed cells are resuspended in 50 mL of H/S buffer containing 1 mg/mL of

bovine serum albumin and 10 mM glucose and recentrifuged.
3. The washed cells are suspended in 25 mL of H/S buffer and incubated with 4 mM

DFP for 25 min in an ice bucket (see Note 1). The cells are centrifuged at 800g
and the supernatant containing DFP is inactivated in 1 N NaOH.

4. The DFP- treated cells are resuspended in 10 mL of H/K buffer before disruption
by N2 cavitation (450 psi, 25 min, 4°C; see Note 3). The undisrupted cells and
nuclei are removed by centrifugation at 900g for 8 min at 4ºC to yield the
postnuclear supernatant.

3.2.2. Separation of Membrane and Cytosolic Fractions
1. The postnuclear supernatant is layered over a 1:1 volume of 50% sucrose in wa-

ter and ultracentrifuged at 150,000g for 60 min at 4ºC. The resulting supernatant
is recentrifuged at 225,000g for 60 min to remove any contaminating membrane.
This second supernatant (cytosol) is filtered through a 0.2-µm filter (see Note 4).
The clarified cytosol is stored as aliquots at –70ºC.

2. The membrane fraction at the sucrose interface is pelleted at 225,000g for 60 min
at 4°C, resuspended in H/K buffer, and washed by recentrifugation.

3. The washed membrane is suspended in H/K buffer and homogenized with a
Tenbroeck tissue grinder.

4. This membrane fraction is enriched in plasma membrane (defined by the pres-
ence of virtually all of the human leukocyte antigen (HLA)-Class I antigen in the
total cell lysate). Because this fraction also contains the Golgi marker, β-COP, it
will be referred to as the “plasma membrane-enriched” or “membrane” fraction
for simplicity. The denser fraction, which sediments through the 50% sucrose, is
enriched in the lysosomal marker CD63. Protein concentration in the membrane
and cytosolic fractions is determined by the method of Bradford (20).

3.2.3. Assay of Membrane-Associated PLD Activity
1. For each reaction condition, 75 µg of the membrane fraction is incubated with

100 µg of cytosol ± GTPγS (1, 10, 100 µM) for 30 min at 37ºC in H/K buffer, in
a volume of 100 µL.

2. Membranes are re-isolated by centrifugation at 150,000g for 60 min, washed
twice with H/K, and resuspended in the same buffer (9,11,12).

3. Washed membranes prepared from incubation with cytosol in the absence of
GTPγS are designated Mo, whereas those prepared in the presence of GTPγS are
referred to as MGTPγS.

4. The mixed vesicle substrate is prepared by addition of 35 nmol DPPC, 540 nmol
PE, and 48 nmol PI(4,5)P2, with 16 µCi of [3H]-DPPC in a 1.5-mL polypropylene



286 Iyer and Kusner

tube, and the solvent slowly evaporated with a stream of N2 in the hood. 400 µL
of H/S buffer without Ca2+ or Mg2+ is added to the dried lipids, and the suspension
is sonicated for 5 min at 25°C with a microtip sonicator probe (Heat Systems,
Microson cell disrupter, setting 17) to yield a slightly cloudy solution (see Note 5).

5. 100 µM GTPγS is included in each sample, and 1.5% ethanol is added to permit
detection of the PLD-specific transphosphatidylation product, PEt. Reactions are
terminated at 60 min by addition of 500 µL of chloroform:methanol (2:1, v/v).

6. Lipids are extracted, dried under N2, and analyzed by TLC in an ethylacetate:
isooctane:acetic acid (9:5:2, v/v) solvent system (13,21,22). PEt and PA are iden-
tified by comigration with purified standards, and [3H]-PEt and [3H]-PA cpm
are quantitated by liquid scintillation spectrophotometry, and counts normalized
for the total amount of [3H]-labeled phospholipid in each experiment. [3H]-cpm
comigrating with PEt are determined for each set of samples in the absence of
ethanol, and these background counts are subtracted from each data point.

7. The PLD activity of membranes prepared in the absence of GTPγS (Mo) exhibits
very little basal or GTPγS-dependent activity. In contrast, incubation of mem-
branes and cytosol in the presence of GTPγS, followed by re-isolation of mem-
branes (MGTPγS) results in a stable association of PLD activity (Fig. 1). This latter
activity is 21-fold greater than that of Mo and is approximately equal to the maxi-
mal level of PLD activity derived from the complete cell-free system of mem-
branes plus cytosol.

3.3. Assay of PLD Activity in the Detergent-Insoluble Cytoskeletal Fraction
The GTPγS-dependent association of PLD activity with the membrane frac-

tion and its stable persistence in the absence of cytosol involves an interaction
with the actin-based membrane skeleton and specific membrane domains, i.e.,
rafts or caveolae. This interaction may be evaluated by determining the stabil-
ity of the membrane-associated PLD activity to detergent extraction.

3.3.1. Preparation of the Cytosketal Fraction
and Determination of Associated PLD Activity

1. Detergent-insoluble cytoskeletal fraction (DIF) is prepared by incubating mem-
branes (Mo and MGTPγS) in 0.5% octyl glucoside in H/K buffer for 30 min on ice.

2. The detergent-insoluble pellets are separated by centrifugation at 14,000g for 15
min at 4°C, washed twice in H/K with 0.5% octyl glucoside, and resuspended in
H/K buffer without detergent (see Note 6).

3. The detergent-insoluble fraction prepared from Mo is designated DIF0, whereas
that derived from MGTPγS is referred to as DIFGTPγS.

4. The PLD activities of DIFGTPγS and DIF0 are assayed with [3H]-DPPC vesicles, as
noted in Subheading 3.2.3., followed by quantitation of [3H]-PEt and [3H]-PA.

5. DIFs are also prepared from MGTPγS and Mo by extraction with 1% sodium cholate
or 1% Triton X-100, and the PLD activities associated with these detergent-
insoluble preparations are determined in an identical manner.

6. In separate experiments, the direct effects of each detergent on membrane-associated
PLD activity are assessed by incubation of 100 µg of MGTPγS with varying deter-
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gent concentrations (0.02–2.0%) in H/K buffer at 37°C for 60 min, followed by
quantitation of [3H]-PEt.

7. The detergent-insoluble fraction from MGTPγS (DIFGTPγS) exhibits a 20-fold greater
activity than that of the control DIF0 (Fig. 1). This activity accounts for about
60% of the total GTPγS-dependent activity of MGTPγS.

3.3.2. Analysis of Phospholipid and Protein Content
of Membrane and Cytoskeletal Fractions

1. Lipid phosphorus content of membrane and detergent-insoluble fractions is de-
termined by the ashing procedure of Ames (23). Briefly, samples are placed in
Pyrex test tubes, ashed in Mg(NO3)2 in ethanol, solubilized in 0.5 M HCl, and
heated at 100°C for 15 min. The test tubes are covered with marbles to minimize
evaporation.

Fig. 1. Stimulation of guanosine triphohsphate (GTP)-binding proteins with gua-
nosine 5'-[γ-thio]triphosphate (GTPγS) induces stable association of phospholipase D
(PLD) activity with the plasma membrane and its cytoskeletal fraction. (A) Plasma
membrane-enriched (75 µg) and cytosolic fractions (100 µg) from U937 cells are
incubated in the absence or presence of 100 µM GTPγS for 30 min at 37°C. Mem-
branes (Mo and MGTPγS, respectively) are reisolated by centrifugation, washed, and
assayed for PLD activity in the presence of 100 µM GTPγS and 1.5% ethanol, via
production of [3H]-phosphatidylethanol (PEt) over the course of 60 min. (B) The
re-isolated Mo and MGTPγS are incubated with 0.5% octyl glucoside for 30 min on ice
and the detergent-insoluble fractions, detergent-insoluble cytoskeletal fraction (DIF)0,
and DIFGTPγS, respectively, are washed twice in H/K buffer containing octyl glucoside,
and resuspended in H/K buffer without detergent, for determination of PLD activity in
the presence of 100 µM GTPγS. PLD activity is expressed as [3H]-PEt cpm per 105

[3H]-cpm in phospholipid. (Reprinted with permission from ref. 13.)
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2. After cooling to 25°C, Ames colorimetric reagent (23) is added, samples are
incubated at 37°C for 1 h, cooled to 25°C, and A820 nm is determined. Quantitation
is performed by reference to a standard curve derived from KH2PO4 solutions of
known concentration (Table 1).

3. Protein levels are determined by the method of Bradford (20).

3.3.3. Determination of the Effects of Detergent Concentration
and Physical Properties on Cytoskeletal-Associated PLD Activity

1. A range of concentrations of octylglucoside (0.1–1.0%) is used for extraction of
Mo and MGTPγS.

2. Membrane pellets are resuspended in detergent-free H/K buffer and the PLD
activity is determined, as noted previously. With U937 cells, the level of
cytoskeletal-associated PLD activity is inversely proportional to the octylglucoside
concentration used for extraction (Fig. 2A).

3. To determine whether the significant levels of cytoskeletal PLD activity are the
result of a direct activating effect of the detergent, a range of concentrations of
octylglucoside is added directly to the activated membrane fraction (MGTPγS). In
our system, octylglucoside induced a dose-dependent inhibition of the membrane
PLD activity (Fig. 2B).

4. A range of detergents that differ in charge, chemical structure, and critical micel-
lar concentration may be used for preparation of the cytoskeletal fraction from
activated membranes. Use of cholate and Triton X-100 demonstrated that the
GTPγS-dependent association of PLD activity with the cytoskeleton is a general

Table 1
Phospholipid and Protein Content of Membrane
and Octyl Glucoside-Insoluble Fractions

Fraction Lipid phosphorus (nmoles) Protein (µg) nmoles P/µg protein

M 18.5 ± 1.50 17.8 ± 0.40 1.04
Mo 17.0 ± 1.50 17.6 ± 0.40 0.97
MGTPγS 20.0 ± 0.50 17.1 ± 0.01 1.17
DIF0 13.5 ± 0.50 6.8 ± 0 1.98
DIFGTPγS 17.0 ± 1.00 6.3 ± 0.3 2.70

75 µg of membrane (M) and 100 µg of cytosol from U937 cells are incubated in the absence
or presence of 100 µM GTPγS for 30 min at 37°C, followed by washing and re-isolation of the
membrane fractions, Mo, and MGTPγS, respectively. Membranes are extracted with 0.5% octyl
glucoside for 30 min at 4°C, and the detergent-insoluble fractions, DIF0, and DIFGTPγS, are iso-
lated, washed, and suspended in H/K buffer. For each fraction, parallel samples were subjected to
analyses of lipid phosphorus and protein content. For analysis of lipid phosphorus, samples are
ashed, solubilized in 0.5 N HCl, followed by addition of the Ames colorimetric reagent (23) and
determination of A820 nm. Quantitation is performed by reference to a standard curve derived
from KH2PO4 solutions of known concentration. Protein levels are determined by the Bradford
method (20).
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property of detergents with diverse chemical and physical properties. Of note,
extraction of membranes with Triton X-100 was performed according to the flo-
tation method of Lisanti and coworkers, which is used for analysis of caveolae or
membrane rafts (24).

3.3.4. Analysis of the Effect of Physiological Stimulation of Intact Cells
on the Membrane and Cytoskeletal Association of PLD Activity

To evaluate the potential physiological relevance of PLD association with the
actin cytoskeleton, we used intact U937 human promonocytes that were stimu-
lated by a receptor-dependent agonist. Zymosan is a cell wall fragment, con-
sisting of repeated disaccharide moieties, derived from the yeast Saccharomyces
cerevisiae. Incubation of zymosan in human serum results in its opsonization
with fragments of complement component C3 (C3b, C3bi), which are potent
agonists for the phagocytic complement receptors, CR1, CR3, and CR4 (25).

Fig. 2. Determination of the effects of detergent concentration on the phospholipase
D activity of membrane and cytoskeletal fractions. The isolated Mo and MGTPγS (as
detailed in Fig. 1) are incubated with various concentrations of octyl glucoside for 30
min on ice and the cytoskeletal (detergent-insoluble cytoskeletal fraction [DIF]) frac-
tions, DIF0, and DIFGTPγS, respectively, isolated for determination of PLD activity in
the presence of 100 µM guanosine 5'-[γ-thio]triphosphate. (A) The level of PLD activity
associated with the DIF fraction is inversely proportional to the octyl glucoside con-
centration used for extraction. (B) PLD activity of MGTPγS is determined in the presence
of externally added octyl glucoside at the indicated final concentrations. Octyl gluco-
side induces concentration-dependent inhibition of membrane PLD activity. PLD activ-
ity is expressed as [3H]-phosphatidylethanol cpm per 105 [3H]-cpm in phospholipid.
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1. 108 U937 cells (107/mL) in Iscove’s medium, 10% FCS are washed and resus-
pended in H/S buffer.

2. Zymosan is opsonized in 25% serum, as previously described (25).
4. U937 cells are incubated with COZ, at a particle/cell ratio of 10:1, for 15 min at

37°C. Incubations are terminated by centrifugation at 3000g for 1 min at 4°C.
5. The cell pellet is suspended in H/K buffer, disrupted by N2 cavitation, and the

plasma membrane-enriched fraction is isolated, as described in Subheading 3.2.2.
6. The PLD activities of the membrane and its octyl glucoside-insoluble fraction

derived from COZ-treated cells (MCOZ and DIFCOZ), are compared with those
derived from buffer-treated cell (M0, DIF0) by quantitation of [3H]PEt generation
from [3H]PC-containing mixed-lipid vesicles. The physiological stimulus COZ,
which binds to plasma membrane complement receptors, results in stable asso-
ciation of PLD with actin cytoskeleton (Fig. 3).

3.4. Characterization of the Association of PLD1 With Actin
3.4.1. GTPγS Induces Association of PLD1 With the Membrane Cytoskeleton

Low-molecular-weight guanosine triphosphatases (GTPases) of the ARF
and Rho families mediate activation of PLD1 by physiological agonists for G

Fig. 3. Phagocytosis by intact U937 cells is accompanied by the stable association
of phospholipase D (PLD) activity with the plasma membrane and its cytoskeletal
fraction. U937 cells (2 × 108) are incubated with complement-opsonized zymosan (COZ)
(at a particle/cell ratio of 10:1) or H/S buffer control for 15 min at 37°C. Membrane
fractions from control (M0) or COZ-treated cells (MCOZ) are isolated by N2 cavitation,
followed by density-gradient centrifugation. The detergent-insoluble cytoskeletal frac-
tions ([DIF]0 and DIFCOZ, respectively) are prepared by extraction of these membranes
with 0.5% octyl glucoside. The PLD activity of each fraction is assayed by the produc-
tion of [3H]-phosphatidylethanol over the course of 60 min in the presence of 0.5%
ethanol and 100 µM guanosine 5'-[γ-thio]triphosphate. Reprinted with permission.
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protein-coupled receptors and GTPγS. Rho and ARF are also involved in the
regulation of actin cytoskeletal dynamics (13,26,27). The majority of RhoA
and ARFs are located in the cytosol of resting U937 cells. It has been shown
that guanine nucleotides induce translocation of Rho and ARF GTPases from
cytosol to membranes (13,28,29). The level of association of these GTPases
with the detergent-insoluble membrane-associated cytoskeleton can be directly
determined. Here, we show the association of PLD1 with the membrane-
associated cytoskeleton after stimulation with GTPγS.

1. 5 × 106 cell equivalents of the membrane or cytoskeletal fraction, or 100 µg of
cytosol, was subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 8% gels, as previously described (13). Proteins were
transferred to the polyvinylidene difluoride membrane and blocked with 5% non-
fat dry milk.

2. Western blotting for PLD1 with polyclonal anti-PLD1 Ab, with detection via
horseradish peroxidase-coupled 2° Ab and enhanced chemiluminescence (ECL),
was performed as described (Fig. 4; see Note 8 [13]).

3.4.2. Coimmunoprecipitation of PLD1 and Actin From Purified Membranes

1. To assess the hypothesis that PLD1 and actin physically are associated in mem-
branes from U937 cells, the membrane fraction is solubilized in RIPA-like buffer
by incubation on ice for 60 min.

2. Insoluble material is removed by centrifugation at 14,000g for 15 min at 4ºC.

Fig. 4. Stimulation of guanosine triphosphate (GTP)-binding proteins induces a
concentration-dependent association of phospholipase D (PLD)1 with the plasma
membrane and its detergent-insoluble cytoskeleton. Plasma membrane (M) and cyto-
sol (C) isolated from U937 cells by nitrogen cavitation and density gradient centrifu-
gation are incubated in the presence of the indicated concentrations of guanosine
5'-[γ-thio]triphosphate (GTPγS) or buffer to prepare MGTPγS (1–100 µM) and Mo. Mem-
brane fractions are extracted with 0.5% octyl glucoside and the respective detergent-
insoluble fractions ([DIF]GTPγS [1–100 µM], DIF0,) isolated by centrifugation. 5 × 106

cell equivalents of each sample are subjected to sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis on 8% gels, followed by transfer to polyvinylidene difluoride
membranes, and Western blotting with polyclonal anti-PLD1 antibody. MGTPgS and
DIFGTPγS exhibit increasing amounts of two closely resolved species of PLD1 that are
dependent on the concentration of GTPγS. (Reprinted with permission from ref. 13.)
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3. The lysate is precleared by incubation with pre-immune serum for 120 min at 4ºC
followed by a 30 min incubation with 50 µL of a 10% Protein A–Sepharose
suspension.

4. After centrifugation at 1000g for 5 min at 4ºC, the precleared lysate is incubated
with control irrelevant polyclonal Ab or one of three polyclonal anti-PLD1 Abs
for 5 h at 4ºC, followed by an additional 1-h incubation with 50 µL of the 10%
Protein A–Sepharose suspension. Three rabbit polyclonal anti-PLD1 Abs to the
following peptide sequences of PLD1were used: (1) PLD1-N, peptide 1–15, (2)
Internal sequence, PLD1-I, peptide 525–541, and (3) PLD1-C, peptide 1057–1074.

The resultant immunoprecipitates are washed five times with RIPA-like
buffer and subjected to SDS-PAGE on 8% gels. After transfer to PVDF,
immunoblotting is performed with an anti-actin immunoglobulin (Ig)M mono-
clonal Ab, with detection via ECL. Immunoprecipitation with all three anti-
PLD1 Abs, but not control irrelevant Ab, demonstrated coimmunoprecipitation
of actin (Fig. 5).

3.4.3. Determination of PLD1 Binding to Membrane-Associated G-Actin

To assess the binding of PLD1 to the G-actin localized to the plasma mem-
brane, we use a co-sedimentation assay in which DNase 1 is immobilized on
Sepharose beads. Because DNase 1 binds specifically to G-actin but not to F-actin
(30,31), proteins that bind G-actin are co-sedimented in the DNase I Sepharose
pellet (14).

1. 500-µg Aliquots of membranes are solubilized in lysis buffer, as noted in Sub-
heading 3.4.2. In select samples, various amounts of purified rabbit skeletal
muscle actin are added.

Fig. 5. Actin coimmunoprecipitates with phospholipase D (PLD)1 in membranes
from U937 cells. Membranes are incubated in lysis buffer for 1 h on ice and subjected
to immunoprecipitation with control irrelevant antibody (Ab) (Ctr) or antipeptide
polyclonal Abs generated to an internal (PLD1-I), N-terminal (PLD1-N), or C-termi-
nal (PLD1-C) sequence of PLD1. After washing the immunoprecipitates, we analyzed
the samples using sodium dodecyl sulfate-polyacrylamide gel electrophoresis /West-
ern blotting with anti-actin immunoglobulin M monoclonal Ab, with detection by
HRP-conjugated secondary Ab and enhanced chemiluminescence. (Reprinted with
permission from ref. 14.)
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2. The lysates are precleared with washed, control Sepharose beads by incubation
for 60 min at 4ºC.

3. The precleared lysates are incubated with DNase 1-Sepharose beads for 16 h at
4ºC and washed five times with lysis buffer.

4. The washed, pelleted beads are suspended in SDS-PAGE sample buffer, heated
to 100°C for 5 min, and subjected to electrophoresis on 8% gels, followed by
transfer of the DNase 1-binding proteins to PVDF, and immunoblotting with anti-
PLD1 Ab.

5. The results demonstrate that PLD1 is specifically cosedimented by the DNase 1
beads but not by the uncomplexed, control beads (Fig. 6). In the presence of
increasing concentrations of added G-actin (0.05–1.0 mg/mL), there was a pro-
gressive increase in the amount of the co-sedimented PLD1.

3.5. A Novel Immunoprecipitation–In Vitro PLD Assay
and Its Application to the Determination of PLD Isoform-Specific Activity

Many cell types express both PLD1 and PLD2, but isoform-specific activi-
ties and their relationship to physiological functions remain poorly understood.
We developed an immunoprecipitation–in vitro PLD activity assay (32) to define
the role of the individual PLD isoforms in the regulation of cellular functions,
illustrated here for macrophage phagocytosis.

1. Monocyte-derived macrophages or dTHP-1 cells in RPMI-1640 are incubated
with COZ (particle:cell ratio, 10:1), 100 nM PMA, or buffer control, for 15 min
at 37°C.

2. Incubations are terminated by washing in ice-cold PBS, which also removes
nonadherent COZ.

3. Cells are solubilized in lysis buffer by incubation for 1 h on ice (see Note 9).
4. After centrifugation at 14,000g for 15 min at 4°C, to pellet the insoluble fraction,

supernatants are precleared by incubation with Protein A–Sepharose for 120 min
at 4°C.

Fig. 6. Phospholipase D (PLD)1 binds membrane-associated G-actin. Purified mem-
branes are solubilized in lysis buffer, and incubated with uncomplexed Sepharose
beads (lane 1) or DNase I-Sepharose (lanes 2–8). The designated amounts of purified
α-actin are added to lanes 4 to 8, before sedimentation by centrifugation. Sedimented
beads are washed in lysis buffer, and associated proteins analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis /Western blotting with anti-PLD1 antibody.
(Reprinted with permission from ref. 14.)
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5. Precleared lysates are centrifuged at 1000g for 5 min at 4ºC, and supernatants
incubated with rabbit polyclonal Abs to PLD1, PLD2, or control preimmune serum
for 5 h at 4ºC, followed by an additional 2-h incubation with 50 µL of 10% Pro-
tein A–Sepharose.

6. Immunoprecipitates (IPs) are washed in complete lysis buffer, followed by three
washings with 0.5% octyl glucoside in H/K buffer, then five times with H/K
buffer without detergents. All treatments and washings are carried out at 4ºC.

7. The PLD activity of the IPs is assayed by addition of mixed-lipid substrate
vesicles in the presence of 1.0% ethanol, as detailed prevously in Subheading 3.2.3.

8. Using this approach, we have demonstrated that phagocytosis is associated with
stimulation of both PLD1 and PLD2 activities (Fig. 7). Stimulation of cells with
phorbol myristate acetate (PMA), which is known to activate both PLD1 and
PLD2, resulted in increased levels of activity in IPs containing PLD1 (170 ± 14%
of control) ,as well as PLD2 (163 ± 7%), supporting the accuracy of this assay
(Fig. 7).

4. Notes
1. DFP is extremely toxic because of its potent, irreversible inhibition of acetylcho-

linesterase. DFP should be handled only in the hood with gloves, and a colleague
should be present to monitor for toxicity (lightheadedness, fainting). Atropine

Fig. 7. Phagocytosis is associated with stimulation of both phospholipase D (PLD)1
and PLD2. Differentiated THP-1 macrophages are incubated with buffer (Basal),
complement-opsonized zymosan (COZ) (particle:cell, 10:1) or PMA (100 nM) for 30
min. Cells are disrupted in lysis buffer, precleared and then immunoprecipitated with
control, pre-immune serum (C) or specific rabbit polylclonal antibodies (Abs) to PLD1
(P1) or PLD2 (P2). After extensive washing of the immunoprecipitates (IPs), PLD
activity of each is determined by addition of mixed lipid vesicles containing [3H]-
phosphatidylcholine substrate and 1.0% ethanol. The PLD-specific product, [3H]-
phosphatidylethanol, is isolated by thin-layer chromatography and quantitated by
liquid scintillation spectrometry. Western blotting of the IPs confirmed the specificity
of the immunoprecipitating Abs (not shown). Reprinted with permission from ref. 32.
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injection syringes are available in case of accidental exposure. All equipment
contaminated with DFP should be rinsed in 1 N NaOH. After the initial cen-
trifugation of DFP-treated cells, the supernatant is diluted 1:1 in 1 N NaOH and
allowed to stand at room temperature for 30 min to inactivate the DFP.

2. The stock solutions of purified lipids are made in chloroform:methanol (9:1). PC
and PI(4,5)P2 stocks are 1 mM, whereas the PE stock solution is 2 mM. To increase
its solubility, the PE stock is gently warmed in a 37ºC water bath. PC and PE
stock solutions are stored at –20ºC, whereas PI(4,5)P2 is stored as 50-µL aliquots
at –70ºC. The PE solution, which appears cloudy when removed from the cold,
can be rendered clear and colorless in seconds by brief warming in the 37ºC bath.

3. Cell disruption is performed by the nitrogen decompression method in the Parr
Cell Disruption Bomb. The bomb is precooled to 4ºC and left immersed in the ice
bucket throughout the disruption process. The cells are pressurized with N2 and
sufficient time must be allowed for N2 to dissolve and come to equilibrium with
the cells. The N2 pressure and duration of equilibration depend on the number of
cells and their surface:volume ratio. Efficiency of cell disruption can be evalu-
ated by monitoring release of cytosolic constituents, such as lactate dehydroge-
nase, or by microscopic examination. Use of a larger number of cells may require
a longer equilibration period. If a high percentage of cells remain undisrupted, a
second cavitation step may be performed. Disruption occurs when the pressure in
the chamber is released by opening the discharge valve and collecting the
homogenate.

4. During the isolation procedure all steps are performed in ice bucket with tubes
immersed in ice. Storage of cytosol and membrane fractions should be in frost-
free –70°C freezers. The cytosol must be filtered through a 0.2-µm membrane to
remove residual contamination with low-density membranes. In experiments in
which membrane lipids were labeled by incorporation of radioactive fatty acids,
unfiltered cytosols had a 5 to 10% contamination with the membrane fraction.

5. The final lipid vesicle preparation should be translucent, with no flocculent or
insoluble material. A few seconds cooling of the tube between the sonic pulses
will prevent overheating of the tube. Because 10 µL of this substrate vesicle
preparation is used for each sample, this amount is sufficient for at least 35 assays.
The substrate vesicles should be used on the day of preparation.

6. After removing the frozen membrane aliquots from the freezer, the protein is
thawed quickly at room temperature and the membranes uniformly resuspended
using the Tenbroeck homogenizer. A similar approach for resuspension must be
followed after every centrifugation step of the membrane fraction. The
cytoskeletal fractions are resistant to rapid resuspension and patience must be
exercised. All steps should be conducted in the ice bucket. After this protocol,
the activities of the membrane and cytoskeletal fractions can be maintained for
months at –70°C.

7. The low level of PLD activity obtained with the Triton X-100-insoluble fraction
probably represents the significant inhibitory effect of this detergent on PLD
activity, and indeed direct addition of this detergent to the PLD assay system
exerted greatest inhibitory effect on the activity of MGTPγS .
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8. Confirmation that the detergent-insoluble fraction derived from purified mem-
branes is consistent with the membrane cytoskeleton can be obtained by Western
blotting for the actin-binding proteins, vinculin, α-actinin, talin, and paxillin, as
previously described (9).

9. In initial experiments, we used more stringent lysis conditions, including 0.5 to
1.0% Triton X-100 with or without 1% deoxycholate. However, these conditions
resulted in very poor recovery of PLD activity, even after detergent exchange
into 0.5% octylglucoside followed by extensive washings with detergent-free H/K
buffer.
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Reconstitution System Based on Cytosol-Depleted Cells
to Study the Regulation of Phospholipase D

Amanda Fensome-Green and Shamshad Cockcroft

Summary
Phospholipase D (PLD) hydrolyzes phosphatidylcholine to produce the membrane-

associated second messenger, phosphatidic acid (PA) and choline. Two phospholipase D
enzymes—PLD1 and PLD2—have been identified, although their regulatory mecha-
nisms are yet to be fully understood. To study the regulation of PLD, we established a
reconstitution system that allows the study of the PLD enzymes in their native environ-
ment while enabling the cytosol to be manipulated. Cells are permeabilized with a bacte-
rial cytolysin (streptolysin O), which produces lesions in the plasma membrane, resulting
in the release of cytosolic proteins. With increasing permeabilization times, guanosine
5'-[γ-thio]triphosphate and receptor-activated PLD activity diminishes. Once the condi-
tions for the run-down of the response is established, cellular factors, such as cytosol and
purified proteins, can be added to these cells to restore activity. In addition to examining
PLD activity, this reconstitution system allows the study of potential cellular targets of
PA, such as phosphatidylinositol 4-phosphate (PIP) 5-kinase activity by monitoring PIP2

synthesis, and also functional outputs, such as exocytosis.

Key Words: ARF; phosphatidylcholine; phosphatidate; streptolysin O; alcohols; per-
meabilization.

1. Introduction
Cell-surface receptors regulate hydrolysis of cellular phospholipids that are

catalyzed by different classes of phospholipases having distinct specificities.
Depending on cell type and stimulus, multiple lipid signaling pathways are
initiated to allow for the physiological response of the cell to be manifested.
Thus, receptors can be coupled to activation of the inositol lipid-specific phos-
pholipase C and the phosphatidylcholine (PC)-specific phospholipase D (PLD)
and this gives rise to multiple second messengers.
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PLD catalyses the hydrolysis of PC to produce the lipid-soluble metabolite
phosphatidic acid (PA), and the water-soluble headgroup, choline (Fig. 1; refs.
1–3). There are two PLD enzymes, PLD1 and PLD2, and the activities of both
enzymes are increased when G protein-coupled receptors or receptors that regu-
late tyrosine kinases are occupied by appropriate agonists. The regulatory
mechanisms concerning PLD1 and PLD2 are still being elucidated. The ADP-
ribosylation factor (ARF) (ARF1–6) and Rho (Rac, Rho, and Cdc42) family of
guanosine triphosphatases (GTPases) have all been identified as regulators of
mammalian PLD1. In addition, conventional isoforms of protein kinase C (α,
βI, βII, and γ) also can activate PLD1 directly. More importantly, the activa-
tion of PLD1 by the three regulators, ARF, Rho, and protein kinase C (PKC), is
synergistic, indicating that these activators interact at different sites of the
PLD1 molecule. PLD2 also is regulated in a complex manner and oleic acid,
ARF proteins, and PKC all can increase PLD2 activity. The activity of PLD1
and PLD2 also can be modulated (inhibitory or excitatory) by many soluble
proteins, including GM2 activator (4,5), actin (6), α-actinin (7), and synuclein (8).

To study PLD isozymes in their native environment, it is essential to set up
cell-based assays where it is possible to study their regulation by cell-surface

Fig. 1. Hydrolysis of phosphatidylcholine (PC) by phospholipase D (PLD) pro-
duces choline and phosphatidic acid (PA). Either product can be assayed as a monitor
of PLD activity. However, PA is rapidly metabolized; therefore, it generally is as-
sayed as the stable product, phosphatidylbutanol (PBut), in the presence of 0.2% to
0.5% butanol. Hydrolysis of PC by PLD occurs in two steps. Initially, PLD binds to
PC and the first part of the reaction involves the formation of a PA–PLD intermediate
by covalent linkage of PA to a histidine residue and the release of the choline
headgroup. Either water or a primary alcohol (e.g., butanol) can act as a nucleophile in
the second stage of the reaction. In the presence of water, the reaction product is PA,
and in the presence of butanol, the reaction production is the metabolically stable prod-
uct, PBut. PBut has to be separated by thin-layer chromatography, whereas choline,
which is water-soluble, can be separated by column chromatography.
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receptors and their modulation by other cellular factors. An important consid-
eration when studying PLDs is the presentation of the lipid substrate, PC,
because the presence of other lipids will profoundly influence the activity. Both
PLD1 and PLD2 have a requirement for phosphoinositides with
phosphatidylinositol(4,5)bisphosphate being probably the most important in
this regard. Both PLD1 and PLD2 contain a PH and a PX domain. These domains
commonly are found in many proteins and, where examined, have been shown to
bind phosphoinositides (9). PH domains can bind a variety of phosphoinositides,
whereas the PX domain can bind PI3P. In addition, a basic region also has been
identified as a PIP2 binding site (10). By using permeabilized cells where the
cytosolic compartment can be manipulated, the enzymes can be studied in their
native environment because both the lipid substrates and the enzymes (PLD1
and PLD2) remain cell-associated and, hence, in their native state. The use of
lipid micelles or vesicles as a source of substrate for the enzyme inevitably
leads to loss of many subtle aspects of PLD regulation and is a poor reflection
of the cellular environment that these enzymes normally operate in.

An additional advantage of the permeabilized cell system is that many of the
functions controlled by the putative second messenger, PA, can also be exam-
ined. Thus, the permeabilized system can be used to examine the production of
PI(4,5)P2 by the activators of PLD (11–13). Here, we describe the use of a
permeabilized cell system that has powerful applications with respect to
examination of both the regulators (e.g., ARF proteins [14], PKC [15], oleic
acid [16]) and modulators of PLD (e.g., GM2 activator [5]). Permeabilization of
cells is used to deplete cytosolic proteins, and this leads to loss of receptor-
activated PLD activity. Cytosol or specific proteins can be re-introduced into
the cells and this is sufficient to restore receptor-activated PLD activity. For
cytosol depletion, cells are permeabilized with streptolysin O, a bacterial (strep-
tococcal) cytolysin, which generates large lesions (approx 15 nm in diameter)
in the plasma membrane of cells. The protocol detailed below can be used for
studying both G protein-coupled receptors (17) and for studying tyrosine
kinase receptors (11). In addition, the receptor can be by-passed when G pro-
tein-coupled receptors are being studied by using GTPγS, the nonhydrolyzable
analog of GTP, to directly activate G proteins of both heterotrimeric, as well as
monomeric, GTP-binding proteins of the Ras superfamily (15).

Activation of PLD should be examined under different states of the cell to
establish the quality of the restoration with specific proteins (Fig. 2). In the
first instance, the responsiveness of the system is established by examining
“acutely permeabilized” cells, which will determine the extent of the response
one is likely to obtain under the most optimal conditions. Here, the receptor
agonist (or GTPγS) is added simultaneously with streptolysin O (SLO). Under
these conditions, the activation of PLD occurs while the majority of the cellu-
lar proteins are still present in the cells. Entry of GTPγS into the permeabilized
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cells occurs within seconds, whereas the loss of the cytosolic proteins from the
cells occurs in 5 to 10 min. This activity is simply attributable to the size of the
molecules. In addition, GTPγS will retard the loss of ARF proteins by translo-
cating them to membranes (13).

The second step establishes conditions that leads to “run-down” so that the
ability of the cells to respond to GTPγS (or a receptor-directed agonist) becomes
refractory. This refractory state is achieved by permeabilizing the cells first to
allow the leakage of the cytosolic proteins. These cells are referred to as “cyto-
sol-depleted” cells. Conditions for run-down should be empirically determined
for each cell type. Some proteins are freely diffusable (e.g., ARF1) and will be
released within 5 to 10 min but other proteins are associated with the mem-
brane or cytoskeleton and are only released over a longer period of time (30–
45 min), for instance, Rac proteins (see Notes 1 and 2 and ref. 18).

Fig. 2. Illustration of the method used for restoration of G protein-regulated phos-
pholipase D (PLD) activity in permeabilized cell preparations. Three steps are de-
scribed. (A) PLD activity is monitored in acutely permeabilized cells, conditions in
which guanosine 5'-[γ-thio]triphosphate (GTPγS) and the permeabilizing agent, strep-
tolysin O (SLO), are added simultaneously. Activation by GTPγS occurs in the pres-
ence of cytosolic proteins and maximal stimulation is observed. (B) When cells are
incubated with SLO first to deplete the cytosolic proteins, the ability of GTPγS to
stimulate phospholipase D activity in the “cytosol-depleted” cells is impaired despite
the presence of membrane-associated PLD. (C) “Cytosol-depleted” cells are reconsti-
tuted with addition of exogenous cytosol (or purified proteins, e.g., ARF).
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The third and final step is to restore activation by the re-addition of exogen-
ous cytosol or known proteins that are suspected to be required for PLD signal-
ing. If the identity of the proteins is not known, then the cytosol can be
fractionated and the reconstituting factor(s) purified.

2. Materials
1. SLO can be purchased from Sigma (cat. no. S-140). The SLO is supplied in pow-

der form and it is reconstituted in 2 mL of distilled water to give a stock solution
of 20 IU/mL. (International units are the manufacturer’s arbitrary units.) This
solution can be kept at 4°C for 1–2 wk. The solution can get cloudy with time and
can be partially clarified on warming at 37°C. However, the cloudiness does not
affect permeabilization. Alternatively, the solution can be kept frozen in 50- to
100-µL aliquots at –20°C and used over the course of a 6-mo period.

2. Both primary and cultured cells have been used successfully, including HL60
cells, rat basophilic leukemia mast cells, rat peritoneal mast cells, and human
neutrophils. These cells mainly are used as a cell suspension, although attached
cells also can be used, but depletion of cytosolic proteins is incomplete compared
with cells in suspension. Alternatively, attached cells can be detached by
trypsinization or scraping and used in suspension.

3. Permeabilization buffer: 20 mM Na-piperazine-N,N'-bis(2-ethane sulfonic acid)
(PIPES), 137 mM NaCl, 2.7 mM KCl, pH 6.8. Stock solution of Na-PIPES (1 M)
and a 20X stock of NaCl/KCl are kept at 4°C till required. Two milliliters of
stock Na-PIPES and 5 mL of stock NaCl/KCl are diluted to 100 mL and made
fresh and the pH adjusted to 6.8. This buffer will be referred to as PIPES. Glu-
cose 1 mg/mL (5.6 mM) and bovine serum albumin 1 mg/mL are added to the
PIPES buffer to obtain the permeabilization buffer.

4. Ca/ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA) buffers. It is neces-
sary to control the concentration of Ca2+ between 10 nM and 10 µM (pCa 8–pCa
5). The resting level of cytosol Ca2+ is 100 nM in most cells and increases to
micromolar levels upon stimulation; therefore, it is important to clamp the Ca2+

concentration to a known value by using Ca–EGTA buffers. The final EGTA
concentration is maintained at 3 mM. Stock Ca–EGTA buffers (100 mM) at spe-
cific free Ca2+ concentrations are prepared and stored at –20°C. Ca2+–EGTA
buffer stocks (100 mM) in the range of pCa 8 (10 nM) to pCa 5 (10 µM) are
prepared from stock solutions of Ca–EGTA and EGTA of 100 mM concentra-
tion, which are then combined in varying proportions to achieve the desired value
of free Ca2+ (Table 1). These values have been obtained using the program CHE-
LATE (19). The two stock solutions are prepared in PIPES buffer (20 mM
Na–PIPES, 137 mM NaCl, 2.7 mM KCl, pH 6.8). EGTA is purchased from Fluka
because of high purity and CaCl2 is analytical grade obtained from Sigma.

5. Mg adenosine triphosphate (ATP) is made up as a stock solution of 100 mM and
can be kept at –20°C for months. ATP is purchased as a disodium dihydrogen
salt. To prepare 10 mL of 100 mM stock solution of MgATP, dissolve 605 mg in
10 mL of a solution containing 2 mL of 1 M Tris and 1 mL of 1 M MgCl2. The use
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of 200 mM Tris effectively results in a neutral solution (pH 7.0). This should be
checked with a pH electrode and adjusted accordingly. Freeze-thaw of the solution
is not detrimental and 10-mL aliquots can be kept at –20°C and used repeatedly.

6. [methyl-3H]choline is purchased from Amersham Biosciences and kept sterile.
7. Medium 199 is purchased from Sigma.
8. Bio-Rex 70 cation exchange resin (sodium form, mesh size 200–400) is obtained

from Bio-Rad.
9. GTPγS is obtained as a 10 mM solution from Boehringer.

10. Recombinant ARF1 can be expressed in Escherichia coli (15) and cytosol can be
prepared from rat brain.

3. Methods
Procedures are described for reconstitution of PLD activity in permeabilized

HL60 cells stimulated with GTPγS (Fig. 2). Three steps are described: The
first step outlines the experimental procedure for the following:

1. Working with acutely permeabilized cells.
2. Conditions to establish run-down.
3. The restoration of PLD activity with ARF proteins. (The method can be adapted

to examine any other regulators of PLD activity.)

PLD activity can be measured by two independent methods (Fig. 1). The
method described here is suitable for working with permeabilized cells, which
rely on the release of labeled [3H]choline. The advantage of this method is that
many samples can be analyzed in a single experiment, which is essential if you
are screening many cytosolic fractions. An alternative method involves label-
ing of the cells with [3H]myristic acid for 4 h to label the PC pool (12). In the
presence of butan-L-ol, phosphatidylbutanol (PBut) is produced at the expense

Table 1
Recipe for Ca2+ Buffer Solutions

pCa Vol. (mL) Ca–EGTA Vol. (mL) EGTA

8 0.112 7.888
7 0.996 7.004
6.5 2.481 5.519
6 4.698 3.302
5.5 6.552 1.448
5 7.501 0.499

Ca–EGTA and EGTA solutions (100 mM) are mixed in the
proportions indicated to obtain 8 mL of each buffer stock (100
mM) at the appropriate pCa. In the experiments, the final
[EGTA]total is 3 mM. The calculation is based on the assumption
that there is 2 mM MgCl2 in the buffer and the buffer pH is 6.8.
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of PA (Fig. 1). Transphosphatidylation is a hallmark of PLD activity and provides
definitive evidence for PLD activity. It is advisable to confirm the production
of PBut in a limited number of experiments, as choline release could occur by
other means. Choline release requires simple column chromatography, whereas
the measurements of PBut require lipid extraction and separation by thin-layer
chromatography.

A typical experiment is illustrated in Fig. 3. HL60 cells were permeabilized
for different times and subsequently assayed for GTPγS-stimulated PLD activ-
ity. As the permeabilization interval increases, the responsiveness of the cells
diminishes. The supernatants are analyzed for leaked ARF proteins to demon-
strate the depletion of these proteins from the cells. Finally, the cytosol-depleted
cells are reconstituted with recombinant ARF proteins to demonstrate that ARF
proteins are responsible for PLD activation.

3.1. Assay of PLD Activity in Acutely Permeabilized Cells
Using [3H]Choline Release

1. Labeling of cells: to measure PC-hydrolysing PLD activity, the cells are labelled
with [methyl-3H]choline and release of radiolabeled choline is used as a monitor
of activity. HL60 cells normally are grown in RPMI-1640 medium with heat-
inactivated 12.5% (v/v) fetal calf serum, 4 mM glutamine, 50 IU/mL penicillin,
and 50 µg/mL streptomycin. Radiolabeling of HL60 cells is performed in medium
199 containing 10% fetal calf serum. This medium is used because of its low
choline content. HL60 cells are labelled with 0.5 µCi/mL for 48 h. HL60 cells
grow to a density of 1–2 × 106 cells/mL and each assay tube has approx 1–2 × 106

cells. A total of 50 mL of cells is therefore sufficient for 50 separate assay conditions.
The experiment is always conducted in duplicate. [3H]choline is mainly incorpo-
rated into PC (87%) and sphingomyelin (13%). Incorporation into the choline-
containing lipids can be determined by extracting the total lipids (see step 8) and
measuring the level of incorporation in the extract. To obtain a good signal, each
assay tube should contain approx 105 disintegration per minute (DPM).

2. Labeled HL60 cells (50 mL, 1–2 × 106 cell/mL) are centrifuged at 1000g for 5
min at room temperature. The medium is discarded and the cells resuspended in
40 mL of permeabilization buffer (i.e., PIPES buffer containing albumin and glu-
cose). The cells are pelleted by centrifugation and the process repeated once more.
After the final centrifugation, the cells are resuspended in 2 mL of permeabilization
buffer. The washed radiolabeled cells are equilibrated at 37°C for 10 to 15 min.

3. 1.5-mL Eppendorf tubes are used for the assays. The final assay volume is 100
µL. 50 µL of reaction mixture is prepared in the Eppendorf tubes containing
twice the concentration of SLO (0.4 IU/mL final), MgATP (1 mM final), MgCl2

(2 mM final), Ca2+ buffered with 3 mM EGTA (pCa 5), and GTPγS (10 µM final).
The Eppendorf tubes containing the appropriate reagents are prepared at 4°C and
put into the water bath at 37°C for 5 min before the addition of the cells.

4. 50-µL aliquots of cells are transferred to the Eppendorf tubes and incubated for
30 min.
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Fig. 3. (A) Run-down of guanosine 5'-[γ-thio]triphosphate (GTPγS)-stimulated
phospholipase D (PLD) activity. [3H]-choline-labeled HL60 cells were permeabilized
and at the indicated times 50-µL aliquots were removed and incubated further in the
presence or absence of 10 µM GTPγS. Samples were quenched on ice and then ana-
lyzed for [3H]-choline release. The response observed at time 0 is the maximal
response observed in acutely permeabilized cells. As the time of permeabilization is
increased, the ability of GTPγS to stimulate PLD activity diminishes. (B) Reduction of
GTPγS-stimulated PLD activity correlates with the release of ARF proteins. HL60
cells were permeabilized for the indicated times, and 1-mL aliquots were removed and
centrifuged. The proteins in the supernatants (released proteins) were precipitated with
TCA, and redissolved in sample buffer. Samples (106 cell equivalents) were run on a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred,
and probed with anti-ARF antibodies. (C) Restoration of GTPγS-stimulated PLD
activity by rARF1 (nonmyristoylated). Much lower concentrations of ARF proteins
can be used if the proteins are myristoylated. Labeled HL60 cells were permeabilized
for 10 min and washed. The cells were then incubated at 37°C for 45 min in the pres-
ence of the indicated concentrations of rARF1 and GTPγS.
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5. The samples are quenched with 375 µL of a mixture of chloroform:methanol (1:2
by vol). The sample is vigorously vortexed and a single phase obtained. A further
addition of 125 µL of chloroform, and 125 µL of water is then made to obtain a
two-phase system. After vigorous mixing, the samples are centrifuged for 5 min
at 1000g. The lipids are present in the lower chloroform phase, and the top aque-
ous phase contains the water-soluble components including free [3H]choline. An
aliquot of the top phase is used to analyse the presence of [3H]choline.

6. [3H]choline is separated from glycerophosphocholine and phosphorylcholine by
cation chromatography. The aqueous phase containing the choline metabolites
are applied to a 1-mL bed volume of Bio-Rex 70 cation exchange resin (sodium
form, mesh size 200–400 purchased from Bio-Rad) in a Bio-Rad column. The
column is rinsed with 3 mL of water to elute phosphorylated choline metabolites.
Radiolabeled choline is quantitatively eluted with 3 mL of 50 mM glycine con-
taining 500 mM NaCl, pH 3.0, directly into scintillation vials. The Bio-Rex resin
is regenerated by extensively washing the resin with 0.5 M NaOH, pH 9.0, fol-
lowed by washing with water. The resin is then washed with 0.1 M sodium phos-
phate, pH 7.0, and finally washed with water.

7. The radioactivity is measured after addition of a scintillation cocktail that is able
to accommodate acidic solutions and high salt (e.g., Ultima Gold XR from
Canberra Packard).

8. Calculation of data: the increase in labeled choline is expressed as a function of
the total radioactivity (DPM) incorporated in the total choline lipids, (which in-
cludes both PC and sphingomyelin). The total lipid chloroform extract is care-
fully removed from the Eppendorf tube and transferred to a clean scintillation
vial and the chloroform is allowed to evaporate by leaving it overnight on the
bench (or the fume hood). Then, 500 µL of methanol should be added to the dried
lipids followed by 2 mL of scintillation cocktail.

3.2. Establishing Conditions for Run-Down of PLD Activity

1. To establish conditions for the run-down of regulated PLD activity, 4 mL (1–2 ×
107 cells/mL) of washed [3H]-choline-labeled cells are required. (This amount
equates to 50 mL of confluent HL60 cells [labeled] as a start material.)

2. A cocktail containing SLO (0.4 IU/mL final), MgATP (1 mM final), and Ca2+

(100 nM buffered with 100 µM EGTA final) in 1 mL is added to the labeled cells.
3. At timed permeabilization intervals (0, 2, 4, 8, 12, 16, 20, 25, 30, 40, 45, 60 min),

four aliquots of cells are withdrawn (50 µL) and transferred to duplicate assay
tubes containing 50 µL of Ca2+ (pCa 5 [10 µM] buffered with 3 mM EGTA final),
MgATP (1 mM final), MgCl2 (2 mM) ± GTPγS (10 µM final).

4. Assay tubes are incubated at 37°C for a further 30 min to monitor the extent of
GTPγS-stimulated PLD activity.

5. At the end of the incubation, the reactions are quenched as described previously
in Subheading 3.1., step 5 for acutely permeabilized cells.

6. The data are plotted as the extent of the GTPγS-stimulated PLD activity as a
function of the permeabilization interval. The run-down of activity is seen as the
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permeabilization interval increases and the optimum time for run-down deter-
mined (see Notes 1–4).

3.3. Reconstitution of GTPγS-Stimulated PLD
by Cytosolic Factors in Cytosol-Depleted Cells

Having established the optimum period for observing run-down, the resto-
ration of GTPγS-stimulated PLD activity can be performed using exogenously
added cytosol or purified proteins.

1. Four milliliters of washed [3H]choline-labeled HL60 cells in permeabilization
buffer are incubated with a cocktail containing SLO (0.4 IU/mL final), MgATP
(1 mM final), and Ca2+ (100 nM buffered with 100 µM EGTA final) in 1 mL for
the appropriate time that achieves run-down (10–40 min).

2. After permeabilization, the cells are diluted with 40 mL of ice-cold permeabili-
zation buffer and centrifuged at 2000g for 5 min at 4°C to pellet the cells.

3. The cells are resuspended in ice-cold permeabilization buffer and 50-µL aliquots
are transferred to assay tubes on ice. Assay tubes contain 50 µL of Ca2+ (pCa 5
[10 µM] buffered with 3 mM EGTA final), MgATP (1 mM final), MgCl2 (2 mM)
± GTPγS (10 µM final), and rat brain cytosol (1–3 mg/mL) or purified proteins
(such as ARF, Rho, or PKC).

4. Assay tubes are transferred to a water bath and further incubated at 37°C for 30
min to monitor the extent of GTPγS-stimulated PLD activity.

5. At the end of the incubation, the reactions are transferred to ice and reactions
quenched as described previously in Subheading 3.1., step 5 for acutely
permeabilized cells.

4. Notes
1. Depletion of proteins from the cytosol is dependent on their interactions with

membranes or cytoskeleton. Truly cytosolic proteins exit with a faster time-
course compared with some proteins, which are loosely anchored in cells. For
example, release of ARF1 occurs within 5 min, whereas release of ARF6 can
vary between 5 min and incomplete at 30 min depending on cell type (11,13).
PKC release is also complete within 5 to 10 min, but Rac and Rho proteins re-
main cell-associated despite prolonged permeabilization (18). PLD enzymes are
tightly membrane-associated because of palmitoylation and therefore remain cell-
associated. Therefore, the length of time used for the depletion of cytosolic pro-
teins is important because it will dictate which proteins leak out. For any known
protein of interest, it is worthwhile to track the protein by Western blotting using
appropriate antibodies in the supernatants obtained after pelleting the
permeabilized cells. It should never be assumed that a protein that is recovered in
the cytosol when cells are homogenized will leak out of the cells. Rho-GDI is one
such protein that does not leak out of extensively permeabilized cells (18).

2. During the step for cytosol depletion, we routinely have MgATP (1 mM) present.
It is possible that in its presence some proteins may be retarded if their phos-
phorylation state is important in attachment to intracellular structures. In addi-



Cell-Free Characterization of Mammalian PLDs 309

tion, in the presence of MgATP, the pool of PI(4,5)P2 is maintained (20) and
many proteins are tethered to membranes by their association with this lipid.
Depletion of proteins can also be carried out in the absence of MgATP which
does influence the time-course of run-down.

3. “Run-down is variable; therefore, it is important to work under well-defined cell
densities and SLO concentrations routinely. The concentration of SLO can be
increased to 0.6 IU/mL if run-down is insufficient. Normally, run-down of PLD
activity is partial and routinely ranges from a loss of 70 to 90% of the response
seen in acutely-permeabilized cells.

4. This protocol can be applied to any cellular response and not just PLD. We have
applied this protocol for purifying proteins required for phospholipase C regu-
lated by either G protein-coupled receptors or bsy receptor tyrosine kinases (21)
and proteins required for exocytosis (15). In this case, run-down of the secretory
response is dependent on the absence of MgATP during the cytosol-depletion
step. In the presence of MgATP, run-down is slower compared with in the
absence of MgATP.
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Analysis of Global Gene Expression Profiles Activated
by Chemoattractant Receptors

Fernando O. Martinez and Massimo Locati

Summary
Microarrays are made by immobilizing to a solid support thousands of DNA probes

that detect soluble complementary target sequences using the hybridization pairing rules
of nucleic acids. Receptor triggering induces a cascade of signaling events that often
involves the modulation of gene expression. In the last decade, the development of
microarrays has provided scientists with an innovative tool to interrogate the cell tran-
scriptional profile at a global level and to characterize genes according to their behavior
in different conditions. This chapter outlines the use of microarrays as an innovative
approach to study the global effect of transmembrane-receptor triggering. The effect of
formyl peptides receptors activation on the gene transcriptional program of human mono-
cytes is described as a model.

Key Words: GeneChip; Affymetrix; transcriptome; chemotactic factor; G protein-
coupled receptor; microarray; signaling; receptor; gene expression.

1. Introduction
Cells detect a vast group of environmental changes using highly specialized

membrane receptors, which initiate intracellular signaling events aimed at
achieving appropriate cellular responses. In several cases, a main component of
this adaptive response is the reconfiguration of the pool of expressed genes (1–3).

Among the numerous membrane receptor families, the seven-transmem-
brane domain heterotrimeric G protein-coupled receptors constitute the largest
of all, including more than 1000 distinct members in humans. These receptors
are classified in several families according to their sequence homology and
function. Chemoattractant receptors represent a distinct family that mediates
leukocyte chemotaxis in response to agonist gradients by selectively coupling
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to the Gαi subunit containing G proteins. The human formyl-peptide receptor
(FPR) was the first receptor of this family to be discovered (4) and can be
considered the prototype (5). FPR and the related FPR-like receptor (FPRL)-1
are activated by peptides containing a formylated methionine residue (i.e., the
tripeptide formyl-Leu-Met-Phe [fMLP]), a feature exclusively present in bac-
terial or mitochondrial proteins, that suggests an additional role for these
receptors as “pattern recognition” receptors to detect the presence of bacterial
infection or tissue damage (6). FPR and FPRL-1 are involved in phagocyte
recruitment and activation in inflammatory foci, and also support the induction
of transcripts for inflammatory cytokines and acute phase proteins (7).

Microarrays are an organized arrangement of probes immobilized on a solid
support that, using the hybridization base-pairing rules, provide a tool for
matching thousand of known nucleic acid simultaneously (8). For gene expres-
sion studies, transcripts levels are interrogated using a high number of immo-
bilized complementary DNA (cDNA) probes. The use of different surfaces
and methods for spotting or synthesizing the probes influences the experimen-
tal design principles and samples preparation procedures. This chapter will
describe the use of the Affymetrix GeneChip® Human Genome U133A 2.0
array, which interrogates 14,500 well-characterized human genes (see Note 1).
Although the experimental design may vary considerably among different stud-
ies, the data generated by microarray analysis can always be viewed as a matrix
of expression levels, organized by samples vs genes, and reported in tabular
format (9). Each sample represents separate microarray hybridization and gen-
erates a set of expression levels, one for each gene. The expression profile of a
gene is formed by the vector of expression levels across the different samples.

This chapter describes the use of microarrays as an innovative tool to inves-
tigate the effects of transmembrane receptors triggering at the level of global
gene expression. As an example, the simplest experimental protocol, a com-
parison of two biological conditions, each represented by a set of replicate
samples, will be used to analyze the transcriptional program induced by fMLP
in human monocytes.

2. Materials
This section lists all the reagents needed for this procedure, organized

according to their order of use. In parentheses will be indicated the part of the
procedure where each reagent is used. Please note that enzymes should not be
stored in a frost-free freezer.

2.1. Total RNA Isolation, Nucleic Acid Synthesis, and Clean-Up
(see Subheadings 3.2.–3.4.)

1. RNeasy Mini Kit (QIAGEN, cat. no. 74104). Store at room temperature (RT).
2. T7-oligo (dT) Promoter Primer Kit (Affymetrix, cat. no. 900375). Store at –20°C.
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3. SuperScript™ Double-Stranded cDNA Synthesis Kit (Invitrogen, cat. no. 11917-
010). Store at –20°C.

4. Enzo Bioarray™ HighYield™ RNA Transcript Labeling Kit (Affymetrix, cat.
no. 900182). Store at –20°C.

5. GeneChip Sample Cleanup Module (Affymetrix, cat. no. 900371). Store at RT.

2.2. Eucaryotic Target Hybridization, Washing, and Staining
(see Subheading 3.5.)

1. 50 mg/mL Bovine serum albumine (BSA) solution (Invitrogen Life Technolo-
gies, cat. no. 15561-020). Store at –20°C.

2. 10 mg/mL herring sperm DNA (Promega Corporation, cat. no. D1811). Store at
–20°C.

3. GeneChip® Eukariotic Hybridization Control Kit (Affymetrix, cat. no. 900454).
Store at –20°C.

4. 12X N-morpholinoethane sulfonic acid (MES) stock buffer (see Note 2): 64.61 g
of MES hydrate SigmaUltra (Sigma-Aldrich, cat. no. M-5287); 193.3 g of MES
sodium salt (Sigma-Aldrich, cat. no. M-5057); and molecular biology-grade wa-
ter up to 800 mL. Mix, set pH at 6.5, and adjust volume to 1 L with molecular
biology-grade water. Store at 4°C.

5. 2X Hybridization buffer (see Note 2): 8.3 mL of 12X MES stock buffer; 17.7 mL
of 5 M NaCl (Ambion, cat. no. 9760G); 4.0 mL of 0.5 M ethylenediaminetetraacetic
acid (EDTA; Sigma-Aldrich, cat. no. E-7889); 0.1 mL of Surfact-Amps 20
(Pierce Chemicals, cat. no. 28320); 19.9 mL of molecular biology-grade water.
Store at 4°C.

6. Wash buffer A (nonstringent wash buffer; see Note 2): 300 mL of 20X sodium
chloride/sodium phosphate/EDTA (Cambrex, cat. no. 51214); 1.0 mL of 10%
Surfact-Amps 20 (Pierce Chemicals, cat. no. 28320); molecular biology-grade
water to 1 L. Store at 4°C.

7. Wash buffer B (stringent wash buffer; see Note 2): 83.3 mL of 12X MES stock
buffer (see Subheading 3.5.); 5.2 mL of 5 M NaCl (Ambion, cat. no. 9760G); 1.0
mL of 10% Surfact-Amps 20 (Pierce Chemicals, cat. no. 28320); and molecular
biology-grade water to 1 L. Store at 4°C.

8. 2X Stain buffer: 41.7 mL of 12X MES stock buffer; 92.5 mL of 5 M NaCl
(Ambion, cat. no. 9760G); 2.5 mL of 10% Surfact-Amps 20 (Pierce Chemicals,
cat. no. 28320); and molecular biology-grade water to 250 mL. Store at 4°C.

9. Goat anti-immunoglobulin (Ig)G (Sigma-Aldrich, cat. no. I-5256) at 10 mg/mL
in 150 mM NaCl. Store at 4°C.

10. R-phycoerythrin streptavidin (Molecular Probes, cat. no. S-866). Store at 4°C.
11. Anti-streptavidin antibody, biotinylated (Vector Laboratories, cat. no. BA-0500).

Store at 4°C.

2.3. Miscellaneous Reagents and Supplies
1. Phosphate-buffered saline, pH 7.2 (Invitrogen Life Technologies, cat. no. 20012-

019). Store at RT.
2. 10X TBE buffer (Cambrex, cat. no. 50843). Store at RT.
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3. Molecular biology-grade water (Ambion, cat. no. 9915G). Store at RT.
4. 3 M Sodium acetate (Sigma-Aldrich, cat. no. S-7899). Store at 4°C.
5. Ethidium bromide (Sigma-Aldrich, cat. no. E-8751). Store at RT.
6. Dimethyl sulfoxide (Sigma-Aldrich, cat. no. D-5879). Store at RT and protect

from moisture.
7. Absolute ethanol (molecular biology-grade). Store at RT.
8. 80% Ethanol aqueous solution. Store at RT.
9. 70% Ethanol aqueous solution. Store at RT.

10. 1 N NaOH (molecular biology-grade). Store at RT.
11. 1 N HCl (molecular biology-grade). Store at RT.
12. 50 mM MgCl2 (molecular biology-grade). Store at RT.
13. 0.5 M EDTA (molecular biology-grade). Store at RT.
14. Sterile, RNase-free, microcentrifuge vials, 1.5 mL (Eppendorf, cat. no.

0030.121.589).
15. Aerosol-barrier RNase-free pipet tips (Ambion, cat. no. 12640).
16. Tygon tubing, 0.04 inner diameter (Cole-Parmer, cat. no. H-06418-04).
17. Tough-spots label dots (USA Scientific, cat. no. 9185-0000).

3. Methods
3.1. Overview

Transcripts detection in Affymetrix GeneChip array rely on oligoprobes
(probe feature) directly synthesized on a glass support using a technology that
merges combinatorial chemistry and photolithography. To be prepared for
hybridization, the sample undergoes a multistep process that begins with the
isolation of high quality total RNA from cells, used in a sond step as template
for the synthesis of double-stranded cDNA. Subsequently an in vitro transcrip-
tion reaction is used to produce biotin-labeled cRNA that must be fragmented
before hybridization. After fragmentation the cRNA is end-labeled with biotin
by terminal transferase and included in a hybridization cocktail. Each target
biotin-labeled cRNA, derived from the corresponding mRNA present in the
sample, is recognized by a distinct probe set represented by 11 perfect-match
oligoprobes whose specificity is controlled by a corresponding set of 11 single-
mismatch oligoprobes (Fig. 1). After hybridization, the array goes through
computerized washing and staining protocols in a dedicated fluidics station.
After hybridization, the array is scanned using the GeneArray® Scanner at 570
nm wavelength, and light emission of every probe cell, which is directly pro-
portional to the abundance of the gene interrogated, is recorded (Fig. 1). The
software defines the position of the different probe cells and computes their
intensity level. Each image is stored in a file accessible from the Microarray
Suite Expression Analysis platform. The following sections describe in detail
the operative protocol, from RNA isolation to data managing (see Note 3).
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Fig. 1. (A) General organization of GeneChip arrays. The position of probe feature and probe set on a chip are schematically
depicted. (B) Sequential steps in sample preparation and analysis.
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3.2. Total RNA Isolation and Quantification

The GeneChip sample synthesis protocol requires a total RNA quantity rang-
ing from 5 to 20 µg. RNA should be at a minimum concentration of 0.5 µg/µL,
as determined by absorbance at 260 nm on a spectrophotometer (1 absorbance
unit = 40 µg/mL for RNA). The A260/A280 ratio should be between 1.9 and
2.1 (see Note 4). The RNA quality should be checked before proceeding by
running it on an agarose gel. The ribosomal RNA bands should be clear, with-
out any obvious smearing patterns from degradation (Fig. 2A). For high-
quality total RNA from mammalian cells (up to 100 µg total RNA from 1 × 107

cells), use the RNeasy Mini Kit according to the following protocol:

1. Pellet cells by centrifugation.
2. Discard supernatant removing completely all media.
3. Loosen cell pellet by flicking and add buffer RLT as follows:

Buffer RLT (µL) Number of cells

350 Up to 5 × 106

600 5 × 106 to 1 × 107

4. Resuspend pellet by pipetting to lyse cells (see Note 5).
5. Add one volume of 70% ethanol and mix well by pipetting.

Fig. 2. (A) A 1-µg dose of total RNA on a 1.5% denaturing agarose gel. Arrows
indicate the position of 18S and 28S ribosomal RNA bands (right) and RNA size
markers (M) in kb (left). (B) cRNA (500 ng) before (1) and after (2) fragmentation on
a 1% agarose gel. Size markers (M) in kb (left).
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6. Load up to 700 µL of sample, including any precipitate, on an RNeasy column
sitting in a 2-mL collection tube, centrifuge at 8000g for 15 s at RT, and discard
flow-through.

7. Pipet 700 µL of buffer RW1 and centrifuge at 8000g for 15 s at RT.
8. Transfer the column to a new tube, add 500 µL of buffer RPE, and centrifuge at

8000g for 15 s at RT.
9. Pipet 500 µL of buffer RPE onto the column and centrifuge at 8000g for 1 min

at RT.
10. Open the cap of the spin column and centrifuge at 25,000g for 2 min in order to

dry the membrane (see Note 6).
11. Transfer RNeasy column into a new 1.5-mL collection tube and pipet 11 to 50 µL

of molecular biology-grade water directly onto the membrane.
12. Heat tube for 1 min at 65°C.
13. To elute centrifuge at 8000g for 1 min at RT.
14. Repeat if the expected yield is more than 30 µg.
15. Use immediately for synthesis of double-stranded cRNA or store at –80°C (see

Note 7).

3.3. Synthesis of Double-Stranded cDNA

This step requires 5 to 20 µg of total RNA. Use the GeneChip T7-oligo (dT)
Promoter Primer Kit and a T7-(dT)24 primer (high-quality high-performance
liquid chromatography purified) for priming first-strand cDNA synthesis, fol-
lowing this protocol.

3.3.1. First-Strand Synthesis

1. Before starting cDNA synthesis, determine the volumes of SuperScript II RT
(SSII RT) required as follows:

Starting amount of total RNA (µg) SSII RT (µL)

5–8 1
8.1–16 2

16.1–24 3

2. Calculate the volume of molecular biology-grade water to bring the final first
strand synthesis volume to 20 µL, taking into account the volume of total RNA
and SSII enzyme to be added.

3. Add the following to an RNase-free tube:

T7-(dT)24 primer 1 µL
Total RNA X µL
Molecular biology-grade water 12 - X - µL SSII RT

4. Incubate for 10 min at 70°C.
5. Spin briefly then place on ice for 1 min.
6. Add the following kit components in order (see Note 8):
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5X first-strand cDNA Buffer 4 µL
0.1 M dithiothreitol (DTT) 2 µL
10 mM dinucleotide triphosphate mix 1 µL

7. Incubate for 2 min at 42°C.
8. Add SSII RT as calculated at point 1.
9. Incubate for 1 h at 42°C.

10. Quickly chill on ice and centrifuge to collect sample.
11. Use immediately for second-strand synthesis reaction or store at –20°C.

3.3.2. Second-Strand Synthesis
1. Place first-strand reactions on ice and centrifuge briefly to bring sample down.
2. Add to the first-strand reaction (20 µL ) the following kit components (see Note 8):

5X sond-strand reaction buffer 30 µL
10 mM dinucleotide triphosphate mix 3 µL
10 U/µL Escherichia coli DNA ligase 1 µL
10 U/µL E. coli DNA polymerase I 4 µL
2 U/µL E. coli RNase H 1 µL
Molecular biology-grade water to a final volume of 150 µL

3. Tap tube to mix and briefly spin to remove condensation.
4. Incubate for 2 h at 16°C.
5. Add 2 µL of (10 U) T4 DNA polymerase.
6. Incubate for 5 min at 16°C.
7. Stop reaction with 10 µL of 0.5 M EDTA.
8. Use immediately for clean-up procedure for cDNA or store at –20°C.

3.3.3. Double-Stranded cDNA Clean-Up (see Note 9)
1. Add 600 µL of cDNA binding buffer to the 162 µL of final double-stranded

cDNA product.
2. Vortex for 3 s.
3. Apply 500 µL of the sample to the cDNA cleanup spin column sitting on a 2-mL

collection tube.
4. Centrifuge at 8000g for 1 min at RT and discard flow-through.
5. Reload the spin column with the rest of the mixture (262 µL).
6. Centrifuge at 8000g for 1 min at RT and discard flow-through and collection tube.
7. Transfer column into a 2-mL collection tube.
8. Pipet 750 µL of cDNA wash buffer.
9. Centrifuge at 8000g for 1 min at RT and discard flow-through.

10. To dry the membrane open the cap of the spin column and centrifuge at 25,000g
for 5 min at RT (see Note 6).

11. Discard flow-through and collection tube and transfer column to a 1.5-mL col-
lection tube.

12. Pipet 14 µL of cDNA elution buffer directly onto the column membrane.
13. Incubate at RT for 1 min.
14. To elute, centrifuge at 25,000g for 1 min at RT.
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15. Dilute 1 µL of eluate 1:100 and measure absorbance at 260 and 280 nm on a
spectrophotometer. The A260/A280 ratio should be greater than 1.5 to proceed
with the protocol.

16. Use immediately for the synthesis of biotin-labeled cRNA or store at –20°C.

3.4. Synthesis of Biotin-Labeled cRNA
3.4.1. In Vitro Transcription

1. Use the following table to determine the amount of cDNA to be used for each in
vitro transcription (IVT) reaction, assuming that 12 µL was recovered in the pre-
vious reaction:

Starting amount of total RNA (µg) Volume of cDNA (µL)

5–8 10
8.1–16 5

16.1–24 3.3

2. To avoid precipitation of DTT keep tubes at RT while adding the different com-
ponents following this order (see Note 8):

cDNA from previous table
10X HY reaction buffer 4 µL
10X biotin-labeled ribonucleotides 4 µL
10X DTT 4 µL
10X RNase inhibitor mix 4 µL
20X T7 RNA polymerase 2 µL
Molecular biology-grade water up to 40 µL

3. Carefully mix reagents and collect mixture by brief centrifugation.
4. Incubate for 4 h at 37°C, mixing every 30 min.
5. Use immediately for cRNA purification procedure or store at –20°C (–80°C for

long-term storage).

3.4.2. Biotin-Labeled cRNA Clean-Up and Quantification (see Note 9)

Save an aliquot of the unpurified IVT product for analysis by gel electro-
phoresis. All steps of the protocol should be performed at RT. During the pro-
cedure, work without interruption.

1. To the IVT reaction add 60 µL of molecular biology-grade water and vortex for 3 s.
2. Add 350 µL of IVT cRNA binding buffer and vortex for 3 s.
3. Add 250 µL of absolute ethanol and mix well by pipetting. Do not centrifuge.
4. Apply sample (700 µL) to an IVT cRNA cleanup spin column sitting on a 2-mL

collection tube.
5. Centrifuge at 8000g for 15 s.
6. Discard flow-through and collection tube and transfer the column into a new

2-mL collection tube.
7. Pipet 500 µL of IVT cRNA wash buffer onto the column.
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8. Centrifuge at 8000g for 15 s.
9. Discard flow-through and pipet 500 µL of 80% ethanol onto the column.

10. Centrifuge at 8000g for 15 s and discard flow-through.
11. Open the cap of the column and centrifuge at 25,000g for 5 min to dry the

membrane.
12. Discard flow-through and transfer column into a new 1.5-mL collection tube.
13. Pipet 11 µL of molecular biology-grade water directly onto the column membrane.
14. Centrifuge at 25,000g for 1 min.
15. Pipet 10 µL of molecular biology-grade water directly onto the column membrane.
16. Centrifuge at 25,000g for 1 min.
17. Dilute 1 µL of eluate 1:100 in water and measure absorbance at 260 nm and 280

nm on a spectrophotometer (1 absorbance unit = 40 µg/mL cRNA). The A260/
A280 ratio should range between 1.9 and 2.1 to proceed with the protocol.

18. Calculate cRNA concentration adjusting for remnant of unlabeled starting mate-
rial (adjusted cRNA) by applying the following formula, assuming a 100%
carryover:

adjusted cRNA = RNAm – (total RNAi) × (y)

where RNAm = amount of cRNA measured after IVT (µg); total RNAi = starting
amount of total RNA (µg); and y = fraction of cDNA reaction used in IVT (i.e., 1,
1/2, …)

20. Adjust cRNA concentration to 0.6 µg/µL before proceeding with the frag-
mentation.

21. Control yield and size distribution of labeled transcripts by running 1% of each
sample on a 1% agarose gel (Fig. 2B). Prepare samples for electrophoresis by
mixing with loading dye and ethidium bromide (final concentration 0.5 µg/mL)
and heating for 5 min at 65°C before loading.

3.4.3. Sample Fragmentation

The fragmentation buffer, present in the GeneChip sample clean-up mod-
ule, has been optimized to break full-length cRNA to 35 to 200 base fragments
(Fig. 2B). The final concentration of cRNA in the fragmentation mix can range
from 0.5 to 2 µg/µL. A minimum of 20 µg of fragmented cRNA is required for
quality control checking and a GeneChip hybridization.

1. Add the following reagents (scale up volumes if required):

cRNA (20 µg) X µL
5X Fragmentation buffer 8 µL
Molecular biology-grade water 32-X µL

2. Incubate for 35 min at 94°C.
3. Chill on ice.
4. Store undiluted, fragmented sample cRNA at –20°C until ready to perform the

hybridization (see Note 10).
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3.5. GeneChip Hybridization and Scanning
3.5.1. Hybridization

1. Equilibrate array to RT 15 min before use (see Note 11).
2. For each target prepare the hybridization cocktail by mixing the following (scale

up volumes for multiple targets):

Fragmented cRNA 15 µL
3 nM Control oligonucleotide B2 5 µL
20X Eukaryiotic hybridization controls 15 µL
10 mg/mL Herring sperm 3 µL
50 mg/mL BSA 3 µL
2X Hybridization buffer 150 µL
Dimethyl sulfoxide 30 µL
Molecular biology-grade water to final volume of 300 µL

3. Heat the hybridization cocktail for 5 min to 99°C in a heat block.
4. Fill the probe array through one of the septa with 250 µL of 1X hybridization

buffer.
5. Incubate it for 10 min at 45°C with rotation (see Note 12).
6. Transfer the hybridization cocktail for 5 min at 45°C in a heat block.
7. Spin hybridization cocktail in a centrifuge at maximum speed for 5 min to

remove insoluble material.
8. Remove the hybridization buffer from the probe array cartridge and fill with

appropriate volume of the clarified hybridization cocktail.
9. Place probe array into the hybridization oven set at 45°C.

10. Hybridize at 60g for 16 h at 45°C (see Note 13).

3.5.2. Washing and Staining
1. Prime the fluidic station and load buffers in the respective lanes (see Note 14).
2. Start the MicroArray Suite 5 (MAS5) program.
3. Click fluidic icon on the tool bar and select Run and Fluidics.
4. Select Experiment and N° probe array in the experiment drop down menu.
5. Select Protocol and Prime in the drop down menu.
6. Select Run.
7. Go over steps 3 to 6 for each module that will be used.

3.5.3. Scanning
1. Switch on the laser 10 to 20 min before the fluidic station protocol ends.
2. Select Scanner and then Laser ON in the drop down menu.
3. Eject cartridge when wash is complete.
4. Keep array dark before scanning (see Note 15).
5. Start the automatic clean-out procedure.
6. Clean the array surface with a delicate tissue before scanning.
7. Select Run scanner.
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8. Once scanning is complete, select Scanner and then Laser OFF in the drop-down
menu.

3.6. Data Analysis

Numerous software packages, both free and commercial (10,11), presently
are available for microarray data management. The purpose of this section is to
provide some rudiments for microarray data analysis in the Affymetrix plat-
form, that uses MAS5 software for image detection, expression values genera-
tion and basic statistics, and Data Mining Tool 2 (DMT2) software for
second-level statistics and data mining. Description of different algorithms and
software, indicated in particular for complex experimental designs, is beyond
the scope of this chapter and can be found in specialized textbooks (see Note 1).

3.6.1. First-Level Data Analysis: Detection and Normalization

Data analysis starts by visual inspection of the array images to confirm the
correct alignment of the detection grid and to exclude the presence of artifacts,
such as scratches or dust particles (Fig. 3A,B). In the presence of a small dam-

Fig. 3. (A) Correct grid alignment. (B) Detail of a scratched area. (C and D) Box-
plot of average expression levels before and after scaling, respectively.
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aged area, the involved probe cells can be masked; if instead it is extended, the
arrays should be excluded for further analysis. Next, the expression values for
all samples are computed using the Analysis toolbar of MAS5. The software
generates a report file that includes parameters that describe the quality of the
samples (background, scaling factor, noise, 3'/5' glyseraldehyde-3-phosphate
dehydrogenase and actin ratios: see Notes 16–18). MAS5 accompanies the
expression levels of each gene with statistical quality metrics and a qualitative
detection call (present/absent). Before proceeding with the analysis, examine
the behavior of the different metrics as well as the frequency distributions of
the expression levels in the different samples to detect poor quality data.

The expression levels of the different arrays are not homogeneous, and before
being compared, they must be normalized. MAS5 includes two types of nor-
malization procedures relying on the assumption that, being the quantity of
initial mRNA identical for all samples, the overall expression (intended as
brightness) should be the same in all arrays. In the first procedure, called
normalization, the software compares an experimental array with a baseline
array and normalizes the average intensity of the former to the average inten-
sity of the selected baseline; in the second type, called scaling, the operator
designates an arbitrary target signal and the software scales the average inten-
sity of all genes on each array, to the target signal specified, allowing compari-
son of multiple arrays within a data set. Because the average of expression
levels is around 500 for all arrays data set, scaling to that target value will be
applied (Fig. 3C,D).

3.6.2. Second-Level Data Analysis: Gene Filtering and Clustering

Microarray comparative data analysis can be separated into two extensive
categories: grouping of genes to discover broad patterns of biological behav-
ior, and filtering of genes to identify specific genes of interest (9). Although
gene grouping mainly is addressed by cluster analysis (12), the gene-filtering
task mainly relies on hypothesis testing. Although cluster analysis techniques
are defined and reproducible powerful procedures, different algorithms, nor-
malizations or distance metrics will place the objects (samples or genes) into
different positions. The reliability of clustering techniques greatly benefits from
complex experimental design, such as time–course or dose–response experi-
ments to different or combined stimuli, that allow the formation of more defined
expression vectors. As stated previously, our experimental design corresponds
to a simple analysis of two biological conditions tested in replicate, which gen-
erates a data set more appropriate for differential expression analysis rather
than expression patterns assessment.

Statistical tests have been performed in the DMT2 software platform (see
Note 1). The comparison relies on the t-test that measures the difference
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between the two sample means, based on the amount of variability in the sample
means. The assumption of unequal variance would seem to be more appropri-
ate for gene expression analysis, especially if the active genes have greater
variability in gene expression than inactive ones have. Statistical analysis al-
lows one to filter the data set, selecting genes whose values are significantly
different in treated and control conditions. Statistically generated lists of genes
frequently include a large number of molecules with minor expression changes.
To select genes with a satisfactory statistical test and fold change, usually re-
garded as genes with higher probability of biological relevance, one frequently
applies a second filter based on cutoff values. There are not universal cutoff
values for filtering genes in microarray analysis, and the operator should vali-
date different values and select the most informative. However, in most experi-
ments based on GeneChip microarrays a cutoff of p > 0.05 and a fold change
greater than 2 has been applied, leading to results that usually were in good
agreement with results obtained by independent methods for transcript analy-
sis. Filtering the experimental database with indicated cutoff values identified
a total of 123 fMLP-responsive transcripts (0.85% of investigated transcripts).
To confirm validity of microarray analysis, 15 fMLP-responsive transcript
identified by GeneChip analysis were investigated by means of quantitative
real-time polymerase chain reaction. As shown in Fig. 4, the two methods dis-
played a good agreement (r2 = 0.82), indicating that filtering parameters were
adequate. The slope value (m = 0.72) also demonstrates the tendency of
GeneChip analysis to underestimate fold of gene induction, most likely as a
consequence of the normalization procedures.

Fig. 4. Correlation of fold of induction detected by GeneChip microarray and quan-
titative real-time polymerase chain reaction.
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To better understand the results, the information on individual genes
retrieved in public databases is of invaluable help. DMT2 adds to the gene list
some known identifiers, but additional information can be obtained through
the NetAffx web interface (see Note 1 and ref. 13), that allows to import a .txt
file containing the list of interest and produces a detailed annotation table con-
taining for each probe set gene and protein detailed characterization, functional
information, metabolic pathway, and disease association.

4. Notes
1. Additional information about the Affymetrix technology and softwares can be

found at www.affymetrix.com. For a more comprehensive review on microarrays
technology and analysis tools, visit http://ihome.cuhk.edu.hk/%7Eb400559/
array.html.

2. Filter through a 0.2-µm filter; do not autoclave. Store at 4°C, and shield from
light. Discard solution if yellow.

3. During this laboratory procedure, only powder-free gloves should be worn. To
avoid contamination with exogenous nucleases, all reagents and supplies used
must be molecular biology grade. It is recommended to read all information and
instructions accompanying reagents and kits because they are updated inces-
santly. Before using the different reagents, centrifuge them briefly to guarantee
that the components remain at the bottom of the tube. When working with spin
columns, dispense directly onto the membrane to avoid low eluate recovery.

4. RNA amounts between 5 and 20 µg guarantees sufficient quantity of labeled
cRNA for target assessment and hybridization to the expression probe arrays. It
also avoids the risk of overloading the clean-up columns caused by excessive
starting material.

5. If cells grow in monolayer, the lysis for RNA isolation can de done directly by
adding Buffer RLT to the wells (maximum diameter, 10 cm).

6. If open cap centrifugation is required place columns into the centrifuge alternat-
ing buckets. Point caps over the neighboring bucket, oriented in the opposite
direction to the rotation.

7. There are several stopping points in the assay, coinciding with the quality check-
points (RNA isolation, cRNA synthesis, cRNA fragmentation). Purity, quantity,
and electrophoretic size distribution must be controlled because they constitute
sensitive indicators of problematic labeling procedures and/or starting materials.
Fig. 2 provides exemplary gel pictures.

8. Preparing a master mix is often used. Although not ideal, this avoids sample-
to-sample variation.

9. In the clean-up procedures, all steps must be carried out at RT and without pause.
IVT cRNA and cDNA washing buffers are supplied concentrated. Before using
them for the first time, add 20 and 24 mL of absolute ethanol, respectively, as
indicated on each bottle. The IVT cRNA binding buffer may form a precipitate
that can be dissolved by warming to 30°C, and then placing it at RT.

10. cRNA targets can be stored safely for at least 1 yr at –80°C.

www.affymetrix.com
http://ihome.cuhk.edu.hk/%7Eb400559/array.html
http://ihome.cuhk.edu.hk/%7Eb400559/array.html
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11. It is important to allow the arrays to equilibrate to RT completely. Specifically, if
the rubber septa are not equilibrated, they may be prone to cracking, which can
lead to leaks. It is necessary to use two pipet tips when filling the probe array
cartridge: one for filling and the second to allow venting of air from the hybrid-
ization chamber.

12. To avoid stress to the motor load probe arrays balanced around the axis. Rotate at
60g.

13. Some reagents are required immediately after completion of hybridization. Please
check Subheading 3.5.2. and prepare them during the last part of the incubation.

14. The scanner must be switched on before the MicroArray Suite is launched. The
fluidics station must be primed when it is first started, when wash solutions are
changed, before washing, when a shutdown has been performed or when the liq-
uid crystal display instructs you to prime.

15. The array can be stored for up to 8 h at 4°C if needed.
16. The 3'/5' signal intensity ratio gives a global indication of starting RNA integrity,

first strand cDNA synthesis efficiency, and cRNA IVT efficiency. This param-
eter should be less than three for most of the tissues. It is appropriate to document
the 3'/5' ratios of all samples and select the results that diverge.

17. The maximum background accepted for a sample should be less than 600. A high
background implies the presence of impurities, such as cell debris and salts that
are fluorescing at 570 nm. High background creates an overall loss of sensitivity
in the experiment, and in particular, transcripts present at very low levels in the
sample may be incorrectly called as absent. Sample with a noise greater than 21
should be discharged.

18. Spiked controls (BioB, bioC, bioD, and cre) are added during hybridization at
staggered concentrations. BioB is at the detection limit for most expression
arrays and should be present at least 70% of the time; other controls should be
called present all of the time, with increasing signal expression values (BioC,
BioD, and cre, respectively). Absent calls, or relatively low signal values, indi-
cate a potential problem with the hybridization reaction or subsequent washing
and staining steps.
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Genetic Reconstitution of Bone Marrow
for the Study of Signal Transduction Ex Vivo

Martha S. Jordan

Summary
Introducing genes into cells by retroviral transduction has greatly increased the abil-

ity to study signal transduction pathways in primary cells. Retroviral transduction has
proven to be an efficient method to express genes of interest in cells that are difficult to
manipulate using standard transfection techniques. This technology also can be coupled
with classic protocols for generating bone marrow chimeras. Murine bone marrow cells
can be infected with a retrovirus expressing wild-type or mutant forms of a gene of
interest and subsequently transplanted into irradiated recipient hosts. The requirement
for a gene of interest in hematopoietic cell development, as well as its role in specific
signal transduction pathways, can then be studied. This chapter provides protocols for
the production of high-titer replication-incompetent retrovirus, retroviral infection of
murine bone marrow, the generation of bone marrow chimeras, and analysis of chimeras
by flow cytometry.

Key Words: Chimeras; retroviral transduction; 5-fluorouracil; MIGR1; MCSV; spin
infection; GFP.

1. Introduction
Studying signal transduction in primary cells typically is hampered by the

relative inefficiency of primary cells to be transfected and cultured and often is
limited to the study of mature cell populations. These issues have been circum-
vented to some degree through the use of transgenic and knockout technolo-
gies; however, these techniques can be costly and time consuming. Genetic
reconstitution of bone marrow cells by retroviral transduction followed by the
generation of bone marrow chimeras is becoming an increasingly popular way
to study the role of signaling molecules in the development of hematopoietic
cells, as well as their function in specific molecular pathways (1–3).
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Retroviral transduction is an efficient way of stably introducing nonviral
genes into a variety of cell types. Retroviral vectors are generated easily by
using standard recombinant DNA technologies. In general, these vectors con-
tain a promoter to drive transcription of an inserted gene of interest, a RNA
packaging signal to direct packaging of this RNA, and all of the viral sequences
required for proper integration of proviral sequences. Importantly, these vec-
tors lack the full compliment of viral packaging genes that are required for the
production of replication-competent retrovirus. Instead, these structural genes
are provided in trans in cells used for the production of retrovirus. This method
allows for the production of retrovirus containing a gene of interest that is
capable of entering a target cell and stably integrating into the host genome,
but incapable of replicating because it lacks the packaging machinery.

One challenge for achieving efficient infection into the cell type of interest
has been generating high-titer retrovirus. Initially, producer cell lines were gen-
erated by the stable transfection of retroviral structural genes, gag, pol, and env
followed by a second stable transfection with a retroviral vector containing the
gene of interest (4). In efforts to increase viral titers and decrease the time
associated with retrovirus production, two transient transfection methods for
the production of high-titer retrovirus have been described. One involves co-
transfection of the retroviral vector containing a complementary DNA (cDNA)
of interest with a helper packaging plasmid, which encodes for the viral pack-
aging genes, into 293 or 293T cells (5–7). The second utilizes a 293T cell
derived packaging line that stably expresses the genes required for viral pack-
aging such that only transfection with the retroviral vector is required (8). Both
methods yield high-titer retrovirus that is replication-incompetent.

This chapter first describes the generation of high-titer retrovirus by
co-transfection of helper plasmid and the replication-incompetent retroviral
vector MIGR1 into 293 or 293T cells (9). A protocol for transducing murine
bone marrow with retrovirus and the generation of bone marrow chimeras fol-
lows. Finally, this chapter includes a basic protocol for flow cytometry
because retrovirally transduced cells using the MIGR1 plasmid can be detected
by their green fluorescent protein (GFP) fluorescence.

It is important to note that although the production of replication-incompetent
virus is described, recombination events may lead to the production of replication-
competent virus. Retrovirus produced according to this protocol specifically
targets rodent cells; however, one should take precautions when handling and
storing the virus and transduced cells especially if amphotropic plasmids
are used.
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2. Materials
2.1. Construction of Retroviral Vector

1. MIGR1 plasmid (Warren Pear, University of Pennsylvania).
2. Restriction enzymes, T4 DNA ligase.
3. Escherichia coli.
4. Agarose and DNA gel electrophoresis equipment.

2.2. Generation of High-Titer Retrovirus

1. 293 Cells.
2. Trypsin and phosphate-buffered saline (PBS) without Ca2+ or Mg2+.
3. MIGR1 plasmid with cDNA of interest.
4. 25 mM Chloroquine (1000X stock).
5. Sterile water.
6. 0.45-µm Syringe filters (Millipore).
7. Helper plasmid (Imgenex, pCL-ECO).
8. 2.5 M Calcium chloride.
9. 6-cm Tissue culture dishes (Corning).

10. 1-mL or 1.5-mL cryovials.
11. Transfection cocktail: combine 10 µg of retroviral vector DNA, 5 µg of pCL-

ECO helper virus, 50 µL of 2.5 M CaCl, and sterile H2O to a final volume of
500 µL.

12. 2X HEPES-buffered saline: 50 mM HEPES, 10 mM KCl, 12 mM dextrose, 280
mM NaCl, 1.5 mM Na2HPO4, pH 7.05.

13. 293/3T3 cell media: Dulbecco’s modified Eagle’s medium, 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 50 U/mL penicillin, 50 µg/mL streptomycin.

14. 3T3 cells.
15. Polybrene (American Bioanalytical).

2.3. Retroviral Transduction of Murine Bone Marrow

1. Donor mice, approx 6- to 12-wk old.
2. Fluorouracil (5-FU; Roche, NDC 0004–1977–01, Item no. 72660) 5-FU is a toxic

chemical and should be handled with care. Protect from light.
3. PBS.
4. Culture medium: Iscove’s modified Dulbecco’s medium (IMDM) + 15% FBS, 2

mM L-glutamine, 50 U/mL penicillin, 50 µg/mL streptomycin, 50 µM β-mercap-
toethanol.

5. Stimulation media: culture media containing 10 ng/mL interleukin-3, 10 ng/mL
interleukin-6, 50 ng/mL stem cell factor, and 5% WEHI media (optional). Cyto-
kines purchased from R&D Systems or Peprotech.

6. Polybrene (American Bioanalytical).
7. 70-µm Nylon cell strainer (BD Falcon, cat. no. 352350).
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8. Six-well tissue culture plate.
9. 10-mL Syringe and 30-gage needle.

10. Red blood cell lysis buffer (Sigma).

2.4. Reconstitution of Recipient Mice

1. Recipient mice, approx 6- to 10-wk old.
2. Cesium source.
3. Neomycin sulfate (Sigma) and polymixin B (Schein, Florham Park, NJ) or

trimethoprim/sulfamethoxazole (Animal facility veternarian).

2.5. Ex Vivo Analysis by Flow Cytometry
1. 96-Well V-bottom plates.
2. Fluorescence-activated cell sorting (FACS) buffer: PBS + 2% FBS + 0.02% azide.
3. Fluorescently labeled antibodies.
4. Flow cytometer.

3. Methods
3.1. Construction of the Retroviral Vector

The MIGR1 (MSCV, IRES, GFP, retrovirus-1) vector (9) is a replication-
incompetent retroviral vector derived from the murine stem cell virus (MSCV)
vector MSCV 2.2 (10). It contains a 5' long-term repeat followed by multiple
cloning sites into which a cDNA of interest can be inserted. Following the
multiple cloning sites is an internal ribosomal entry site (IRES) that drives
transcription of the enhanced GFP cDNA, allowing for coexpression of a gene
of interest with GFP as a marker for transduced cells. This vector also contains
a 3' long-term repeat and the selectable marker ampicillin (Fig. 1).

Cloning of a gene of interest into the MIGR1 vector is performed by stan-
dard recombinant technology and is not described here. Other vectors have
been used for generating retrovirus capable of infecting bone marrow and can
be modified to accommodate different experimental protocols. For example,
instead of GFP, cell surface proteins can be coexpressed to identify transduced
cells (11). It is important to ensure that expression of the “marker” does not

Fig. 1. Schematic of the MIGR1 vector.
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alter function of the transduced cells. This can be achieved by using a marker
of a different species or a truncated form of the protein (11). Another consider-
ation is the level of expression of your protein of interest. cDNAs downstream
of an internal ribosomal entry site typically are expressed at lower levels as
compared with those expressed off of the retroviral promoter (11,12). How-
ever, in many instances, although the actual expression levels may differ, the
relative expression of the marker and inserted cDNA can be correlated.

3.2. Generation of High-Titer Retrovirus

Herein is a protocol for co-transfection of 293 cells with a retroviral vector
and helper packaging plasmid (293T-cells also can be used following this same
protocol). It is based on calcium phosphate transfection for gene delivery as
described previously (8). Although transfection by calcium phosphate is de-
scribed here, high-titer retrovirus can be achieved using other methods of trans-
fection including commercially available kits. For all sections of this protocol,
cells should be cultured at 37ºC with 5% CO2 and centrifuge spins are based on
spinning in a tabletop Sorval RT7 or Beckman GS-6R unless otherwise noted.

3.2.1. Growing 293 and 3T3 Cells

1. Remove media, rinse plate once with PBS (no Ca2+ or Mg2+) add 2 mL of trypsin.
Allow cells to come off the plate. Pipet up and down to generate a single cell
suspension. Add 5 mL of 293/3T3 complete media to quench the trypsin. Pellet
cells at 300g for 7 min and resuspend in complete 293/3T3 media.

2. Split cells 1:4 or 1:5 for passaging when they reach 90% confluence.

3.2.2. Making Retrovirus

1. Day 1: Harvest 293 cells when they are roughly 60 to 80% confluent. Plate 2.5 ×
106 cells in a 6-cm tissue culture plate in 4 mL of complete media. Culture over-
night (see Note 1).

2. Day 2: Cells should be roughly 60 to 80% confluent. Replace media with 3 mL of
media containing 25 µM chloroquine (see Note 2).

3. Using a pipet to generate bubbles, slowly add 500 µL of 2X HEPES-buffered
saline to the transfection cocktail. Pipet to mix and immediately add drop-wise
evenly over the plate and gently move plate from side-to-side and forward-back-
ward to mix. Return plate to incubator.

4. Seven to 10 h later, replace media with fresh 293 media without chloroquine.
5. Day 3: Replace media with 4 mL of fresh 293 media. To increase the viral titer, 3

mL instead of 4 mL can be added.
6. Day 4: Harvest viral supernatant. Between 16 and 24 h after the last media change,

collect supernatant and filter through a 0.45-µm filter or spin at 300g for 7 min to
remove any remaining cells.

7. Aliquot retroviral supernatant into 1-mL aliquots, saving 120 µL for use in deter-
mining the relative retroviral titer.
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8. If using the retrovirus for immediate infection, place vials on ice, otherwise, snap-
freeze retroviral supernatants in an ethanol/dry ice bath and store at –80ºC. Do
not freeze and thaw more than once. Virus can be stored at –80ºC for at least 1 yr.

3.2.3. Determining Relative Titer of Retroviral Supernatants
1. Day 1: Plate 2 × 105 NIH 3T3 cells in a 6-cm tissue culture plate in 4 mL of

complete media. Place in incubator for 24 h. As with 293 cells, the 3T3 cells
should be evenly distributed.

2. Day 2: Cells should be approx 50% confluent.
3. Replace media with 2 mL of media containing 4 µg/mL polybrene.
4. Thaw the 120 µL test vial of retroviral supernatant in a 37ºC water bath.
5. Once thawed, immediately add 120 µL of retroviral supernatant and gently move

plate from side-to-side and forward–backward to mix.
6. Return plate to incubator. Three to 5 h later, add 0.5 mL of media to dilute the

polybrene.
7. Day 3: Replace media with 3 mL of fresh 3T3 media without polybrene.
8. Day 4: Harvest cells and determine the percent of GFP-positive cells by flow

cytometry. Retroviral supernatants that give 30% or greater GFP-positive NIH
3T3 cells in this assay are sufficient for transduction of murine bone marrow (see
Note 3).

3.3. Retroviral Transduction of Murine Bone Marrow

There are several issues that must be considered when generating bone mar-
row chimeras. The first is the histocompatibility of the donor and recipient
mice. Donor and recipient mice should be of the same genetic strain to avoid
graft-vs-host disease. Graft-vs-host disease is mediated by mature T-cells from
the donor marrow, which can mount an immune response against allogeneic
host cells. Although the bone marrow only contains 1 to 5% mature T-cells,
investigators should deplete the marrow of mature T-cells if sygeneic marrow
is not used (13). A second factor that may confound results is the potential for
autoreconstitution by recipient bone marrow. In theory, after irradiation and
reconstitution, the resulting hematopoietic system should be donor derived.
However, it is possible for host cells to contribute to repopulation of the bone
marrow. When using a retroviral vector that coexpresses a marker, such as
GFP, comparisons can be made between GFP+ cells from mice transduced
with the gene of interest or vector alone. However, it is often helpful to com-
pare nontransduced (GFP–) donor cells with autoreconstituting recipient cells.
This comparison often is achieved by using congenic differences between the
donor and recipient mice in markers such as CD45 (expressed on all nucleated
blood cells) or Thy-1 (expressed on all T-cells) when looking at the T-cell
compartment.

The protocol below details harvesting bone marrow cells from 5-FU treated
mice (see Note 4), culturing them in vitro (14) and transduction by spin infec-
tion (15,16).
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3.3.1. 5-FU Treatment of Donor Mice
1. Select mice that are 6 to 12 wk of age. Estimate roughly one donor mouse per

every two recipient mice.
2. Day 1: Inject each donor mouse intraperitoneally with 200 µL of a 25 mg/mL

solution of 5-FU diluted in PBS (5 mg/mouse).

3.3.2. Preparation of Donor Bone Marrow
1. Day 5: Harvest bone marrow from donor mice 4 d after 5-FU treatment.
2. Sacrifice mouse and place it on its back. Dissect through the skin, making a long

cut down the length of the leg. Once the majority of the muscle has been cut away
from the bone, cut the tibia just above the ankle joint and the femur as close to the
hip socket as possible.

3. Place bones in a sterile tissue culture dish containing complete IMDM media.
Place the dish on ice if harvesting several bones.

4. Under sterile conditions, load a 10-mL syringe with complete IMDM and attach
a 30-gage needle.

5. Using the needle and syringe, flush out the bone marrow by forcing media through
the bone cavity. Collect marrow in a sterile conical. Flush the bones from both
ends. Bones will appear white when all of the marrow has been removed.

6. Once all of the bone marrow has been harvested, filter it through a nylon strainer,
breaking up clumps with the end of the pipet.

7. Pellet cells at 300g for 7 min at 4ºC. Resuspend pellet in approx 1 mL per mouse
harvested. Remove 10 µL of cells and mix with 90 µL of red blood cell lysis
buffer. Count cells on a hemacytometer. Expect between 3 and 10 million cells
per mouse.

8. Pellet cells and resuspend in stimulation media at a concentration of 2–5 × 106

cells/mL. Culture of bone marrow cells in these cytokines will cause them to
cycle, making them susceptible to retroviral infection.

9. Culture overnight.

3.3.3. Spin Infection of Bone Marrow
1. Day 6: Harvest cells from the tissue culture plate into a conical tube. Wash the

plate with culture media until all non-adherent cells have been removed. Pellet
cells at 300g for 7 min. To conserve cytokines, keep the initial harvest separate
from the washes and use it for the infection step.

2. Spin infect cells in one well of a 6-well plate in a final volume of 4 mL and a final
concentration of cytokines and FBS as listed previously in step 5 of Subheading
2.3. Initially plate 3 mL of bone marrow cells into one well of a six-well plate.
Thaw 1 mL of retroviral supernatant and quickly add it to the well. The final cell
concentration should be approx 2–5 × 106 cells/mL (see Note 5).

3. Add 1.6 µL of a 10 mg/mL polybrene stock to each well for a final concentration
of 4 µg/mL.

4. Spin in a tabletop centrifuge at 1300g for 90 min at 24°C.
5. Return cells to the incubator following the spin infection. Two to three hours later,

gently resuspend any pelleted cells. Return to the incubator for overnight culture.
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6. Day 7: Pull off 1 mL of media from each well. Spin at 300g for 7 min.
7. Aspirate supernatant and resuspend any pelleted cells in 1 mL of freshly thawed

retroviral supernatant. Add to the appropriate well. Add 1.6 µL of a 10 mg/mL
polybrene stock for a final concentration of 4 µg/mL.

8. Spin in a tabletop centrifuge at 1300g for 90 min at 24ºC.
9. Return cells to the incubator following the spin infection. Let cells incubate for at

least 4 h before injecting into recipient mice. Cells can be cultured overnight
after gentle resuspension for injection the following morning.

3.4. Reconstitution of Donor Mice

1. Lethally irradiate recipient mice the night before or the morning of reconstitu-
tion. Irradiate BALB/c mice with 900 rads and C57BL/6 with 1100 rads of
γ-irradiation with a Cesium source (see Note 6). Maintain irradiated mice on
antibiotic water (2 mg/mL of neomycin sulfate and 100 U/mL polymixin B or
trimethoprim [40 mg]/sulfamethoxazole [200 mg] per water bottle) for 2 wk after
irradiation. Antibiotics should be changed twice a week.

2. Harvest transduced bone marrow cells and wash at least two times with PBS.
3. Resuspend cells in PBS for injection. Inject 200 µL/recipient mouse intravenously

either in the tail vein or retro-orbitally. As few as 0.2–0.5 × 106 cells are neces-
sary to reconstitute lethally irradiated mice; however, injection of more cells is
not harmful and may ensure engraftment.

4. The amount of time required for full reconstitution depends on the hematopoietic
lineage of interest. For T-cells, 8 wk is recommended; neutrophils, macrophages,
and platelets can be studied by 6 wk (1,17).

3.5. Ex Vivo Analysis

The type of experimentation that can be performed with cells from retroviral
chimeras is limited to those that are based on single cell analysis. An exception
is if the donor marrow does not support development of a particular lineage
and cells of that lineage only arise as a result of expression of the introduced
cDNA. Because flow cytometry is appropriate for the evaluation of any
hematopoietic lineage, a basic flow cytometry protocol follows. Other assays
that may be useful will depend on the cell type of interest and the molecular
pathway of interest. Such assays may include, but are certainly not limited to,
the measurement of Ca2+ flux by flow cytometry, analysis of cell spreading in
response to various stimuli as visualized by microscopy, and examination of
the upregulation of activation markers by flow cytometry. It also is possible to
flow sort transduced from nontransduced cells, which relieves the requirement
for single cells assays but is time consuming and provides only limited amounts
of material.

Figure 2 is an example of flow cytometric analysis of cells harvested from
retroviral bone marrow chimeras. Mice that are deficient in SH2 domain-
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containing leukocyte protein of 76kDa (SLP-76) fail to generate T-cells (18).
In this experiment, bone marrow from SLP-76-deficient mice was transduced
with wild-type SLP-76 in MIGR1 or with the empty MIGR1 vector and in-
jected into Rag-1-deficient mice. Rag-1-deficient mice do not contain T- or B-
cells because of an inability to express antigen receptors. The ability of
wild-type SLP-76 reconstituted bone marrow to restore the development of T-
cells was analyzed by flow cytometry. Splenocytes from vector only and SLP-
76 reconstituted chimeras were stained with antibodies to the T-cell markers
CD4 and CD8; GFP+ and GFP– populations were analyzed. No T-cells were
present in the vector only reconstituted mouse; however, wild-type SLP-76
restores T-cell development as the GFP+ population contained both CD4+ and
CD8+ T-cells but the GFP-population did not.

1. Harvest tissue(s) containing cell type of interest and generate a single cell sus-
pension.

2. Wash cells twice in FACS buffer.
3. Count cells and resuspend in FACS buffer at 1 × 107 cells/mL.
4. Plate 100 µL of cells in one well of a 96-well V-bottom plate. Spin for 3 min at

350g in a tabletop centrifuge (see Note 7).
5. After spinning, rid of the FACS buffer by quickly turning the V-bottom plate

upside down with deliberate force. Cells should remain in a pellet in the plate.

Fig. 2. Analysis of splenocytes from mice reconstituted with retrovirally transduced
SLP-76-deficient bone marrow. Rag-1-deficient mice were injected with SLP-76-de-
ficient bone marrow that was retrovirally transduced with either wild-type SLP-76 or
vector alone. Splenocytes were stained with anti-CD8-phycoerythin and anti-CD4-
allophycocyanin. Dot plots shown the expression of CD4 and CD8 on green fluores-
cent protein (GFP)+ and GFP– populations.
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6. Resuspend the cell pellet with 50 µL of FACS buffer containing the appropriate
amounts of fluorescently labeled antibodies. Avoid using fluorescein
isothiocyanate-conjugated antibodies if the transduced cells express GFP. Anti-
body dilutions must be determined empirically. Generate compensation samples,
that is, samples stained with only one of each of the fluorochomes used, as well
as an unstained sample. Again, if the transduced cells express a fluorescent tag, a
nontransduced mouse may be required to generate appropriate compensations.

7. Place cells on ice or at 4ºC for 30 min; protected from light.
8. Wash cells three times with FACS buffer.
9. Resuspend cells in 200 to 400 µL of FACS buffer. Read samples on a flow

cytometer.

4. Notes
1. Cells should be evenly distributed when plating 293 cells. Although these cells

are adherent, they may lift off the plate after being transfected so care should be
taken when changing the media.

2. Chloroquine increases the pH of the lysosomal and endosomal compartments
and can inhibit the degradation of transfected DNA in the endosome as it transits
to the nucleus (19). In BOSC cells, a 293T-cell derivative containing viral pack-
aging genes, chloroquine has been shown to double the infectious titer (8). Oth-
ers have reported no effect of chloroquine treatment on retroviral production in
293T-cells; instead, addition of 10 mM sodium butyrate to 293T-cells 17 h after
transfection increased titers significantly. In this study, cells were treated with
sodium butyrate for 12 h, washed, and re-fed with fresh media before harvesting
viral supernatant 48 h after transfection (6).

3. A lower infectious titer may be sufficient depending on the experimental design.
For example, when culturing bone marrow in vitro for differentiation into vari-
ous cell types which can then be sorted or selected for successful transduction,
lower titer virus may suffice. However, for the generation of bone marrow chi-
meras, 30% or greater is desirable. Also, the level of GFP expression may be
lower in 3T3 cells transduced with retrovirus coexpressing a gene of interest, as
compared with cells only expressing GFP.

4. 5-FU is an anticancer drug that targets dividing cells. The rationale for its use in
this context is that 5-FU depletes the bone marrow of rapidly dividing cells.
Hematopoietic stem cells are resistant to 5-FU treatment (20); therefore, their
relative frequency in the bone marrow increases making it more likely that they
will be infected by the retrovirus.

5. Efficient transduction can be achieved using a higher cell concentration. How-
ever, increasing the virus to cell ratio can increase infection efficiencies. This
increase can be accomplished by plating fewer cells per well or by concentrating
the viral supernatant. To concentrate virus, centrifuge the retroviral supernatant
at 14,500g (Sorvall, RC5B, SA600 rotor) overnight at 4ºC (21).

6. Mice can be irradiated with a single dose of irradiation; however, if doses of
1000 rads or greater are used, split doses (e.g., two doses of 550 rads for C57BL/6)
given 3 to 6 h apart increases survival by diminishing damage to the gut and lung.
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Death of mice between 10 and 14 d after transplant typically is attributable to a
failure to reconstitute, whereas death within the first week after irradiation is
likely the result of a bacterial infection (17).

7. The number of cells stained will depend on the efficiency of transduction and the
number of events required for analysis. It is often beneficial to run some cells
through the flow cytometer before staining to determine the transduction fre-
quency by assessing the percent GFP+ cells. Bleeding the mice before the experi-
ment and staining the blood for the cell type of interest also can be helpful in
determining those mice that have a high level of retroviral transduction.
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Summary
Proteomics is the study of the set of proteins, or proteome, expressed by a cell under

specific conditions. Proteomics methodology consists of protein extraction, protein sepa-
ration, and protein identification. Currently, two-dimensional gel electrophoresis (2DE)
and matrix-assisted laser-desorption ionization time of flight mass spectrometry are the
most widespread methods for proteomic studies. The recent introduction of precast im-
mobilized pH gradient gel strips, precast gradient sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis gels, and well-designed electrophoresis equipment has made
2DE a highly reproducible and relatively simple method for protein separation. Inherent
limitations of the procedure, however, require approaches in sample preparation that
may be cell- or tissue-dependent. This chapter describes a methodology for proteomic
analysis of human neutrophils and discusses its applications.

Key Words: Proteomics; two-dimensional gel electrophoresis; mass spectrometry;
neutrophils.

1. Introduction
Proteomics aims at filling the gap of knowledge between the genome of a

cell and the set of proteins, or proteome, expressed by the cell under specific
conditions (1). Often, two proteomes are compared by a subtractive analysis
(2) in which differences arising from a drug treatment (3), genetic variation
(4), or culture conditions (5) are observed. The differences in protein expres-
sion under different conditions may lead to the discovery of drug targets or to
elucidation of protein functions or interactions. Proteomics can be used in pro-
tein expression studies by analyzing whole-cell proteomes and organelle
subproteomes, or it can be applied to signaling studies by analyzing protein
complexes and protein posttranslational modifications.
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Proteomics methodology can be divided into three sequential steps: protein
extraction, deconvolution of the protein mixture, and protein identification.
Protein extraction methods typically entail solubilization of cells in lysis buff-
ers containing detergents and/or chaotropes. The next step is to reduce sample
complexity to simplify subsequent protein identification by mass spectrom-
etry. Currently, there are two major approaches for accomplishing this task:
gel-based separation of proteins and liquid chromatography-based separation
of proteolytic peptides derived from proteins. Liquid chromatography methods
are newer, less widespread, and more expensive than gel-based methods and
will be discussed briefly at the end of the chapter. The most common method
of separation and analysis of proteins for proteomics studies is high-resolution
two-dimensional gel electrophoresis (2DE), which has gained widespread use
since O’Farrell described the method in 1975 (6). 2DE separates complex pro-
tein mixtures based on two independent variables. The first dimension (iso-
electric focusing [IEF]) separates proteins by charge, and the second dimension
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE])
separates proteins by mass. The proteins subsequently are visualized by stain-
ing the gel, and individual protein spots are identified by mass spectrometry
(MS) methods. A commonly used MS method is matrix-assisted laser-desorp-
tion ionization time of flight mass spectrometry (MALDI-TOF MS). This
method provides the investigator with mass spectra of peptides resulting from
a protease digestion of the protein, which can be compared against theoretical
spectra obtained from primary-sequence databases (7). Recent introduction of
pre-cast immobilized pH gradient (IPG) gel strips (8), pre-cast gradient SDS-
PAGE gels, and well-designed electrophoresis equipment has made 2DE a
highly reproducible and relatively simple method for proteomic studies. How-
ever, inherent limitations of the procedure exist, including the intolerance of
IEF to the presence of ions in the sample, inability to separate hydrophobic
proteins, such as membrane proteins, as well as very large and very small pro-
teins (those with sizes of >180 kDa or <12 kDa). Thus, understanding these
limitations is necessary for this technology to answer specific scientific questions.
This chapter describes a methodology for proteomic analysis of human neutro-
phils and discusses some of its applications to the study of neutrophil biology.

2. Materials
1. 9 M Chaotrope lysis buffer: 7 M urea, 2 M thiourea, 2% CHAPS, 0.5% Triton X-

100 (v/v), 50 mM dithiothreitol (DTT), 0.005% bromophenol blue, 5.0% pH
3.0–10.0 ampholytes (Genomic Solutions, Ann Arbor, MI).

2. Rehydration buffer: 7 M urea, 2 M thiourea, 2% CHAPS, 0.5% Triton X-100 (v/v),
50 mM DTT, 0.005% bromophenol blue, 1.2% pH 3.0–10.0 ampholytes (Ge-
nomic Solutions).

3. Nonionic detergent lysis buffer: 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Tri-
ton X-100, 0.5% NP-40, and protease inhibitor cocktail (Sigma, St. Louis, MO).
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4. Chloroform.
5. Methanol.
6. Equilibration buffer I: 0.1 M Tris-HCl, pH 8.9, 6 M urea, 20% glycerol, 2% SDS,

50 mM DTT, 0.005% bromophenol blue.
7. Equilibration buffer II: 0.1 M Tris-HCl, pH 8.9, 6 M urea, 20% glycerol, 2%

SDS, 100 mM iodoacetamide, 0.005% bromophenol blue.
8. Fixative solution: 10% methanol in 7% acetic acid.
9. SealPAK pouches (Kapak Corporation, St. Louis Park, MN).

10. Coomasie brilliant blue colloidal stain (Molecular Probes, Eugene, OR).
11. SYPRO Ruby (Genomic Solutions).
12. Parafilm (American National Can; Chicago, IL).
13. Lyophilized sequencing grade modified trypsin (Promega, Madison, WI): 20 µg

in 20 µL of enclosed acetate buffer (store at –20°C).
14. 50 mM ammonium bicarbonate: 0.040 g in 10 mL of ultrapure water.
15. α-Hydroxycinnamic acid (α-CN) solution I: 10 mg of α-CN in 1 mL of acetone.
16. α-CN acid solution II: 10 mg of α-CN in 1 mL of 0.1% trifluoroacetic acid in 1:1

solution of acetonitrile and water.
17. Nitrocellulose solution: dissolve 10 mg of nitrocellulose in 1 mL of 1:1 solution

of acetone and isopropanol.
18. MALDI-MS steel plate (Micromass, UK).
19. 2% Formic acid: 20 µL of formic acid in 980 µL of double-deionized water.

3. Methods
The described methods outline the extraction of protein from neutrophils,

preparation of the extracts for IEF, separation of proteins by 2DE, excision and
in-gel digestion of protein spots from gels, preparation of digests for MALDI-
TOF MS, and identification of proteins from MALDI-TOF MS data by online
search engines. Mass spectrometry techniques are beyond the scope of this
chapter, and they are typically performed by a core or reference laboratory.

3.1. Neutrophil Protein Extraction

Regardless of the method of protein extraction used, proteolysis is a
serious problem when working with neutrophil lysates. Because of the pres-
ence of large amounts of potent proteases, pretreatment with 10 µM
diisopropylfluorophosphate (DFP) before cell lysis is required (see Note 1).
Extraction of proteins for 2DE analysis can be accomplished by direct solubi-
lization of cells in 9 M chaotrope lysis buffer or by cell lysis with nonionic
detergents (Triton X-100 and NP-40). The proteins extracted by each method
vary, and the choice of the method depends on the final aim of the analysis.
Extraction with 9 M chaotrope lysis buffer results in whole-cell lysate, whereas
cell lysis in nonionic detergent lysis buffer allows the investigator to obtain a
lysate largely devoid of nuclear and Triton X-insoluble cytoskeletal proteins.
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3.1.1. Protein Extraction With 9 M Chaotrope Lysis Buffer

The extraction of proteins using the 9 M chaotrope lysis buffer is the sim-
plest method for preparing the cell lysate for 2DE. This method allows prepa-
ration of the lysate with a high protein concentration and minimal ion content,
thus avoiding additional sample preparation steps prior to the separation of
proteins by IEF. An example of a 2D gel showing the separation of neutrophil
lysate proteins is presented in Fig. 1. The method consists of simple mixing of
cells in 9 M chaotrope lysis buffer, and centrifugation of the particulate matter
to obtain a clarified supernatant.

1. Pellet the isolated neutrophils (1 × 107 cells will yield about 400 µg of protein) in
a 1.5-mL centrifuge tube.

2. Add 300 µL of the lysis buffer to the cell pellet, mix thoroughly, and rotate at
room temperature for 1 h (see Note 2).

Fig. 1. An example of a gel showing the separation of proteins from a neutrophil
lysate using two-dimensional electrophoresis (2DE). 5 × 107 neutrophils were lysed in
500 µL of nonionic detergent-based lysis buffer. A total of 130 µL of rehydration
buffer was added to 25 µL of the lysate and proteins were separated by 2DE using 7
cm 3–10 ioselectric point range immobilized pH gradient strips for first dimension
and 4–12% bis-Tris polyacrylamide gel (7 × 8 cm) in the second dimension. The gel
was stained with colloidal Coomassie stain. Some 200 spots representing more than
80 proteins were observed.
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3. Centrifuge the solution at 20,000g for 20 min at room temperature in a tabletop
centrifuge to obtain a clarified supernatant (see Note 3).

4. Remove the supernatant and freeze at –70°C until further use (lysates can be kept
in this condition for more than 1 yr).

3.1.2. Preparation of Protein Extracts Using Nonionic Detergents

Disruption of neutrophils with nonionic detergent-based lysis buffer leaves
nuclei and the Triton X-insoluble cytoskeleton intact, whereas cytosolic pro-
teins, plasma membrane and subcellular organelles are solubilized. The use of
small volumes of buffer in the method results in a highly concentrated protein
sample; however, the sample will contain large amounts of ions that require
removal before IEF. Although many membrane proteins are solubilized in this
buffer, they are not denatured and will be lost by precipitation upon their dena-
turation in the rehydration buffer and during IEF. The protocol for the initial
extraction of proteins is very similar to the one described for 9 M chaotrope
lysis buffer.

1. Pellet the isolated neutrophils (5 × 107 cells) in a 1.5-mL centrifuge tube.
2. Add 500 µL of ice-cold non-ionic detergent lysis buffer to the cell pellet, mix

thoroughly, and rotate in the cold room for 1 h.
3. Centrifuge the solution at 20,000g for 20 min at 4°C in a tabletop centrifuge to

pellet the cytoskeleton and nuclei.
4. Remove the supernatant and freeze at –80°C until further use. The sample can be

kept for several months.

3.2. Preparation of the Sample for IEF

The protein extract prepared using the 9 M chaotrope lysis buffer (see Sub-
heading 3.1.1.) does not require desalting and can be used directly for loading
on the IEF precast gel strips. The samples prepared by extraction with nonionic
detergent lysis buffer, however, require removal of ions before IEF.

3.2.1. Preparation of the Sample Extracted
by 9 M Chaotrope Lysis Buffer for IEF

The urea–thiourea lysis buffer is compatible with IEF; therefore, it can be
used with the dilution of up to 2:1 with the rehydration buffer. Direct loading
of the sample in the 9 M chaotrope lysis buffer onto the IPG strip is not recom-
mended because the ampholyte concentration (5%) is higher than the optimal
concentration for IEF (0.5–2.5%).

1. Thaw out the sample in 9 M chaotrope lysis buffer. Invert the sample intermit-
tently until all solid material dissolves (see Note 4).

2. Dilute the sample in rehydration buffer to a protein concentration of 0.5 µg/µL.
3. Proceed to the rehydration of the sample into the IPG strip (see Note 5).
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3.2.2. Preparation of the Sample Extracted
by Nonionic Detergent Lysis Buffer for IEF

This lysis buffer contains large amounts of ions that require removal before
IEF. The maximal concentration of ions in the sample should not exceed 20
mM. Removal of ions can be accomplished by desalting precipitation or by
buffer exchange using ultrafiltration.

3.2.2.1. Preparation of the Sample Using Desalting Precipitation

Desalting precipitation is the fastest, cheapest, and the least laborious
method for desalting and concentrating proteins, and it results in complete re-
moval of ions and formation of easily solubilized protein pellet (see Note 6).
The more concentrated the original protein solution, the more effective the
precipitation procedure. Some loss of protein will occur because of solvation
of the protein in organic phases.

1. Thaw the sample in the nonionic detergent lysis buffer at room temperature.
2. To 1 volume of sample, add 3 volumes of 100% methanol and mix by vortexing.
3. Add 1 volume chloroform and mix by vortexing.
4. Add 4 volumes water, vortex, and incubate on ice for 30 min with intermittent

vortexing.
5. Centrifuge the resultant emulsion at 10,000g for 2 min at room temperature. Pre-

cipitated protein forms at the top of the chloroform layer, whereas salt is in the
upper aqueous layer.

6. Remove aqueous phase carefully, without disturbing the protein layer, and re-
place with 4 volumes of methanol and vortex.

7. Pellet the protein at 10,000g for 2 min, remove the supernatant, and dry the pellet
in air for 5 h or until it forms a thin crust on the bottom of the tube.

8. Dissolve the pellet in rehydration buffer and proceed to rehydration of the sample
into IPG strip.

3.2.2.2. Preparation of the Sample Using Buffer Exchange by Ultrafiltration

Removal of ions by ultrafiltration is a more costly, laborious, and time-
consuming procedure than desalting precipitation of proteins. The protein loss,
however, is less with this procedure. Ultrafiltration is superior to dialysis, as it
allows buffer exchange directly with rehydration buffer, and minimizes the
possibility of protein dilution or loss caused by precipitation that can occur
during desalting by dialysis of concentrated protein samples.

1. Thaw the sample in non-ionic detergent lysis buffer at room temperature.
2. Dilute the sample in rehydration buffer at the ratio of 1:5 or to 500 µL.
3. Place 500 µL of the solution in 3 to 10 kDa cutoff ultrafiltration device (such as

Nanosep Omega from Millipore) and centrifuge at 14,000g at room temperature
for 15 min in a tabletop centrifuge (see Note 7).
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4. Mix the retentate solution by pipetting it up and down and centrifuge it again.
Continue the procedure until retentate volume reaches approx 100 µL.

5. Add 400 µL of rehydration buffer to the 100 µL of retentate and repeat steps 3
and 4 from the aforementioned procedure.

6. Bring the volume of each 100 µL sample to desired volume for loading on the
IPG strips, as described in manufacturer’s instructions (see Note 5).

3.3. IEF and SDS-PAGE

Both the first dimension separation of proteins by IEF and the second
dimension separation by SDS-PAGE can be conducted using a number of com-
mercially available systems. Large format systems (18-cm IPG strips and 20-
cm second-dimension gels) are more tolerant to the presence of ions in the
rehydration buffer than the 7-cm IPG strips and 8-cm minigels. Small-format
systems require less protein, provide results more rapidly, and are easier to
handle. For both types of systems, gradient second-dimension gels provide
optimal results. IEF conditions for the two formats are different. For 7-cm IPG
strips, the following parameters are used during the run: 200 V for 20 min, 450
V for 15 min, 750 V for 15 min, and 2000 V for 40 min. For the 18-cm IPG
strips, the voltage is increased gradually and the focusing is stopped when spe-
cific number of volt-hours have accumulated. The running parameters are as
follows: maximum voltage, 5000 V; maximum current, 80 mA per strip; accu-
mulated volt-hours, 80,000. The details of the operation of various 2DE sys-
tems differ substantially and depend on the manufacturer. The basic steps of
operation, however, are similar and consist of rehydration, IEF, equilibration
with SDS-containing sulfhydryl-reducing and alkylating buffers (see Note 8),
and second-dimension SDS-PAGE.

1. Rehydrate the IPG strip overnight at room temperature by applying the sample in
rehydration buffer to the strip in a container (10-mL pipet can be used as a con-
tainer and both ends closed with parafilm).

2. Perform IEF according to the instructions of the manufacturer of the electro-
phoresis equipment, observe the migration of the dye (see Note 9).

3. Equilibrate the strip in equilibration buffer I (contains DTT) at room temperature
by placing it in an equilibration tray included with the electrophoresis equipment
and by gently shaking for 5 to 10 min.

4. Remove the buffer and equilibrate the strip in equilibration buffer II (contains
iodoacetamide) for 10 min at room temperature.

5. Place the strip on top of the second-dimension polyacrylamide gel and perform
SDS-PAGE.

6. Fix the gel in 10% methanol, 7% acetic acid fixative for 30 min to prepare it for
staining (see Note 10).

7. Stain the gel in colloidal Coomassie brilliant blue or SYPRO Ruby stain by incubat-
ing the gel with the stain overnight on shaker (see Note 11). To avoid tearing, there
should be enough stain to ensure that the gel is not dragging on the bottom of the box.
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8. Destain the Coomassie-stained gel by incubating it in fixative until the back-
ground is clear (SYPRO-stained gel does not require destaining). Repeat the
incubation if necessary.

9. Incubate the gel in double-deionized water for 15 min. At this stage gels can be
documented by scanning on a gel scanner. Gels can be left in water for days, or
bagged in small plastic bags and kept at 4°C for up to 2 mo before spot excision
and MALDI-TOF MS analysis.

3.4. In-Gel Digestion and Sample Preparation for MALDI-TOF MS

After scanning the gel, protein spots can be excised and prepared for
MALDI-TOF MS analysis. During spot excision and in-gel digestion, it is
imperative to minimize the chances of contaminating gels with keratin. There-
fore, all manipulations must be done wearing gloves and face masks.

3.4.1. Excision and In-Gel Digestion of Spots

During the excision of spots, the ratio of acrylamide to the protein must be
minimized. This is accomplished by using a cutter that can be made in a laboratory.
A 200-µL pipet tip is cut at the pointed end using a razor blade to widen its
opening to the diameter of 0.5 mm (approx one-fifth of the length of the tip is
removed). This shortened tip is firmly attached to a Pasteur pipet, which acts as its
handle. Spot excision is performed by simply pressing down the cutter on the spot.

1. Place the gel on a transilluminator cleaned with 70% ethanol (to remove keratin).
2. Excise spots and transfer the excised pieces to labeled 0.6-mL tubes by squeez-

ing the pipet bulb of the cutter.
3. Add 40 µL of 50 mM NH4HCO3 and incubate at room temperature for 10 min,

vortex intermittently. Leave the solution in the tube for the next step.
4. Add 50 µL of acetonitrile and incubate for 10 min at room temperature, vortex

intermittently.
5. Remove the solution and repeat steps 3 and 4.
6. Remove the solvent and dry the gel plugs either in a speedvac, or by placing the

open tubes at room temperature for 6 h to overnight (see Note 12).
7. Prepare trypsin working solution (20 ng/µL sequencing grade modified trypsin

in 50 mM NH4HCO3) by adding 10 µL of the stock solution (1 µg/µL) to 500 µL
of 50 mM ammonium bicarbonate solution.

8. Add 3.5 to 5 µL of working solution of sequencing grade-modified trypsin to the
gel plug. Let the gel plug hydrate with the solution for 10 min. If needed, add
more trypsin solution to completely cover the gel plugs.

9. Incubate the tubes at 37°C overnight (14–18 h). The next day the liquid around
the gel plug will contain peptides that will be analyzed by MALDI-TOF MS.

3.4.2. Preparation of Peptides for MALDI-TOF MS

After protein digestion the obtained peptide solutions are processed to pre-
pare for MALDI-MS analysis. Freezing the solutions is not recommended.
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1. Mix nitrocellulose solution and α-CN solution I in 1:4 ratio (20/80 µL).
2. Deposit 1.5 µL of mixture onto the target circle on a MALDI-MS plate. A thin,

tan film must form on it in approx 15 s (see Note 13).
3. Mix 1.5 µL of the peptide sample with 1.5 µL of the α-CN solution II by depos-

iting them very close to each other (solutions should be in contact) on the surface
of parafilm and mixing them by pipetting up and down.

4. Deposit 2 µL of this mixture onto the thin film on the MALDI plate by first
letting the liquid droplet hang on the pipet tip and then touching the droplet onto
the spotted support (see Note 14).

5. Let the deposited peptide samples dry at room temperature.
6. Add 1 µL of 2% formic acid to each spot and remove this solution after 1 min by

touching with a Kimwipe.
7. Let the samples dry at room temperature. The samples are now ready for MALDI-

TOF MS analysis.

3.5. Analysis of Obtained Peptide Masses

MALDI-TOF MS analysis typically is conducted in a core laboratory or a
reference laboratory. MALDI-TOF MS provides the investigator with a list of
masses of singly charged peptides for each excised protein spot that can be
searched against an online database of human proteins to allow the identifica-
tion of the protein from which the peptides were derived. A web-based search
engine Mascot (www.matrixscience.com) is a valuable tool for identifying pro-
teins. Other search engines, such as Profound can also be used (see Note 15).
In Mascot, if the score exceeds the significance level, there is less than a 1 in
20 chance that the match is incorrect.

The following parameters should be used for the peptide fingerprint analy-
sis using Mascot when the digestion has been performed as outlined above:

Fixed modification—carbamidomethylation (Cys).
Variable modification—oxidation (Met; see Note 16).
Error—100 to 150 ppm.
Mass values—MH+.
Missed cleavages—1.

The database of choice for the identification of the protein is usually the
National Center for Biotechnology Information.

3.6. Applications
3.6.1. Expression Studies

Proteomics has been used successfully for analysis of differential protein
expression in control and activated neutrophils. Proteins from lipopolysaccha-
ride-treated and control neutrophils have been separated and protein expression
profiles compared using 2DE and MS (9). Furthermore, by using a pharmaco-
logical inhibitor of p38 mitogen-activated protein kinase, a putative regulatory

www.matrixscience.com
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role was assigned to this kinase in the expression of 18% of lipopolysaccha-
ride-regulated proteins.

Neutrophil subproteomes also can be investigated. Our laboratory examined
neutrophil granules obtained by separation of postnuclear lysates on Percoll
gradients. The isolated granule fractions were subjected to 2DE. Enrichment
of granules greatly increases the likelihood of identifying low abundance pro-
teins that are unlikely to be identified with whole-cell lysate analysis.

Investigation of subproteomes can be further extended to the study of pro-
tein complexes and protein–protein interactions. Thus, large protein complexes
can be isolated by size-exclusion chromatography and analyzed by 2DE. Simi-
larly, a protein can be immunoprecipitated and coprecipitated proteins can be
visualized by 2DE.

3.6.2. Signaling Studies

The described methodology has been applied to the study of signaling
pathways in human neutrophils. For example, phorbol myristate acetate-
induced protein phosphorylation in [32P]-orthophosphate-labeled neutrophils
has been assessed using 2DE (10). In this study, cells were labeled with
32P-orthophosphate and the patterns of phosphorylated proteins on 2D gels from
phorbol 12-myristate 13-acetate- and vehicle-treated cells were compared by
autoradiography.

Differentially phosphorylated proteins from two conditions also can be as-
sessed by Western blotting of gels and probing of membranes with phosphop-
rotein-specific, or antiphospho-Ser/Thr and antiphospho-Tyr antibodies. In this
method, proteins are separated by 2DE using two parallel gels for each condi-
tion, and one set of gels is stained, whereas the other set is subjected to West-
ern blotting. Probing the blot with antiphosphoamino acid antibodies provides
the investigator with a pattern of phosphorylated proteins that can be compared
with the pattern of proteins from the stained gels, and may allow identification
of differentially phosphorylated proteins (11).

As an alternative approach to the use of phosphoprotein-specific or
antiphosphoamino acid antibodies, blots can be probed with an antibody directed
against a particular protein, and the appearance of a new spot with a more
acidic isoelectric point (pI) (an acidic shift) can be observed on phosphoryla-
tion of the protein. The identity of the kinase responsible for the protein phos-
phorylation can be elucidated using an appropriate kinase inhibitor and
observing the reduction of the shift in response to the pretreatment of cells with
the inhibitor prior to their activation by an agonist (12,13).

In addition to Western blotting, radioactive labeling of lysates can success-
fully lead to identification of protein kinase substrates. Neutrophil lysates can
be used for a kinase reaction using [32P]-adeonsine triphosphate and a recombi-
nant kinase before separation of proteins by 2DE. Comparison of radiograms
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of gels of lysate alone, kinase alone, and lysate plus kinase conditions reveals
radioactive spots that are unique to kinase plus lysate condition. Matching of
these spots from radiograms to the stained spots from the same gel allows for
the identification of the putative substrate (12,13).

3.7. Limitations and Alternative Approaches

Theoretically, 2DE can separate more than 10,000 proteins from the source
material (14). In practice, however, analysis of hydrophobic proteins and small
molecular weight proteins from complex samples by 2DE has been found to be
challenging. Small proteins of less than 20 kDa are difficult to resolve by 2DE
and only a few small proteins have been successfully analyzed by this method
(15). Hydrophobic proteins, such as α-helical transmembrane proteins and
large globular proteins, are also grossly underrepresented on 2D gels (16,17).
Transmembrane sections of the membrane proteins and the interior portions of
large globular proteins are hydrophobic and as a result these proteins are spar-
ingly soluble in solubilization buffers used for 2DE. During IEF, hydrophobic
proteins precipitate upon approaching their respective pIs. Use of more power-
ful zwitterionic detergents and fractionation of samples prior to subjecting them
to 2DE, improve results of the analysis of membrane proteins by 2DE, but do
not completely solve the problem (18).

To circumvent the protein solubility problem, peptide chromatography-
based methods have been introduced into proteomics. These approaches are
based on iterative liquid chromatographic separation of peptides obtained from
global proteolytic digestion of a complex sample, and analysis of peptides by
tandem MS (19). This method turns insoluble proteins into soluble peptides
and allows for identification of a large number of proteins, however, it is diffi-
cult to conduct quantitative analysis of the samples. Recent introduction of
differential isotope labeling of peptides has addressed this problem. The
method uses labeling of peptides with an isotope-coded affinity tag reagent
(20). Subsequent MS analysis reveals mass differences imparted on peptides
by the isotope-coded tags, and allows for the comparison of the relative abun-
dance of isotope-labeled peptides in the sample (21).

For identification of a phosphoproteome, another method that supplements
chromatography-based proteomic approaches has been developed. This
method, termed immobilized metal-affinity chromatography, requires the use
of immobilized metal columns for the enrichment of phosphorylated peptides
and is useful for the analysis of phosphoproteins from complex mixtures
(22,23). It should be noted, however, that chromatographic methods are rela-
tively new and unrefined, require more expensive equipment, and may not be
as reproducible as gel-based methods. Thus, gel-based proteomics remains an
important tool because of its simplicity and high degree of reproducibility.
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4. Notes
1. DFP is a highly toxic chemical. Cells are to be treated with DFP using all required

precautions. As many as 5 × 107 cells per milliliter can be treated with 10 µM
DFP (24).

2. Ampholytes form complexes with released chromatin, allowing for effective
pelleting of nuclear material. Do not use sonication to disrupt neutrophils in 9 M
chaotrope lysis buffer. This will release large amounts of chromatin into the solu-
tion and will result in irreversible gelling of the sample.

3. It is important to maintain the ratio of 9 M chaotrope lysis buffer to neutrophils at
200–500 µL per 5 × 107 cells, as the use of more cells will result in gelling of the
sample.

4. Avoid warming the samples in urea-containing buffers to temperatures greater
than 30°C for more than 5 min because protein carbamylation can occur, which
will alter the protein pI (25).

5. For IPG strip rehydration, prepare 22 to 25 µL of solution per 1 cm of the strip.
6. To concentrate and desalt dilute protein solutions prior to IEF, dialysis of the

sample followed by the reduction of volume by ultrafiltration prior to desalting
precipitation, can be used. However, it must be noted that dialysis against buffers
with low ion and detergent content can result in protein precipitation.

7. Other ultrafiltration devices with various molecular-weight cutoffs also can be
used. However, the investigator must ensure that the membrane is compatible
with the high concentration of urea.

8. It is important to equilibrate the strips in DTT-containing buffer to reduce disul-
fides, and then to alkylate the cysteines in an iodoacetamide-containing buffer to
avoid the formation of intermolecular disulfide bonds during the second dimen-
sion run. Both of these buffers contain SDS to aid in the migration of the proteins
from the strip into the second dimension gel.

9. During the normal course of IEF the bromophenol blue dye will migrate to the
acidic end of the strip, and will change color to green and then to yellow. Uneven
or incomplete migration of the dye is indicative of the presence of ions in the
sample.

10. Using higher concentrations of acetic acid or methanol is not recommended
because they affect the MALDI analysis of the protein.

11. SYPRO Ruby is a fluorescent stain and requires appropriate scanners for visual-
ization of the gel. It has an advantage over Coomassie blue because of its supe-
rior dynamic range of sensitivity (26). Therefore, it is excellent for comparison
of protein-spot intensities on different gels. However, it is necessary to use ultra-
violet transilluminator to visualize protein spots on SYPRO-stained gels for exci-
sion, which makes the procedure cumbersome compared to Coomassie-stained gels.

12. Dried gel plug will be opaque white, very small, and brittle. One should be aware
that it is easy to crush it by accident with a pipet tip, or lose it from the tube.

13. If the film is white, increase the ratio of α-CN solution I to nitrocellulose solution
to obtain a film of tan color and smooth surface. If the film is almost transparent
and crystalline, add more nitrocellulose solution to the mixture.



Proteomic Analysis of Human Neutrophils 355

14. This solution should not turn yellow and should not dissolve matrix. If these
occur, the NH4HCO3 powder is old and must be replaced. In addition, solutions
used for preparation of peptides for MALDI should not be kept for longer than 1
wk at 4°C and should not be frozen.

15. Profound is available at http://prowl.rockefeller.edu/. This search engine allows
for the input of observed molecular-weight and pI for the protein in question.
Input of the following parameters is suggested when using Profound: Cysteine
modified by iodoacetamide, maximum missed cleavage sites, 1; charge state,
MH+; tolerance unit, ppm; mass tolerance, ±150 ppm.

16. Fixed modification means that peptides with all applicable residues will be
searched with that modification, whereas variable modifications mean that the
peptide will be analyzed by looking at a possibility of either one or all applicable
residues being considered as modified.
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