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ABSTRACT

6-Phosphogluconate dehydrogenase (6PGDH) catalyzes the reversible
oxidative decarboxylation of 6-phosphogluconate to ribulose-5-phosphate and CO,
with the concomitant reduction of NADP to NADPH. Site-directed mutagenesis was
used to change K183 of sheep liver 6-phosphogluconate dehydrogenase to A, E, H, C,
Q. R, and M to probe its possible role as a general base catalyst. Each of the mutant
proteins was characterized with respect to its kinetic parameters at pH 7, and the pH
dependence of kinetic parameters for the K183R mutant enzyme. The only mutant
enzyme that gives a significant amount of catalysis is the KI83R mutant. Its activity
is decreased by about 3 orders of magnitude, and the general base pK is perturbed to a
value greater than pH 9. All other mutant enzymes have rates that are decreased by
about 4 orders of magnitude compared to the wild type enzyme. Data are consistent
with the general base function of K183.

In the second part of the research, three additional mutants, S128A, H186A
and N187A were characterized in the same manner as the K183 mutant enzymes. The
decrease in the activity compared to the wild type enzyme is about 200-fold for the
H186A and N187A mutant enzymes, but only 12-fold for the S128 A mutant enzyme.
Dissociation constant for 6PG from the E:NADF:6PG complex (Kgpg) is increased by
around 6-fold for both S128A and H186A and 16-fold for N187A. Product inhibition

studies by NADPH give a dissociation constant for the EENADPH complex (K;,) that

Xvi



is increased by 5- to 6-fold for the S128A and HI186A mutant enzymes at
nonsaturating 6PG. No significant change is found in K,, value for the N187A mutant
enzyme. The primary deuterium isotope effects decrease for SI28A and H186A, and
increase in the case of N187A compared to those of the wild type enzyme. The
kinetic data suggest that all of the three enzyme side chains are responsible for
binding the substrates, and that both S128 and H186 play an important role in the

decarboxylation process, while N187 facilitates the hydride transfer step.

xXvii



CHAPTER 1

INTRODUCTION

1.1 Pentose Phosphate Pathway.

6-Phosphogluconate dehydrogenase (EC 1.1.1.44) is the third enzyme in the
pentose phosphate pathway [also called the hexose monophosphate (HMP) shunt or
the phosphogluconate pathway; Figure 1]. The pentose phosphate pathway is an
alternate mode of glucose oxidation and is important for the synthesis of NADPH, the
reducing power for reductive biosynthesis. Many endergonic reactions, such as the
biosynthesis of fatty acids and cholesterol, as well as photosynthesis, require NADPH
to utilize the free energy of metabolite oxidation. Thus, the pentose phosphate
pathway is most active in tissues involved in fatty acid and cholesterol biosynthesis,
and the [NADP])/[NADPH] ratio is maintained near 0.01, which favors metabolite
reduction. Although NADPH and NADH differ only by a phosphate group at the 2'-
OH group of the adenosine moiety, they are not metabolically interchangeable,
because of the high degree of specificity towards the coenzymes shown by the
dehydrogenase involved. On the other hand, NADPH is also required for maintaining
the erythrocyte membrane integrity by regenerating reduced glutathione (GSH),
catalyzed by glutathione reductase. In addition to NADPH, another product of the

pentose phosphate pathway is ribose-5-phosphate (R5P) which is a precursor in the



Figure 1. The Pentose Phosphate Pathway. The pathway consists of an oxidative
branch and a non-oxidative branch. 6-Phosphogluconate dehydrogenase is the third

enzyme in the oxidative branch.
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biosynthesis of nucleic acids as well as a component of nucleotide cofactors (Voet
and Voet, 1995).

The overall reaction of the pentose phosphate pathway is:

3G6P + 6NADP"* + 3H,0 === 6NADPH + 6H" + 3CO; + 2F6P + GAP

The pathway consists of an oxidative branch and a non-oxidative one. In the
oxidative branch, glucose-6-phosphate is oxidized to 6-phosphoglucono-8-lactone by
glucose-6-phosphate degydrogenase (G6PDH) with the concomitant production of
NADPH. Next, 6-phosphogluconolactonase hydrolyses 6-phosphoglucono-d-lactone
to 6-phosphogluconate. Finally, 6-phosphogluconate dehydrogenase (6PGDH)
catalyzes the oxidative decarboxylation of 6-phosphogluconate to ribulose-5-
phosphate and CO, with the concomitant production of a second NADPH. The
NADPH produced is used for reductive biosynthesis, while the other product,
ribulose-5-phosphate enters the non-oxidative branch of the pathway. In this part of
the pathway, ribulose-5-phosphate can be converted either to ribose-5-phosphate by
ribulose-5-phosphate isomerase or to xylulose-5-phosphate (Xu5P) by ribulose-5-
phosphate epimerase. The next step involves a series of carbon-carbon bond cleavage
and formation reactions catalyzed by two enzymes, transaldolase and transketolase.
Transketolase transfers a C, unit from xylulose-5-phosphate to ribose-5-phosphate,
producing glyceraldehyde-3-phosphate (GAP) and sedoheptulose-7-phosphate (S7P).
The reaction is followed by the transfer of a C; unit from sedoheptulose-7-phosphate

to glyceraldehyde-3-phosphate catalyzed by transaldolase, yielding erythrose-4-



phosphate (E4P) and fructose-6-phosphate (F6P). A second transketolase is needed
to transfer another C, unit from xylulose-5-phosphate to erythrose-4-phosphate,
giving the final product glyceraldehyde-3-phosphate and the second molecule of
fructose-6-phosphate. The overall reactions for oxidative and non-oxidative branches

are summarized as follows:

Oxidative Branch: 3G6P + 6NADP* + 3H,0 — 6NADPH + 6H" + 3CO» + 3RuSP

Non-oxidative Branch: 3RuSP =<~— RSP + 2XuSP <— 2F6P + GAP

The balance between the oxidative and non-oxidative branches depends
largely on the metabolic need for NADPH and ribose-5-phosphate. When the cell
needs more NADPH than ribose-5-phosphate, the excess ribose-5-phosphate can
enter the non-oxidative branch to be converted to glyceraldehyde-3-phosphate and
fructose-6-phosphate, which can be reconverted to G6P for additional rounds of the
pantose phosphate pathway. On the other hand, if more ribose-5-phosphate is
required than NADPH, glucose-6-phosphate can be isomerized to fructose-6-
phosphate. The latter enters the non-oxidative branch for ribose-5-phosphate
synthesis through the reverse reactions of the pathway. The regulation of the flux
through the pentose phosphate pathway is achieved by controlling the rate of the
glucose-6-phosphate dehydrogenase reaction, which is the first step of the pathway.
One of the substrates of the reaction, NADP, acts as an activator of the enzyme (Voet

and Voet, 1995).



Genetic deficiency involving the pentose phosphate pathway enzymes may
cause severe diseases such as hemolytic anemia. One of the pentose phosphate
products, NADPH, is required to maintain the integrity of the cell membrane,
especially in erythrocytes due to their lack of mitochondria and constant exposure to
an oxidizing environment. Hemolytic anemia is traced to gene mutations of glucose-
6-phosphate dehydrogenase, the first enzyme in the pathway. Defective enzyme is
produced from the altered gene and does not have sufficient activity to maintain
normal levels of NADPH in red blood cells. No hemolytic syndrome has ever been
related to 6-phosphogluconate dehydrogenase deficiency (Luzzato and Mehta, 1989).
Since the pentose phosphate pathway provides ribose phosphate for nucleic acids
biosynthesis, it has been suggested to play an important role in the tumor proliferation
process (Boros et al., 1997). Cancer researchers are focusing on glucose-6-phosphate
dehydrogenase and transketolase, and the latter two have become targets for new
anticancer drug designs. As to 6PGDH, it has been reported that carbamylation of 6-
phosphogluconate dehydrogenase may cause cataract formation in populations with
high levels of blood urea (Ganea and Harding, 1996). 6PGDH from Trypanosoma
brucei is also considered a key enzyme involved in parasitic infections (Hanau et al.,

1996).

1.2 Pyridine-Nucleotide Linked Oxidative Decarboxylases.
Pyridine-nucleotide linked oxidative decarboxylases are an enzyme class which

uses a pyridine nucleotide (NAD or NADP) as a cofactor. In general, this class of



enzyme catalyzes the oxidative decarboxylation of a B-hydroxyacid to a ketone
product and CO, with the concomitant reduction of NAD(P) to NAD(P)H. The
general reaction is shown in Figure 2.

Among the enzymes in this class, previous studies have primarily focused on
isocitrate dehydrogenase (ICDH), malic enzyme and 6-phosphogluconate
dehydrogenase (6PGDH). These dehydrogenases can be divided into two groups:
metal ion dependent and metal ion independent enzymes. The first two enzymes,
malic enzyme and isocitrate dehydrogenase require a divalent metal ion for catalytic
activity (malic enzyme, Hsu and Lardy, 1967; ICDH, Villafranca and Colman, 1974),
while 6-phosphogluconate dehydrogenase is metal ion independent (Pontremoli et al.,
1961). This difference may be due to the lack of an electron withdrawing funct.ional
group on the carbon « to the leaving group in isocitrate and malate, which are the
substrates for ICDH and malic enzyme, respectively. Different enzymes require
different divalent metal ions, and the metal ion has been proposed to act as a Lewis
acid to facilitate the decarboxylation of the keto intermediate (Grissom and Cleland,
1988). While most 6PGDHs from different sources show no dependence on a
divalent metal ion, some can be inhibited by divalent metal ions (Niehuas et al.,
1996), and there are examples of 6PGDHs that can be activated by divalent metal
ions such as Co** and Mn** (Tsai and Chen, 1998).

A general acid-general base mechanism has been proposed for this class of
enzyme (Fig. 3). In the proposed mechanism, a general base accepts a proton to

facilitate the hydride transfer and further catalyzes the decarboxylation to form an



NAD®P)* + . |

R, = H, OH, CH,CO,", CH(CHy)

R; = CO;, CH(OH)CH(OH)CH;0PO;~

Figure 2. The General Reaction Catalyzed by Pyridine-Nucleotide Linked Oxidative

Decarboxylases. This class of enzyme catalyzes the oxidative decarboxylation of B-

hydroxyacids to their ketone product and CO, with the concomitant reduction of

NAD(P) to NAD(P)H.



Figure 3. The Proposed General Acid-General Base Mechanism for Pyridine-
Nucleotide Linked Oxidative Decarboxylases. The mechanism includes three steps:
oxidation, decarboxylation, and tautomerization. A metal ion is required for the

activity of this class of enzyme with the exception of 6PGDH.



R; = H, OH, CH,CO,’, CH(CH 3,

R; = CO;’, CH(OH)CH(OH)CH,0PO;=
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enol or enediol intermediate, while a general acid is needed to catalyze the
tautomerization of the enol or enediol to the final ketone product (malic enzyme,
Kiick et al., 1986; Hermes et al., 1982; ICDH, Cook and Cleland, 1981; Grissom and

Cleland, 1988; 6PGDH, Berdis and Cook, 1993b; Price and Cook, 1996).

1.3 6-Phosphogluconate Dehydrogenase.

6-Phosphogluconate dehydrogenase is the third enzyme in the pentose
phosphate pathway. It catalyzes the reversible oxidative decarboxylation of 6-
phosphogluconate to ribulose-5-phosphate and CO, with the concomitant reduction of
NADP to NADPH. There is no divalent metal ion requirement for the reaction
(Siebert et al., 1957; Pontremoli et al., 1961). The reaction catalyzed by 6PGDH is

shown in Figure 4.

1.3.1 Kinetic Mechanism.

Kinetic studies have been carried out for 6-phosphogluconate dehydrogenase
from several sources, including Candida utilis, sheep liver, Trypanosoma brucei,
human erythrocyte, Haemophilus influenzae, Cryptococcus neoformans, Lactococcus
lactis, and Schizosaccharomyces pombe (Berdis and Cook, 1993a; Price and Cook,
1996; Hanau et al., 1996; Dallocchio et al., 1985; Yoon et al., 1989; Niehaus et al.,
1996; Tetaud et al., 1999; Tsai and Chen, 1998). Among them, the Candida enzyme
and the sheep liver enzyme have been characterized most extensively for their kinetic

mechanism, using initial velocity and isotope effect studies.
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+ NADPH + CO,

(x

/ T
o o
6-phosphogluconate ribulose-5-phosphate

Figure 4. The Reaction Catalyzed by 6-Phosphogluconate Dehydrogenase. The
enzyme catalyzes the reversible oxidative decarboxylation of 6-phosphogiuconate to

ribulose-5-phosphate and CO, with the concomitant reduction of NADP to NADPH.
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A complete initial velocity study including product and dead-end inhibition
has been carried out for 6PGDH from Candida utilis (Berdis and Cook, 1993a). The
results suggest a rapid equilibrium random kinetic mechanism with dead-end
E:NADP:(ribulose-5-phosphate) and E:NADPH:(6-phosphogluconate) complexes
(Figure 5). Equal deuterium isotope effects on V, V/Ky,pp, and V/Kgp have been
obtained, indicating that the chemical portion of the reaction limits the overall rate
(Cook and Cleland, 1981; Rendina et al., 1984). These results are consistent with the
rapid equilibrium mechanism. The mechanism of 6PGDH is different from that of
the malic enzyme and isocitrate dehydrogenase, since the latter two have a steady-
state random mechanism in which catalysis is not the only slow step.

The steady-state kinetic studies for 6PGDH from sheep liver were carried out
initially by Dalziel and co-workers (Topham et al., 1986). Data suggest an
asymmetric sequential mechanism in which the substrates bind randomly and product
reiease is ordered. A complete kinetic characterization of sheep liver 6PGDH
including product and dead-end inhibition patterns as well as primary deuterium
isotope effects has been performed more recently by Price and Cook (1996). The
results of the latter authors are consistent with a rapid equilibrium random kinetic
mechanism, as proposed for the Candida enzyme (Figure S). The primary deuterium
isotope effects suggest that hydride transfer is at least partially rate limiting in the
overall reaction. The V/E, value of sheep liver 6PGDH is 2.0 s™', while the K, values

for 6PG and NADP are 19 uM and 5 puM, respectively.

13



EA EX EQ
E / \EAB — EPQR/ \\>\ E
\ EB / \2\\\ EQR ER /
E = 6PGDH A =NADP B = 6PG
P =CO, Q = Ru-5-P R =NADPH

X = 3-keto-6-phosphogluconate

Figure 5. The Rapid Equilibrium Random Kinetic Mechanism Proposed for Both the

Sheep Liver and C. utilis 6PGDHs.
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1.3.2 Chemical Mechanism.

The oxidative decarboxylation reaction catalyzed by 6-phosphogluconate
dehydrogenase is very similar to the metal ion dependent reactions catalyzed by malic
enzyme and isocitrate dehydrogenase, with the exception that 6PGDH does not
require a divalent metal ion. Therefore, there is an interest in a study of the chemical
mechanism of 6PGDH, particularly in comparison to that of one of the metal ion
dependent enzyme.

The hypothesis of a Schiff-base intermediate involved in this reaction was
tested by Topham and Dalziel (1986). [2-'°0] Ribulose-5-phosphate was prepared as
a substrate for the reductive carboxylation reaction, while H,'®*0 was used for the
oxidative decarboxylation reaction. If a Schiff-base mechanism is involved in the
decarboxylation step, solvent exchange will occur with the C-2 oxygen of the 3-keto
intermediate during formation of the enamine. A complete retention of the heavy
atom has been observed for the reductive carboxylation, and the product of the
oxidative decarboxylation remained unlabeled. These results exclude the possibility
of a Schiff-base mechanism. Another reasonable mechanism for 6PGDH consists of
the enzyme-mediated protonation of the carbonyl group of the 3-keto intermediate.

pH studies of both the Candida utilis and sheep liver 6PGDHs have been
carried out (Berdis and Cook, 1993b; Price and Cook, 1996), with a general acid-
general base mechanism proposed (Figure 6). In this mechanism, an active site

general base is required to accept the proton from the 3-hydroxyl group of 6PG as the
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Figure 6. The Proposed General Acid-General Base Mechanism for 6-
Phosphogluconate Dehydrogenase. In this mechanism, an active site general base is
required to accept the proton from the 3-hydroxyl group of 6PG as the hydride
transfers from C-3 of 6PG to NADP. The resulting 3-keto-6-phosphogluconate
intermediate is decarboxylated to give the enediol of ribulose-5-phosphate, with the
same enzyme residue restoring the proton to the C-3 carbonyl group of the keto
intermediate. Finally, a general acid is needed to assist the tautomerizauon of the

enediol intermediate to form the final ketone product.
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hydride transfers from C-3 of 6PG to NADP. The resulting 3-keto-6-
phosphogluconate intermediate is decarboxylated to give the enediol of ribulose-5-
phosphate, with the same enzyme residue restoring the proton to the C-3 carbonyl
group of the keto intermediate. Finally, a general acid is needed to assist the
tautomerization of the enediol intermediate to form the final ketone product. Reverse
protonation states between the general acid and the general base are proposed for the
sheep liver 6PGDH (Price and Cook, 1996). The pattern of the pH dependence of
kinetic parameters suggests that the general acid and general base must be in opposite
protonation states for optimum catalysis, and the catalytic residues are also involved
in substrate binding. Thus, the general base must be unprotonated for catalysis, while
the general acid must be protonated. Since the pK of the general base is observed on
the basic side of the pH profile, and the pK of general acid on the acid side, only a
small proportion of enzyme is in the correct protonation state for catalysis.

Unlike malic enzyme and isocitrate dehydrogenase, 6PGDH does not require
any divalent metal ion for its activity. A possible reason is that the o- and y-
hydroxyl groups of 6PG are electron-withdrawing and thus facilitate decarboxylation
of the PB-keto intermediate. 2-Deoxy-6-phosphogluconate has been used as the
alternative substrate for sheep liver 6PGDH (Rippa et al., 1973). The 2-deoxy-3-keto
intermediate is released from the enzyme due to the slow decarboxylation, and the
decarboxylation can only occur in the presence of the reduced coenzyme. The results
are consistent with the proposed electron-withdrawing function of the a-hydroxyl

group of 6PG, and further support a stepwise mechanism with hydride transfer
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preceding decarboxylation. However, 6PGDH from human erythrocytes and
Trypanosoma brucei catalyze the oxidative decarboxylation of 2-deoxy-6-
phosphogluconate without releasing the 2-deoxy-3-keto intermediate (Rippa et al.,
1998), and the decarboxylation occurs in the absence of either NADPH or 6PG.
According to Rippa, this difference is due to the higher affinity for 2-deoxy-6PG by
the erythrocyte enzyme and the T. brucei enzymes. As a result, the electron-
withdrawing ability of the a-hydroxyl group may not be the only thing to account for
the metal ion independence of 6PGDH. Another possibility is the presence of a
positively charged enzyme side chain that could perform the same function as the
divalent ions, i.e. polarizing the 3-keto of the intermediate.

Multiple primary deuterium/primary ’C isotope effect studies have been
carried out for the Candida and sheep liver enzymes with both NADP and APADP as
the dinucleotide substrates (Hwang et al., 1998). A decrease in "*(V/Kgpg)p compared
to *(V/Keqg)y has been observed in all cases, indicating that the hydride transfer step
becomes more rate-limiting due to the deuteriation at C-3, and the ’C-sensitive step
becomes partially masked. The results of multiple isotope effects are consistent with
a stepwise mechanism (Figure 6; Hermes et al., 1982; Weiss et al., 1991; Karsten and
Cook, 1994; Rendina et al., 1984). The most likely sequence of steps for the
oxidative decarboxylation of a B-hydroxy acid is oxidation to generate a B-keto acid,
followed by decarboxylation. The '*C-isotope effect on V/Kp; decreases as
conditions change along the series NADP/6PG, NADP/6PG-3d, APADP/6PG, and

APADP/6PG-3d. Thus, the hydride transfer step has become slower when APADP is
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used as the dinucleotide substrate in place of NADP, and it becomes completely rate
determining with APADP/6PG-3d. Based on the observed isotope effect data,
intrinsic isotope effects have been estimated. Intrinsic isotope effects such as °k and
"k refer to the isotope effects on the microscopic rate constants in enzyme-catalyzed
reactions. The intrinsic effects cannot be measured directly by experiment but must
be calculated from observed isotope effects, e.g., °V, P(V/K) and "*(V/K), subtracting
out the contribution of other slow steps. Intrinsic isotope effects provide information
on transition state structure. However, the transition state structure for hydride
transfer remains unknown due to the lack of the ability to distinguish between an
early or late transition state. As to the decarboxylation step, it is likely that C,-C,
bond cleavage has a late transition state. The primary deuterium isotope effect on
V/Ksps 1s constant at pH values below the pK and decreases as the pH increases,
suggesting that the pH sensitive step(s) is(are) not the same as the isotope sensitive
step(s).

Furthermore, multiple solvent deuterium/substrate deuterium and multiple
solvent deuterium/"’C isotope effects have been measured (Hwang and Cook, 1998).
Data suggest proton transfer and hydride transfer occur in the same step. A
significant medium effect has also been observed, suggesting a possible
conformational change preceding all the chemical steps. Medium effects reflect the
part of the solvent isotope effect that is not caused by isotope exchange between

solute and solvent (Quinn and Sutton, 1991).
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1.3.3 Structure of 6-Phosphogluconate Dehydrogenase.

The three-dimensional structures of 6-phosphogluconate dehydrogenase from
sheep liver, Trypanosoma brucei and Lactococcus lactis have been solved by X-ray
crystallography (Adams et al., 1994; Phillips et al., 1998; Tetaud et al., 1999). All
6PGDHs known from various sources are dimeric with the exception of the tetrameric
enzyme from Schizosaccharomyces pombe (Tsai and Chen, 1998).

Sheep liver 6PGDH is a homodimer with a subunit molecular mass of 52,000.
The crystal structures of the apo-enzyme as well as both enzyme-substrate binary
complexes have been obtained by Adams and coworkers (1994). Figure 7 shows the
structure of a monomer of the apo-enzyme. From the structure, each monomer
consists of three domains. The first domain is a dinucleotide binding domain (amino
acids 1-176). This amino terminal domain has a typical Baf fold which is often
found in dinucleotide binding proteins. The Baf} fold is followed by a short helix and
another Baf unit anti-parallel to the first one. The second domain is a large helical
domain (amino acids 177-434). The third domain is a carboxyl terminal tail (amino
acids 435-482). The dimer has molecular two-fold symmetry, and the carboxyl
terminal tail of each subunit burrows through the helical domain of the other subunit
(Figure 8). Both the coenzyme domain and the helical domain of one subunit and the

carboxyl terminal tail of the other subunit form the 6PG binding site.

1.3.4 Important Catalytic and Substrate Binding Residues.
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Figure 7. Structure of a Monomer of 6-Phosphogluconate Dehydrogenase from
Sheep Liver. Each monomer consists of three domains: a dinucleotide binding
domain, a large helical domain, and a carboxyl terminal tail. The active site resides at

the bottom of the cleft formed by the first two domains.
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Figure 8. Structure of the Dimer of 6-Phosphogluconate Dehydrogenase from Sheep
Liver. One subunit is in green, and the other subunit is in red. The tail domain of
each subunit penetrates into the helical domain of the other subunit, and participates

in the active site.
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A general acid-general base mechanism has been proposed for sheep liver
6PGDH based on pH studies (Price and Cook, 1996). From the crystal structure of
the E:6PG binary complex (Figure 9), two amino acid residues, Lys 183 and Asn
187, are within hydrogen-binding distance of the 3-hydroxyl group of 6PG. Since
Asn 187 is not ionizable, it can only act to hydrogen bond the 3-hydroxyl group of
6PG, acting as a binding group. The N¢ of Lys 183, on the other hand, is properly
positioned to accept a proton from the 3-hydroxyl group of 6PG. As a result, Lys 183
appears to be the best candidate for the general base. From the pH profiles, the pK for
the general base is around 8. Although this value is rather low for a lysine residue, it
is possible if the lysine is placed in a positively charged or hydrophobic environment.
As for the general acid involved in the last tautomerization step, the residue should be
positioned near C-1 of the enediol intermediate. A water molecule hydrogen-bonded
to Gly 130 has been suggested to participate in proton donation to C-1 of the enediol,
which makes it a potential general acid candidate (Adams et al., 1994). However,
Glu 190 turns out to be the most likely candidate for the proton donation. In the
structure shown in Figure 9, Glu 190 is found hydrogen-bonded to the carboxyl group
of 6PG and thus appears to be involved in substrate binding. The hydrogen bond
must be eliminated after oxidation to facilitate the decarboxylation process. Although
no direct evidence of a conformational change exists since no ternary complex
structure is available, differences are observed in the structures of the EENADP and
E:NADPH complexes. A comparison reveals the reduced coenzyme as more

extended than the oxidized form, likely due to the charge difference at the
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Figure 9. Stereopair of the 6PG Binding Site of Sheep Liver 6-Phosphogluconate
Dehydrogenase. 6-Phosphogluconate is shown with its carboxylate to the left and its
6-phosphate to the right. The atoms are labeled as, N, blue, O, red, and P, magenta.
The carbon backbones of enzyme side chains are labeled in yellow, and the carbon

backbone of 6PG is in green.
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nicotinamide ring upon the reduction of NADP to NADPH. As a result,
rearrangement of the nucleotide binding site may cause a conformational change in
the substrate binding, which then positions C-2 of the keto intermediate closer to Glu
190. An additional contribution to this rearrangement may be provided by the change
in the hybridization state of the C-3 group of 6PG upon oxidation. Again, based on
the pH profile, the pK for Glu 190 has to be around 7 if it is the general acid. A
hydrophobic environment should also help increasing the pK for the carboxyl group
of Glu 190. In addition, sequence alignment of 6PGDH from different sources shows
that both Lys 183 and Glu 190 are absolutely conserved among all the known
sequences (Figure 10). This result further supports the hypothesis that these two
residues are the general base and general acid, respectively. Site-directed
mutagenesis of Glu 190 has been carried out recently, with data consistent with its
catalytic role as the general acid (Karsten et al., 1998).

Besides Lys 183 and Glu 190, several other residues also contribute to binding
6PG, and may contribute to catalysis. The 6-phosphate group of 6PG makes
hydrogen bonds to Tyr 191 and Arg 287 from the first subunit and to Arg 446 from
the tail of the second subunit. Arg 447 of 6PGDH from Lacrococcues lactis (same as
Arg 446 for sheep liver enzyme) has been mutated to other amino acid residues
(Tetaud et al., 1999). The loss of enzyme activity for all the mutants suggests that
this residue plays a critical role in activity, presumably by anchoring the substrate.

Cther side chains are also important for 6PG binding. The carboxyl oxygens of 6PG
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Figure 10. Alignment of 6PGDH Sequences in the Active Site Region. S128, K183,

H186, E190 and N187 are totally conserved and labeled in bold.
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form hydrogen bonds to Ser 128 and Glu 190, and the 3-OH forms hydrogen bonds to
Lys 183 and Asn 187.

Sheep liver 6PGDH shows a high specificity towards the coenzyme required
for the catalysis. NAD has been found to be a poor dinucleotide substrate for this
enzyme. Studies with other alternative dinucleotide substrates suggest that the 2’-
phosphate plays a very important role in dinucleotide binding (Berdis and Cook,
1993c). Selectivity towards NADP over NAD is provided by the tight binding
between the 2’-phosphate and three active site residues: Asn 32, Arg 33 and Thr 34.
Among them, Arg 33 is suggested to be important in providing one face of the
adenine binding pocket and neutralizing the charge of the 2'-phosphate. Consistent
with this theory, Arg 34 of the L. lactis enzyme (same as Arg 33 for the sheep liver
enzyme) was mutated to tyrosine, and the affinity for NADP decreases nearly three
orders of magnitude (Tetaud et al., 1999). As to the nicotinamide binding site, the
difference between the conformations of the oxidized and reduced coenzyme binary
complexes is quite obvious. In the reduced coenzyme binary complex, the amide of
the nicotinamide ring is hydrogen-bonded to Ser 128, His 186, and Asn 187. All
three of these residues are absolutely conserved among all known sequences (Figure
10). As indicated above, Ser 128 is also hydrogen-bonded to the carboxyl group of
6PG and Asn 187 interacts with the 3-hydroxyl group. Therefore, binding of reduced
coenzyme may in a way facilitate the decarboxylation process. Consistent with the

above postulate, it has been reported that decarboxylation of 3-keto-2-deoxy-6PG is
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enhanced upon binding of the reduced (but not oxidized) coenzyme (Hanau et al.,

1992).

1.3.5 Cloning and Sequencing of the Sheep Liver 6-Phosphogluconate
Dehydrogenase cDNA.

Previously, several attempts were made to isolate a cDNA clone of the sheep
liver 6PGDH. As a result of a failure to isolate cDNA clones, the cDNA sequence
was obtained through PCR amplification to generate a family of overlapping cDNA
clones encoding a mature protein of 482 amino acids (Somers et al., 1992).

In the later work of Chooback and coworkers (1998), a cDNA of the sheep
liver enzyme was obtained by RT-PCR, and then cloned into a pBluescript phagemid.
The cDNA was then subcloned into the expression vector pKK223-3. When the
recombinant protein was expressed in E. coli, the host 6PGDH was also expressed,
and the two 6PGDHs could not be separated from one another during purification.
The amount of contamination was insignificant when the wild type enzyme was
expressed. However, for many of the mutant enzymes, since enzyme activity
decreases dramatically, the contaminating E. coli 6PGDH exhibited higher activity
than the mutant enzymes. Therefore, another expression system was needed for site-
directed mutagenesis studies.

Attempts were made to purify the enzyme using the Glutathione S-transferase
(GST) Gene Fusion System from Pharmacia Biotech. The cDNA was subcloned into

the pGEX-4T-1 vector to produce a GST fusion protein. The fusion protein was
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directly purified from bacterial lysates using the affinity matrix Glutathione
Sepharose 4B. Cleavage of the enzyme from GST was performed using a site-
specific thrombin protease whose recognition sequence is located immediately
upstream from the multiple cloning site on the pGEX-4T-1 plasmid. However, the
attempts to cleave the recombinant enzyme were unsuccessful even at different
concentrations of thrombin protease and urea (Chooback et al., 1998). It is possible
that the 77 kDa fusion protein is folded in such a way that the thrombin protease site
is inaccessible. Interestingly, the fusion enzyme still remains active and gives kinetic
parameters that are within error identical to those of the native enzyme. This result
suggests that the N-terminus is away from the active site. In fact, this has also been
confirmed by the three-dimensional structure of the apoenzyme (Figure 7).
Nevertheless, the GST fusion system proved unsuitable for the expression and
purification of 6PGDH. Finally, the sheep liver 6PGDH cDNA was cloned into the
expression vector pQE30, which adds a 6-histidine tag to the N-terminus of the target
protein. The His-tagged recombinant wild type enzyme was expressed, purified, and
characterized. As a result, a protein with a subunit molecular weight of
approximately 51,000 was obtained as judged by SDS/PAGE. The recombinant
enzyme exhibits kinetic parameters within error identical to those measured for the

native sheep liver enzyme (Chooback., et al., 1998).

1.3.6 Altered Site Il in vitro Mutagenesis System.
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The Altered site II in vitro mutagenesis system from Promega (1995) uses
antibiotic selection as a means to obtain a high percentage of mutants. The pALTER-
1 vector contains genes for both ampicillin and tetracycline resistance. However, the
plasmid is ampicillin sensitive because a frameshift was introduced into this
resistance gene by removing the Psr I site. During the mutagenesis reaction, an
ampicillin repair oligonucleotide is annealed to the single-stranded DNA template at
the same time as the mutagenic oligonucleotide. This repair oligonucleotide can
restore ampicillin resistance to the mutant strand. The appropriate oligonucleotides
can be used simultaneously to inactivate one resistance gene while repairing the
other. In this way, multiple rounds of mutagenesis can be carried out on a single
construct without subsequent subcloning from the parental mutagenesis vector.

This antibiotic selection method increases the yield of mutants. If no selection
method is used, the theoretical yield of mutants is 50% (due to the semi-conservative
mode of DNA replication). However, the yield is usually much lower in practice,
maybe only a few percent or less. This low yield is caused by several factors such as
incomplete in vitro polymerization, primer displacement by the DNA polymerase,
and in vivo host-directed mismatch repair mechanisms which favor repair of the
unmethylated newly synthesized DNA strand (Kramer et al., 1984). The use of
antibiotic selection for the mutant strand yields a much higher percentage of mutants.
The high frequency enables identification of mutants by restriction analysis and direct
sequencing of clones, eliminating the need to screen a large number of colonies by

hybridization.
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The pALTER-1 vector is a phagemid which contains the fl origin of
replication. Under normal circumstances, it replicates as a plasmid. When the host
cells are infected with the helper phage R408 or M13KO7, single-stranded DNA will
be produced (Dotto et al., 1981; Dotto and Zinder, 1983; Dotto et al., 1984). In this
way, a stable single-stranded DNA template is easily obtained.

The stability of the complex between the oligonucleotide and the template is
determined by the base composition of the oligonucleotide and the conditions under
which it is annealed. In general, for single base mutations, 8-10 perfectly matched
nucleotides on either side of the mismatch are required. For mutations involving two
or more mismatches, 12-15 perfectly matched nucleotides are needed on either side of
the mismatch. For insertions and deletions, longer oligonucleotides are required. The
annealing conditions may vary with the base composition of the oligonucleotide. AT-
rich complexes may require a lower annealing temperature due to their lower stability
compared to GC-rich complexes.

The ES1301 mutS strain is a repair minus E. coli strain, which suppresses in
vivo mismatch repair (Zell and Fritz, 1987). It is used for the initial round of
transformation to decrease the chance that the antibiotic repair mismatch or the
mutagenic mismatch are repaired. A subsequent transformation into a more stable
JM109 strain is needed to ensure proper segregation of mutant and wild type plasmids

and result in a high proportion of mutants.

1.3.7 QIAexpress Protein Expression and Purification System.
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The QIAexpress protein expression and purification system from Qiagen
(1996) has been used for the purification of the native and mutant 6PGDH. The
system is based on the remarkable selectivity of the Ni-NTA resin for proteins with
an affinity tag consisting of six consecutive histidine residues (6xHis tag).

The pQE expression vector adds a 6xHis affinity tag to the target protein and
also provides a high-level of expression in E. coli. The pQE plasmids contain an
optimized, regulatable promoter/operator element, consisting of the E. coli phage TS
promoter and two lac operator sequences. Expression from this promoter/operator is
extremely efficient, and can only be prevented by the presence of high levels of lac
repressor. MI15[pREP4] (Villarejo and Zabin, 1974), the host strain used in this
system contains multiple copies of the plasmid pREP4, which carries the lacl gene
encoding the lac repressor (Farabaugh, 1978). The high levels of lac repressor
present in the cells provide a tight regulation of protein expression. Expression of the
recombinant protein from pQE vectors is achieved by addition of IPTG. The
combination of the strong promoter and the high levels of lac repressor permit control
over the level of expression. The tightly regulated expression is critical in cases
where the expressed protein is toxic to the cell.

The QIAexpress purification system uses a metal chelate adsorbent Ni-NTA
(nitrilo-tri-acetic acid) resin which has an extremely high affinity for proteins and
peptides that contain six consecutive histidine residues (Hochuli et al., 1987). The
NTA ligand occupies four of the six ligand binding sites of the Ni’** ion, leaving the

other two sites open to interact with the 6xHis tag (Figure 11). The affinity between
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Figure 11. Binding Interaction between 6xHis Tag and Ni-NTA Resin. Nitrilo-tri-
acetic acid occupies four ligand binding sites of the Ni** ion, while 6xHis tag takes

the rest two sites.
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the 6xHis tag and Ni-NTA resin is far greater than the affinity between most
antibodies and antigens, or enzymes and substrates. Unlike other purification systems
which rely on antigen/antibody or enzyme/substrate interactions, the Ni-NTA system
can be used for almost any protein purification because the binding of the tagged
proteins does not require any functional protein structure. The high affinity
interaction allows proteins in very dilute solutions to be efficiently bound to the resin.
The binding capacity of the Ni-NTA resin is approximately 5-10 mg of 6xHis tagged
protein per ml of resin.

The 6xHis affinity tag consists of six consecutive histidine residues which
allows the minimal addition of extra amino acids to the recombinant protein. The tag
is non-immunogenic and uncharged at physiological pH. Generally, the affinity tag
does not affect the secretion, compartmentalization, or folding of the protein to which
it is attached. Therefore, the 6xHis tag rarely needs to be removed from the
recombinant protein after purification. If the affinity tag must be removed afterwards,
a protease cleavage site can be inserted between the 6xHis sequence and the N(C)-
terminus of the protein.

The 6xHis affinity tag may be placed at either N- or C-terminus of the
recombinant protein. If the protein is to be purified under native conditions, the tag
should be placed at the end of the protein that is most likely to be exposed. In the case

of 6PGDH, the tag is attached to the N-terminus which is away from the active site.

1.4 Specific Goals of This Study.
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Important questions still remain regarding the mechanism of the 6PGDH
catalyzed reactions. Site-directed mutagenesis studies have been performed for a few
active site amino acids (Glu 190, Arg 446 and Arg 33). However, the functions of
most of the important residues still remain unclear. The purpose of the research
presented in this dissertation is to identify the functional groups required for catalysis
and substrate binding, and to quantitate their contributions.

As discussed above, the best candidate for the general base in the 6PGDH
reaction is Lys 183. In the research presented here, Lys 183 was mutated to Glu
(could still act as a general base but with a lower pK), Arg (could still act as a general
base but with a higher pK), His (still capable of acting as a general base but with a
lower pK and a bulky side chain), GIn (loss of general base activity but could still
form a hydrogen bond), Met (a side chain about the same size as that of Lys, but no
general base or hydrogen-bonding ability), Cys (have a shorter side chain but still
capable of forming the hydrogen bond), and Ala (eliminates all functional groups).
The mutant proteins were then expressed and purified for further characterization.
Kinetic studies of these mutants included initial velocity studies, studies of the pH
dependence of the kinetic parameters, and primary deuterium isotope effect studies.
Initial velocity studies should provide information on any changes in catalytic and
binding abilities upon mutagenesis. Since Lys 183 is expected to serve as a general
base, pH studies should give direct indications of the possible role played by this
residue. Isotope effects are a very useful method in studying reaction mechanisms,

including determination of rate-limiting steps. Finally, circular dichroism spectra



were used to detect any gross conformational changes upon mutagenesis. Although
studies of the K183 mutant enzymes are included in this dissertation, they have been
published in Biochemistry (Zhang et al., 1999).

In addition, three other residues located in the active site were mutated to
study their individual contribution to catalysis and substrate binding. Thus, Ser 128,
His 186, and Asn 187 were changed to Ala to eliminate all functional groups. The
mutant enzymes were prepared and characterized in a manner similar to that
discussed above. In all, the above studies should provide identification of the

catalytic and binding groups involved in the 6PGDH reaction.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Materials
2.1.1 Chemicals and Reagents.

Mutagenesis and sequencing primers were either from Biosynthesis or Gibco-
BRL. The Altered Sites II in vitro Mutagenesis System and the fmol® DNA Cycle
Sequencing System were purchased from Promega. The PERFECTprep™ Plasmid
DNA Kit was from S prime to 3 prime, Inc. The Geneclean® II Kit was from Bio 101,
Inc. The DNA molecular weight ladder was from New England Biolabs. Restriction
endonucleases, Taqg DNA polymerase, T, DNA ligase and IPTG were purchased from
Gibco-BRL. Pfu polymerase was from Stratagene, and deoxynucleoside
triphosphates were from Perkin Elmer. T, Kinase, protein molecular mass markers,
and Escherichia coli strain JM 109 were from Promega. The QIAexpress type IV kit
was purchased from QIAGEN. The Bio-Rad protein assay kit was used to determine
protein concentrations according to Bradford (1976) with bovine serum albumin as a
standard. Ampicillin, kanamycin, and 6-phosphogluconic acid trisodium salt were
from Sigma. NADPH and NADP was from US Biochemicals. Hepes, Bis-Tris, and
Ches buffers were from Research Organics Inc. All other chemicals were the highest

quality commercially available.
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2.1.2 Bacterial Strains and Plasmids.

The E. coli strain JM 109 was used as the host strain for plasmids containing
the 6PGDH cDNA with amino acid changes at lysine 183, serine 128, histidine 186,
and asparagine 187, while M15{pREP4] was the host strain for expression of the
mutant proteins. The plasmid pAlter-1 was used as the mutagenesis vector and

plasmid pQE-30 was the expression vector.

2.2 Site-Directed Mutagenesis.
2.2.1 Subcloning of 6-PGDH into the pAlter-1 Vector.

Cloning of the wild type 6PGDH cDNA into the mutagenesis vector pAlter-1
was performed by Karsten et al. (1998). The resulting construct, pPGDH.LCS

(Figure 12), was used as the template for the site-directed mutagenesis.

2.2.2 Preparation of Single-Stranded DNA.

An overnight culture of JM109 cells containing pPGDH.LCS was prepared by
inoculating 1-2 mL of LB broth containing 10 pg/mL tetracycline and shaking at 37
°C. 0.5 mL of the overnight culture was used to inoculate 25 mL of LB broth. After
30 minutes of shaking, the culture was infected with 200 puL of the helper phage R408
and shaken for another 6 hours with vigorous agitation. The culture supernatant was
then collected by centrifuging at 12,000 x g for 15 minutes. Another 15 minutes of

centrifugation of the supernatant was needed to reduce the level of contaminating
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Figure 12. Map of pPGDH.LCS. This plasmid contains a 1.5 kb 6PGDH cDNA

insert between the EcoR I — Hind III sites of pAlter-1 vector.



cellular nucleic acid. Next, the phage was precipitated by adding 0.25 volumes of
phage precipitation solution (3.75 M ammonium acetate, pH 7.5 and 20% PEG-
8,000) to the supernatant. The overnight precipitation was followed by centrifuging
the solution at 12,000 x g for 15 minutes. The pellet was collected and resuspended
in TE buffer, followed by several phenol:chloroform extractions. Finally, the ssDNA
was purified by ethanol precipitation and resuspension in water. The amount and

purity of the final product was estimated by agarose gel electrophoresis.

2.2.3 Site-Directed Mutagenesis.

Site-directed mutagenesis was performed using the Altered Site II in vitro
mutagenesis system from Promega. The schematic diagram of the mutagenesis
procedure was shown in Figure 13 and the synthetic mutagenic oligonucleotides
listed in Table 1. Each mutagenesis reaction was prepared by annealing 1.25 pmoles
of phosphorylated mutagenic oligonucleotide and 0.25 pmoles of ampicillin repair
oligonucleotide to 0.05 pmoles of single-stranded DNA template. The annealing
reaction was heated to 75 °C for 5 minutes and cooled slowly to room temperature to
minimize nonspecific annealing of the oligonucleotides. The mutant strand was then
synthesized by T4 DNA polymerase, with the nick ligated by T4 DNA ligase.

Each mutagenesis reaction was transformed into ES1301 mutS
electrocompetent cells by using an EC100 electroporator at 1.8 kV. The
transformation reaction was added to 4.5 ml LB broth containing 125 pg/mL

ampicillin and incubated overnight at 37 °C with shaking. This culture was used for
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Figure 13. Schematic Diagram of the Altered Sites Il in vitro Mutagenesis Procedure
from Promega. This system uses antibiotic selection as a means to obtain a high

percentage of mutants.
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Table.l Sequence of Mutagenic Oligonucleotides.

WT ACACTTTGTGAAGATGGTGCACA

KIi83A ACACTTTGTGGCGATGGTGCACA

KI183E ACACTTTGTGGAGATGGTGCACA
K183H ACACTTTGTGCATATGGTGCACA
K183C ACACTTTGTGIGTATGGTGCACA

K183R ACACTTTGTGCGGATGGTGCACA
K183M ACACTTTGTGATGATGGTGCACA

K183Q ACACTTTGTGCAGATGGTGCACA

S128A GGGAGCGGAGTTGCTGGTGGAGAGGA
HI86A GTGAAGATGGTGGCCAACGGCATAGAG
N187A AAGATGGTGCACGCCGGCATAGAGTAC

The mutation site is underlined.
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the plasmid miniprep using PERFECTprep™ Plasmid DNA Kit according to the
manufacturer's procedure. The resulting plasmid was further transformed into the host
strain JM 109 and plated on LB/Amp plates. Two to four colonies were picked
randomly from the plates and their plasmids were purified. The plasmids were
digested with restriction endonucleases EcoR I and Hind III and the mixture checked
by agarose gel electrophoresis. Those with the correct insert size were sequenced
through the mutation site using the fmol® DNA Cycle Sequencing System, with
sequencing primers located 150-200 base pairs upstream from the mutation sites.
Strains containing plasmids with the correct mutations were stored in LB/Amp
containing 15% glycerol at -70 °C. The mutated plasmids were designated as
K183A.pAlter, KI83E.pAlter, K183H.pAlter, K183R.pAlter, K183C.pAlter,

K183M.pAlter, K183Q.pAlter, S128A_pAlter, HI86A pAlter, and N187A pAlter.

2.2.4 Subcloning of the Mutants into the pQE-30 Expression Vector.

Two synthesized oligonucleotides containing the desired restriction sites were
constructed. One primer, 5’ ACTATAGGGCGCATGCATGGCCCAAG 3’, creates
a Sph 1 restriction site at the start of the gene and the other one 5’
TGTAGAGTTGAAGCTTGGAACAGAAG 3’ contains a Hind III site at the end of
the gene. The two sites were introduced into the gene containing the desired mutation
using the polymerase chain reaction. Taq DNA polymerase was used in the PCR
reactions in the presence of ANTPs. The thermocycling conditions were set to cycle

for 30 seconds melting at 95 °C, 30 seconds annealing at 42 °C, and 1 minute
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extension at 70 °C, and this was repeated for 38 cycles. The size of the PCR product
was confirmed by agarose gel electrophoresis.

The PCR product was purified with the Geneclean® II Kit according to the
manufacturer's procedure, followed by digestion with Spi I and Hind III. An
expression vector, pQE30, was also digested with the same restriction endonucleases.
Both digested PCR product and vector were purified using the Geneclean® II Kit and
ligated together by T4 DNA ligase. The ligation reaction was incubated overnight at
15 °C, with the result checked by agarose gel electrophoresis. Next, the ligation mix
was added into 125 ul M15[pREP4] competent cells with the mixture incubated on
ice for 20 minutes. This was followed by heat-shock at 42 °C for 90 seconds, and the
transformation reaction was mixed with 500 ul Psi-broth (LB medium, 4 mM MgSO,,
10 mM KCl). After being shaken at 37 °C for 90 minutes, the transformation mix
was plated on LB-agar plates containing 25 pg/mL kanamycin and 100 pg/mL
ampicillin and incubated at 37 °C overnight. Four colonies were picked from the
plates with their plasmids purified from the overnight culture. The plasmids were
digested with Hind III only and checked by agarose gel electrophoresis. The entire
gene containing the mutation was sequenced to insure the integrity of the cDNA. The
resulting plasmids were designated as KI83A.pQE30, KIS83E.pQE30,
K183H.pQE30, K183R.pQE30, K183C.pQE30, K183M.pQE30, K183Q.pQE30,
S128A.pQE30, HI86A.pQE30, and N187A pQE30. The schematic representation of
the subcloning process is shown in Figure 14, with the resulting pQE30 constructs

shown in Figure 15.
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Figure 14. Schematic Representation of Subcloning of Mutated 6PGDH cDNA into

pQE-30 Expression Vector.
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Figure 15. Map of Mutated 6PGDH Gene in pQE-30 Vector. This vector adds a

6xHis tag to the N-terminus of the enzyme.
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2.3 Expression and Purification of the Mutant Proteins.

The pQE-30 vector adds a 6xHis tag to the N-terminus of the 6PGDH, which
has a specific affinity to the Ni-NTA resin. The expression and purification were
performed using the QIAexpress kit. The bacterial strains containing the correct
mutated plasmid were grown at 30 °C in 10-20 liters of LB/Amp/Kan medium, and
then induced with IPTG to a final concentration of 0.5 mM when the A, reached
0.7-0.9. After another 4.5 hours growth, the cells were harvested by centrifugation at
9,000 x g for 20 minutes. The cell paste was resuspended in 3 x volume sonication
buffer (S0 mM Na-phosphate, pH 8.0, 300 mM NaCl and 10 mM B-mercaptoethanol),
sonicated for 2 minutes on ice, and centrifuged at 22,000 x g for 40 minutes to pellet
cell debris. The sonication supernatant was then added to Ni-NTA resin pre-
equilibrated with sonication buffer, and stirred on ice for 1-2 hours. The mixture was
washed with sonication buffer followed by wash buffer (sonication buffer containing
0.8-40mM imidazole), and finally eluted with an imidazole gradient (0-0.4 M).
Protein concentrations were measured for all fractions using the Bradford method
with bovine serum albumin as a standard, and fractions corresponding to the peak
were collected. The mutant enzymes were then precipitated on ice by 75%
ammonium sulfate and stored at 4°C. Before each use, the precipitated enzymes were
collected by centrifugation at 18,000 x g for 20 minutes, with the pellets resuspended
in protein dilution solution (20 mM Hepes, pH 7.5, 20% glycerol, and 10 mM 8-

mercaptoethanol). All mutant enzymes were analyzed via SDS-PAGE.
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2.4 Characterization of the Mutant Proteins
2.4.1 Circular Dichreism Spectroscopy.

Circular dichroism spectra were recorded on an Aviv 62 DS
spectropolarimeter, with the enzymes placed in 0.2-cm quartz cuvettes. Far UV-CD
(200-260 nm) spectra at intervals of 1 nm and a dwell time of 3 s were recorded for
the wild type 6PGDH and each of the mutants pre-dialyzed in 10 mM K-phosphate
buffer, pH 7.0. The same buffer was used as the blank for each spectrum before
adding the enzyme, and each spectrum was the average of 3 repeats. Ellipticity
values recorded by the instrument in millidegrees (obs) were converted to molar

ellipticity values according to the following equation.

(6] = [8].s/[1O{MRC}1]

where [8] is molar ellipticity in (degrees)cm*/dmol, [0],,, is ellipticity recorded by the
instrument in millidegrees, MRC is the mean residue concentration of the enzyme and
is equal to the number of amino acid residues times molar concentration of the
protein, and 1 is the pathlength in centimeters (Rao et al., 1991). The spectra obtained
for the mutant proteins were compared to those of the wild type enzyme to detect any

gross conformational changes upon mutagenesis.

2.4.2 Initial Velocity Studies.
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Initial velocity studies were performed using a HP 8453 diode array
spectrophotometer, monitoring the appearance of NADPH (e,,, = 6,220 M"' cm™') at
340 nm. Reactions were carried out in 1 ml volumes using 1 cm pathlength cuvettes.
An initial velocity pattern was obtained at 100 mM Hepes, pH 7.3, using variable

concentrations of 6PG (50-500 uM) and NADP (25-250 uM).

2.4.3 Product Inhibition Studies.

Product inhibition studies were carried out for mutants S128A, HI86A and
N187A, using NADPH as a competitive inhibitor. Product inhibition patterns were
obtained by varying NADP concentration at a fixed level of 6PG (saturating, or near
K..) and different fixed levels of NADPH. Dixon plots were also obtained by varying

NADPH concentration at a fixed level of 6PG and NADP.

2.4.4 pH Studies.

Initial velocity patterns for K183R were measured at pH 5.5 and 10.5 to
obtain estimates of the kinetic parameters at the extremes of pH. The pH dependence
of V and V/Kg for the KI83R mutant were carried out by measuring the initial
velocity at concentrations of 6PG around its K, and a saturating (I mM)
concentration of NADP”, as a function of pH over the range 6 to 9.5. The pH was
maintained using the following buffers at 100 mM concentrations: BTP, 5.5-6.5;

Hepes, 6.5-8.5; Ches, 8.5-9.5. Sufficient overlap was obtained as buffers were
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changed to rule out any nonspecific effects. The pH value was recorded before and

after the initial velocity was measured.

2.4.5 Primary Deuterium Isotope Effects.

The 3-deuterio-6-phosphogluconate was synthesized and purified by Chi-
Ching Hwang from the same lab (Hwang et al., 1998). The concentrations of 3-h-
6PG and 3-d-6PG were determined enzymatically in triplicate by endpoint analysis
using 6PGDH. Primary deuterium isotope effects with 3-d-6PG were obtained for
KI183R, S128A, HI86A, and NI187A by direct comparison of initial velocities
(Parkin, 1991). V and V/K¢; were measured by varying 3-h-6PG and 3-d-6PG at
saturating levels of NADP, and °V and °(V/Kgg) estimated as ratios of intercepts and
slopes, respectively.

Isotope effects are defined as the ratio of the rates with light and heavy atom
substitutions. For example, deuterium kinetic isotope effects are defined as ky/kp,
while C-13 isotope effects are k¢.»/kc.;. In this study, isotope effects are abbreviated
by adding a leading superscript of the heavy atom to the kinetic parameters
(Northrop, 1975; Cook and Cleland, 1981). Thus, ky/kp, kc.1o/kc. 3 can be given as °k
and "k, respectively. In enzyme-catalyzed reactions, the isotope effects are often

expressed as the limiting macroscopic rate constants, e.g. °V and °(V/K ).

2.4.6 Chemical Rescue
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In order to restore the mutant enzyme activity that is lost due to the mutation
of the active site lysine residue, several small primary amines were incubated with the
mutant enzymes. Amines such as ethylamine, dimetylamine, ethylenediamine, and
benzylamine were incubated with the K183A mutant enzyme at amine concentrations
from 0 to 1 M, and the incubation time was from 5 to 10 minutes.

In addition, the K183C mutant enzyme was modified chemically by adding 25
mM 2-bromoethylamine to the mutant protein and incubating for 12 hours at room
temperature and 4 °C, respectively. The preparation was then used in the enzymatic
reactions with both substrates saturating, and the results were compared with that of
the K183C mutant enzyme incubated with buffer alone. All enzyme assays were

carried out as discussed above.

2.4.7 Data Processing.

Reciprocal initial velocities were plotted against reciprocal substrate
concentrations. Data were fitted to the appropriate rate equations (using BASIC
versions of the computer programs developed by Cleland (1977)). Initial velocity
data were fitted using eq. 1. For pH studies, substrate saturation curves were fitted
using eq. 2. Data for pH profiles with one ionization on the acid side were fitted
using eq. 3. Data for competitive inhibition were fitted using eq. 4. Data for Dixon

plots were fitted using the equation for a straight line. Deuterium kinetic isotope
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effect data, obtained by direct comparison of initial velocities, and with independent

effects on V and V/K were fitted using eq. S.

v = VAB/(K.K, + K.B + K,A + AB) (1)
v=VA/K, + A) (2)
log y = log[C/(1+H/K,)] 3)
v = VA/K,[14+VK,] + A) (4)
v = VA/[K(1 + FEyy) + A(l + FE,)] (5)

In egs. 1, 2, 4, and §, v is the initial velocity, V is the maximum velocity, A
and B are reactant concentrations, K, (Ky.pp) and K, (Kgps) are Michaelis constants
for NADP and 6PG, K, is the dissociation constant for NADP, and K, is the
inhibition constant for slope. In the case of 6PGDH, K, and Ky ,pp are dissociation
constants for 6PG and NADP from the E:NADP:6PG complex, respectively. Ineq. S,
F, is the fraction of deuterium label in the substrate and E,  and E, are the isotope
effects minus ! for the respective parameters. In eq. 3, y is the value of the parameter
of interest, C is the pH independent value of y, H is the hydrogen ion concentration,
and K, is the acid dissociation constant for an enzyme or substrate functional group

important in a given protonation state for optimal binding and/ or catalysis.
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CHAPTER 3

RESULTS

3.1 Site-Directed Mutagenesis.

Site-directed mutagenesis was performed using the Altered Site II in vitro
mutagenesis system from Promega. After the transformation of each mutagenesis
reaction into ES 1301 mutS electrocompetent cells, the transformation reaction was
shaken overnight in LB broth containing ampicillin. The cultures showed good
growth the next morning, indicating that the mutant plasmids contained the ampicillin
resistance gene. After the second transformation of the mutant plasmids into JM 109
competent cells, about thirty to eighty colonies were obtained on each plate. Two to
four colonies were picked and their plasmids were purified. The plasmids were
digested with EcoR I and Hind II and the results were analyzed by agarose gel
electrophoresis. All digestion reactions resulted in two bands: a 1.5 kb band
representing the insert and a 5.7 kb bind representing the vector. Figure 16 shows the
digestion results of K183A.pAlter. The sequencing results of these plasmids showed

that over 60% of the colonies have the correct mutant gene.

3.2 Subcloning of the Mutants into the pQE-30 Expression Vector.
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Figure 16. Agarose Gel Electrophoresis of K183A pAlter Plasmids Digested with

EcoR I and Hind III. Lane 1, molecular weight standards (Lambda DNA-Bs?E 11
digest); Lane 2 to Lane 4, K183A.pAlter plasmids from three single colonies, and
digested with EcoR I and Hind III. All three colonies contain a plasmid of the correct

insert size.



The PCR product was analyzed by agarose gel electrophoresis, and a 1.5 kb
DNA fragment was obtained. The transformation of the ligation reaction into M15
competent cells resulted in thirty to fifty colonies per LB plate, and the Hind III
digestion showed that 50% of the colonies contained two plasmids: plasmid pREP4
(3.7 kb) from the competent cells and the pQE-30 vector with the mutant insert (4.9
kb). The remaining 50% of the colonies contained the pREP4 plasmid (3.7 kb) and
the pQE-30 plasmid without insert (3.4 kb). The digestion results for K183A.pQE30
are shown in Figure 17. The entire gene was then sequenced, and none of the mutants

were found to have any non-specific mutations other than the desired one.

3.3 Expression and Purification of the Mutant Proteins.

Expression and purification were performed using the QIAexpress system. In
all cases, the mutant proteins were expressed at a level equal to that of the WT
enzyme. After the protein was eluted from the column, protein concentrations were
measured for all fractions. Figure 18 shows the protein concentration for each
fraction of the elution profile using the KI183E mutant enzyme as an example. The
fractions corresponding to the second peak on the plot were collected as the final
mutant enzyme fraction. All the other mutants gave similar results when eluted from
the resin. About 1 mg protein is obtained from 1 liter of culture for each mutant. The
final enzyme preparation is around 90% pure based on Coomassie blue-stained SDS

polyacrylamide gels. The apparent subunit molecular weight of the mutants is
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Figure 17. Agarose Gel Electrophoresis of K183A.pQE30 Plasmids Digested with
Hind III. Lane 1, molecular weight standards (Lambda DNA-Bs¢E II digest); Lane 2
to Lane 8, KI183A.pQE30 plasmids from seven single colonies, and digested with

Hind III. colony 6, 7, and 8 have the plasmids with the correct insert size.
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Figure 18. Elution Profile of the K183E Mutant Protein. Elution from the Qiagen
Ni-column was affected using an imidazole step gradient. The fractions
corresponding to the second peak (0.2 M imidazole) were collected and used for

further studies.
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51,000. Figure 19 shows an overloaded SDS-PAGE of the K183E mutant protein.

All the other mutants gave similar results based on SDS-PAGE.

3.4 Circular Dichroism Spectroscopy.

To determine whether the point mutation in 6PGDH resulted in a loss of
overall structural integrity, far-UV CD spectra were measured using an Aviv 62 DS
spectropolarimeter. The far-UV spectra were superimposable once corrected to the
same protein concentration, with those of the wild type enzyme. Thus, changes in
structure, if any, must be localized to the active site. Figure 20 shows the CD spectra
of the K183E mutant protein compared with that of the wild type enzyme. All of the

other mutant proteins gave qualitatively similar CD spectra.

3.5 Characterization of K183 Mutant Proteins.
3.5.1 Kinetic Parameters.

Initial velocity patterns were obtained at pH 7 by measuring the initial rate as
a function of the concentration of NADP at a fixed concentration of 6PG, and then
repeating the experiment at several different fixed concentrations of 6PG. The activity
was very low for some of the mutant enzymes, and there was not enough enzyme
available to determine complete initial velocity patterns; in these cases the 6PG
saturation curve was obtained at saturating NADP. The kinetic parameter expected to
show the most dramatic effect of the mutation is V/Kg; since K183 is thought to

interact with the 3-hydroxyl of 6PG. In order to ensure that NADP was saturating,
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Figure 19. SDS-PAGE of K183E Mutant Protein. Lane I, molecular mass standards;

lane 2, 80 pg K183E mutant protein, final fraction from the Ni-column.
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Figure 20. Far-UV CD Spectrum of K183E Mutant Protein Compared with the Wild
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individual rates were repeated at twice the concentration of NADP, with no change
observed. A Lineweaver-Burk plot of the initial velocity data for the K183C mutant
enzyme is shown in Figure 21 as an example, while an initial velocity pattern
obtained for the K183R mutant enzyme is shown in Figure 22. The estimated kinetic
parameters for all of K183 mutant enzymes are summarized in Table 2.

The value of V/E, is decreased by 10°- to 10*fold for all of the mutant
proteins compared to that of the wild type enzyme. In all cases, with the exception of
the KI183A, K183R, and K183M mutant enzymes, K¢y is within error identical to the
value measured for the wild type enzyme. Of the K\.pp values measured, only that
for K183R increases significantly compared to that of the wild type. Decreases in
V/K¢p and V/Kyapp are either similar to or larger than changes in V. In the case of
the K183M and K183R mutant proteins, the increase in K likely suggests a
decreased affinity for 6PG as a result of steric interference by the bulky guanidinium
group of the arginine side chain or the sulfur of the methionine side chain. All of the
other changes, with the exception of alanine, will potentially allow a hydrogen bond

to the 3-hydroxyl, similar to that observed for the wild type enzyme.

3.5.2 pH Dependence of Kinetic Parameters.

The pH dependence of kinetic parameters should provide the best indicator as
to the general base capability of K183, since they give a direct measure of the pK
value for the general base functionality of 6PGDH (Berdis and Cook, 1993b, Price

and Cook, 1996). Because of the very low activity of most of the mutant proteins, the
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Figure 21. Lineweaver-Burk Plot for the K183C Mutant Protein. Data were obtained
at pH 7, 25 °C. The NADP concentration was fixed at | mM (500 Ky,pp). The points

shown are the experimentally determined values, while the curve is from a fit of the

data using eq. 2 shown in chapter 2.
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Figure 22. Initial Velocity Pattern for K183R Mutant Protein. Data were obtained at
pH 7, 25 °C. The points shown are the experimentally determined values, while the

curve is from a fit of the data using eq. 1 shown in chapter 2.
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Table 2. Kinetic Parameters for K183 Mutant 6PGDHSs’.

Kees Kyaoe VIE? V/Keo/E, V/Knaoe/E,
(uM) M) s M'st) M's™h)
WT* 36+ 15 2+1 3.5+0.1 (1£04)x 10° (1.8 £0.6) x 10°
KI83A 150+30 - (25+0.3)x 10* 17+4 -
(4+2) (14000 + 1700) (59000 + 27000)
KI83E 26%3 8+4 (47+0.1)x10% 182 70 + 40
- 4+3) (7500 + 300) (5600 + 2300) (25000 + 17000)
KI83H 8040 9+4  (6.2+08)x 10* 7+3 100 £ 40
+1) 1) (5600 % 750) (14300 + 8400) (17500 + 9300)
Ki83C 45%2 - (3.9+0.05)x 10* 8.8%04 -
- - (9000 * 300) (11400 * 4600) -
KI83Q 275 - (7.2+0.3) x 10°* 27+4 -
- - (4900 + 250) (3700 + 1600) -
KI83R 220+30 42+8 (44%03)x10° 19+1 100 £ 10
(6 +3) 20+ 11) (800 + 60) (5300 + 2100) (17500 + 6300)
KI183M 300+100 - (4.1+£06) x 10™ 1.4+04 -
(®) - (8500 1250) (70000 £ 35000) -

*Values in parentheses indicate the fold increase in K, or fold decrease in V and V/K

compared to those of the wild-type enzyme.

°E, is total enzyme concentration.
‘From (Chooback et al., 1998).
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pH dependence of V and V/K,; was measured for only the K183R mutant, which has
an 800-fold lower V/E, value. The pH-rate profiles for the wild-type enzyme are
shown in Figure 23 (Karsten et al., 1998), and the pH-rate profiles for K183R are
shown in Figure 24. The pH-rate profiles for the wild type enzyme are bell-shaped,
while the pK on the basic side is missing in both pH-rate profiles for K183R mutant.
The pK values calculated for the wild type and KI183R are summarized in Table 3.
pH independent values of V/E, and V/K¢E, for KI83R are (9 +2) x 10°s" and 7.4

0.9 M''s!, respectively.

3.5.3 Kinetic Deuterium Isotope Effect.

To determine which step is impaired in the case of the K183R mutant, the
kinetic deuterium isotope effect was assessed using the method of direct comparison
of initial velocities, varying the concentration of 6PG-3-(h, d). Data were only
obtained for the R mutant because its activity is higher than those of other K183
mutant enzymes. For the wild type enzyme, the deuterium isotope effects are equal
on V and V/Kgps with an average value of 2 (Price and Cook, 1996; Hwang et al.,
1998). For K183R mutant, the deuterium isotope effect values on V and V/K,; are

within error equal to 1.
3.5.4 Chemical Rescue.

Chemical rescue experiments allow the replacement of a missing enzyme side

chain functionality (eliminated by site-directed mutagenesis) with small weak acids or
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log V/IKE,

Figure 23. pH Dependence of Kinetic Parameters for Wild Type 6-PGDH. Data

were obtained for V (A) and V/K,; (B) (Karsten et al., 1998)
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Figure 24. The pH Dependence of Kinetic Parameters for the K183R Mutant of 6-
PGDH. Data were obtained at pH 7, 25 °C for V/E, (A) and V/KcE, (B). The points
shown are the experimentally determined values, while the curves are from a fit of the

data using eq. 3 shown in chapter 2.

73



Table 3. pK Values for the Wild Type 6PGDH and K183R Mutant Protein.

WT® V/E,
V/Kepo/E,

K183R V/E,
V/Kepo/E,

PK,
5.8+0.1

5.6 +0.1
6.6+0.1

6.2+0.1

PK,
8.8+0.1

8.0%0.1

*From (Karsten et al., 1998)
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bases (Planas and Kirsch, 1991). Since the €-amino group of lysine is absent in the
K183 mutant enzymes, two different methods were attempted to restore activity, i.e.,
addition of small primary amines to the K183A mutant enzyme and chemical
modification of Cys183 of the K183C mutant enzyme with bromoethylamine to form
S-aminoethyl-L-cysteine. For the KI83A mutant enzyme, primary amines such as
ethylamine, dimetylamine, ethylenediamine, and benzylamine were used in an
attempt to recover the enzyme activity. None of the above amines has any affect on
the activity of the enzyme. The lack of ability of the primary amines to replace lysine
may be entropic, since these amines lack the advantage of being locked into place, or
may be geometric resulting from the amines being bound at the active site in such a
way that they are unable to catalyze the reaction effectively. There is only 2 to 3 fold
increase in activity after incubating the KI183C mutant enzyme with 2-
bromoethylamine for 12 hours. Data suggest either no, or very little conversion of

cysteine to S-aminoethyl-L-cysteine.

3.6 Characterization of the Substrate Binding Mutant Proteins.
3.6.1 Kinetic Parameters.

The initial velocity results for S128A, HI86A and N187A were obtained in
the same manner as those obtained for the K183 mutants. Initial velocity data are
shown in Figure 25 using the HI86A mutant enzyme as an example, and the
estimated kinetic parameters for the mutant enzymes are summarized in Table 4. The

value of V/E, decreases compared to the wild type enzyme by around 200 fold for
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Figure 25. Initial Velocity Pattern for H186A Mutant Protein. Data were obtained at
pH 7, 25 °C. The points shown are the experimentally determined values, while the

curve is from a fit of the data using eq. 1 shown in chapter 2.
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Table 4. Kinetic Parameters for Mutants of Binding Residues in 6PGDH Active Site’.

Keec Kxape VIE, V/Kepo/E V/Kxap/E:
(UM) (UM) s M'sT) M'sh
wT® 36+ 15 2+1 3.5+0.1 (1+04)x 10° (1.8 £0.6) x 10°

SI28A  232+3S§ 37+08 0.3+0.03 (1.3+£007)x 10° (1.1£02)x 10°

(6£3) 2zl (12£1) (77 £31) (16 £6)
HI186A 247 + 61 96+24 (22+03)x 107 92+11 239 +£33

(7%£3) (48 £27) (160 £ 22) (1100 %= 450) (7500 % 2700)
NI87A 560 + 148 39+10 (1.7£0.1)x 1072 306 43690

(16 £8) (20£11) (200%13) (3300 *+ 1500) (4100 £ 1600)

*Values in parentheses indicate the fold increase in K, or fold decrease in V and V/K
compared to those of the wild-type enzyme.
®From (Chooback et al., 1998)
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the HI86A and N187A mutant enzymes, but decreases only 12 fold for the S128A
mutant enzyme. K, Is increased by around 6 fold for both S128A and H186A and
16 fold for N187A. The decreased affinity for 6PG is likely caused by the loss of the
hydrogen bond between 6PG and the respective side chain. The value of Ky,pp is
increased by 20 fold for N187A and by SO fold for HI86A, while there is no

significant change in the Ky,pp value for S128 A mutant enzyme.

3.6.2 Product Inhibition by NADPH.

Product inhibition studies by NADPH were carried out for SI28A, HI186A
and N187A mutants at both saturating and nonsaturating 6PG concentrations. The K;;
value obtained in these studies reflects the affinity of enzyme for NADPH. Since all
three of the amino acids changed form hydrogen-bonds with the nicotinamide ring of
NADPH, it is important to quantitate these interactions (Adams et al., 1994). The
inhibition pattern using the HI86A mutant enzyme as an example is show in Figure
26, while a Dixon plot is shown in Figure 27 using the NI87A mutant enzyme as an
example. The calculated K, values for all of the mutant enzymes are summarized in
Table 5. For all the mutants, the inhibition remains competitive at both saturating and
nonsaturating 6PG. At a saturating concentration of 6PG, the value of K, is increased
by 2 to 3 fold for the SI28A and H186A mutant enzymes compared to that of the
wild type. At nonsaturating 6PG, however, K;, is increased by 5 to 6 fold for the
S128A and HI86A mutant enzymes. No significant change is observed in the K;;

value for the N187A mutant enzyme at either 6PG concentration.
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Figure 26. Inhibition Pattern for HI86A Mutant Protein at Saturating 6PG
Concentration. 6PG concentration was fixed at S mM (20 K_). Data were obtained at

pH 7, 25 °C. The points shown are the experimentally determined values, while the

curve is from a fit of the data using eq. 4 shown in chapter 2.
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Figure 27. Dixon Plot for N187A Mutant Protein at Saturating 6PG Concentration.
6PG concentration was fixed at 12 mM (20 K,,). Data were obtained at pH 7, 25 °C.
The points shown are the experimentally determined values, while the curve is from a

fit of the data using the equation for a straight line.
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Table 5. K, Values (uM) of the Product Inhibition (NADPH vs. NADP) Studies for

Mutant 6-Phosphogluconate Dehydrogenases®.

6PG (s)° 6PG (ns)°
wT* 8+2 1.8%+0.3
S128A 19+7.5 12+£0.7

Q1) 6%1)
H186A 27+5.7 95+1.6

Bx1) 5%1)
NI187A 9.3+1.3 2.8+0.1

*Values in parentheses represent the fold increase in K;, compared to those of the
wild-type enzyme.

®s, saturating (20 K,).

‘ns, nonsaturating (K,,).

“From (Price and Cook, 1996).
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3.6.3 Deuterium Isotope Effect.

Primary deuterium isotope effect data have been obtained for S128A, H186A,
and N187A in a manner identical to those obtained for K183R, and the initial velocity
plot for the HI86A mutant enzyme is shown in Figure 28 as an example. The
calculated deuterium isotope effects for all three mutant enzymes are summarized in
Table 6. For all the mutants, the deuterium isotope effects are within error equal on V
and V/Kg, indicating that the kinetic mechanism of the mutant enzymes remains
rapid equilibrium. The isotope effects decrease for S128A and H186A, and increase

in the case of N187A compared to those of the wild type enzyme.
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Figure 28. Primary Deuterium Isotope Effects for H186A mutant protein. NADP

concentration was fixed at 2 mM (20 K,,). Data were obtained at pH 7, 25 °C. The
points shown are the experimentally determined values, while the curve is from a fit

of the data using eq. 5 shown in chapter 2.
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Table 6. Primary Deuterium Kinetic Isotope Effects for Mutant 6-Phosphogluconate

Dehydrogenases®.

% P(V/Kegps)
WwT® 2.1+0.1 2.1%£0.1
S128A 1.5+0.1 1.2+0.1
H186A 1.4+0.1 1.4+0.2
N187A 30+£04 2.7+0.7

*Assays were carried at 25 °C and saturating concentrations (20K,,) of NADP.
®From (Hwang et al., 1998).
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CHAPTER 4

DISCUSSION

4.1 Circular Dichroism spectroscopy.

The CD spectra of the mutant enzymes are identical to that of the wild type
6PGDH, indicating that there are no gross conformational changes upon mutagenesis.
This result is not unexpected, since the mutation sites are all located in the active site
of the enzyme. The side chains of the active site amino acid residues are usually
more flexible due to their substrate binding function. The result of the CD
spectroscopy suggests that any changes of the mutant enzyme activities are not due to
the loss of structural integrity, rather to the alteration of an important amino acid

residue.

4.2 K183 mutant proteins.

As shown in Figure 10, K183 is completely conserved in 6PGDH from all
species for which a primary sequence has been determined. It is likely then that the
lysine side chain is important to the mechanism of 6PGDH. In agreement with this
hypothesis, K183 is found in the active site within hydrogen-bonding distance to the
3-hydroxyl of 6PG, Fig. 9 (Adams et al., 1994). An overlay of the three dimensional

structures of the E, EENADP, E:NADPH, and E:6PG complexes (Adams et al., 1991;
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Adams et al., 1994), indicates no gross conformational changes throughout the
structure, and only very slight changes in side chain positions within the active site
(data not shown). Thus, the stereo representation shown in Fig. 9 is a reasonable
view of the interactions of K183 with the 3-hydroxyl of 6PG at the active site.
Finally, since there is also no change in the position of K183 with NADPH bound, it
is likely that the position of the side chain is fixed (with the possible exception of
small changes in the K183-Ne to 6PG-Of hydrogen-bonding distance) in all

intermediates formed along the reaction pathway.

4.2.1 Interpretation of Kinetic Data.
A minimal kinetic mechanism for 6PGDH (Berdis and Cook, 1993a; Price and
Cook, 1996, Hwang and Cook, 1998), including 6PG binding, and all three of the

catalytic steps is given in eq. 1

k.B k k k k k
EA _i ~ EAB < k" E*AB k’ E*RX —2» E*RY —»ER —B»g )
4 6 8

where the A, B, R, X, and Y represent NADP, 6PG, NADPH, 3-keto-6PG, and the
1,2-enediol of ribulose S-phosphate, the E to E* interconversion represents a
conformational change prior to catalysis, k; and k, are binding and dissociation
constants for 6PG, ks and k, are rate constants for the enzyme isomerization, k;, and kg
represent forward and reverse hydride transfer, k, represents decarboxylation and

release of CO,, k,, represents either tautomerization and release of ribulose 5-
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phosphate or release of the enediol intermediate, and k,, represents release of
NADPH. Based on the assigned rapid equilibrium random kinetic mechanism (Price

and Cook, 1996), and the proposed rapid release of CO,, eqs. 2-4 are obtained.

V = [k/(1 + kK1 + (k;(1/ks + 1/k,,) (1 + ky/ks)] (2)
ViKac = [ksksko/kkgl/[ 1 + (ki/kg)] 3)
Koo = K(1 + (k/k)V[1 + ko/ke + k,(1/kg + 1/k,;)] 4)

The effect of changing K183 is easily understood via egs. 2-4. Two classes of
mutant enzymes are obtained (Table 2). The first group is composed of the E, H, C,
and Q mutants, which show little significant change in the K¢y, and thus equal
decreases in V/E, and V/K,cE,. None of the mutant side chains likely function in a
general base capacity at pH 7, given pK values of the side chains as compared to the
pK of the 3-hydroxyl of 6PG. Hwang et al. (1998) have measured deuterium and "*C
kinetic isotope effects for the sheep liver enzyme, and on the basis of the value of
observed and intrinsic deuterium isotope effects, one can estimate that the hydride
transfer step is 20-30% limiting overall, while decarboxylation limits the overall rate
by about 15-20%. Since the general base is required to accept a proton from the 3-
hydroxyl in the oxidation step, and is also utilized to polarize the carbonyl and as a
general acid in the decarboxylation step, it is of interest to determine whether hydride
transfer or decarboxylation is impaired. The lack of a significant deuterium isotope

effect on V and V/Kg; suggests that it is a decrease in the rate of the decarboxylation
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step, ko, that is reflected by the several-fold decreases in V and V/K shown in
parentheses in Table 2; that is, both kinetic parameters (V and V/K) are dominated by
k, in the mutant enzymes. The several-fold decrease in V/E, for the E, H, C, and Q
mutants is about the same for all, with a weighted average value of 6800 + 800
estimated from the V/E, values with the lowest standard error. As suggested above,
correcting for percent rate-limitation, this value is likely closer to 35,000-45,000. The
decrease thus represents an estimate of the catalytic advantage realized from the
general acid-electrostatic properties of K183, a AAG* of about 6 kcal/mol. However,
it should be realized that the rate enhancement is a weighted average that largely
reflects the rate of the decarboxylation step (see above).

On the basis of the identity within error of K¢ for the E, H, C, and Q mutant
enzymes, it is likely that the hydrogen-bonding interaction between the 3-hydroxyl
and the mutant side chains is allowed in all four of the above mutant enzymes. This
conclusion is not unexpected, despite the apparent differences in the length of the
mutant side chains, especially for cysteine and glutamate, compared to a fully
extended lysine side chain. A glance at Fig. 9 shows the side chain of K183 is not
fully extended, but folded such that a fully extended cysteine or glutamate side chain
could easily be within hydrogen-bonding distance to the 3-hydroxyl of 6PG. Thus,
the carbonyl oxygen of glutamine, an unprotonated imidazole, ionized thiol and
glutamate side chains may be able to accept a hydrogen bond from the 3-hydroxyl of

6PG.

88



A second class of K183 changes includes the A, M, and R mutants. This class
exhibits an increase in K¢p; and a decrease in V/E,, yielding a greater decrease on
V/KgGE,. than that observed in V/E,. For these mutant enzymes, a decrease in the
affinity for 6PG (an increase in the K, term in eq. 4 shown above, reflecting the
dissociation constant for 6PG from the E:NADP:6PG ternary complex) is observed in
addition to a decrease in k,. Each of the three mutations, however, derives its effect
differently. In the case of the M mutant, the bulky sulfur likely causes a local
disruption in the 6PG binding pocket in the vicinity of the 3-hydroxyl, and this along
with the hydrophobicity of the thiomethyl group give the observed approximately 8-
fold decrease in 6PG affinity. The R mutant also presents a bulky side chain that
likely interferes slightly with 6PG binding, but the guanidinium functional group can
still function, albeit weakly, as a general base as discussed further below. Finally, the
A mutation eliminates the side chain for K183, and any real possibility of acid-base
catalysis. A possible exception could be a bound water molecule occupying the site
of the missing side chain, but the water would have a very weak basicity. In addition,
the decrease in V/E, is larger, not smaller, than the average value of 6800-fold
estimated above. (This would include the glutamine side chain, which presumably
occupies a space similar to that of lysine.)

The A mutant provides an opportunity to estimate the contribution of the e-
amine of K183 to 6PG binding affinity. The overall AG® for the binding energy of
6PG in the combined E:NADP:6PG and E*:NADP:6PG complexes, based on the

measured dissociation constant of 36 uM is -6.1 kcal/mol. The decrease in binding
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affinity of 2- to 6-fold, based on the data in Table 2, and assuming no effect of the
mutation on the isomerization equilibrium represented by ks and kg, gives a AAG® of
0.4 to 1.1 kcal/mol, with an average value of 0.8 kcal/mol for the contribution of
K183 to 6PG binding. Thus, although the amine contributes to 6PG binding, the
contribution is relatively modest.

Prior to a discussion of the pH-rate data, it is worth noting that substantial
changes are also observed in V/Ky.p:E, (for all those measured) as expected in a rapid
equilibrium random kinetic mechanism. However, one would expect changes in k;, to
be identically expressed in both V/K values, and they are not as shown in Table 2.
Differences in the decrease in the V/KpcE, and V/Ky.ppE, values compared to those
of the WT enzyme must reflect differences in affinity for NADP and 6PG for mutant
vs. WT enzymes. Although the errors are substantial, there is evidence that
significant changes in the Ky,pp Occur that are larger, at least in the case of the R
mutant, than the change in K. This result is not surprising given the close
juxtaposition of the 6PG and NADP binding sites. Indeed, changes in the
nicotinamide position are thought to occur as reduction of the ring takes place,

resulting in a displacement of the 1-carboxyl of 6PG (Adams et al., 1994).

4.2.2 Interpretation of the pH-Rate Profiles for the K183 Mutant Enzymes.
On the basis of the likely identity of the general base (K183) and the general
acid (E190) from structural studies (Adams et al., 1994), previously determined pH-

rate profiles have been interpreted in terms of reverse protonation states between the



two groups. That is, although K183 is the general base, its pK is observed on the
basic side of the pH profiles, while that of E190, although it is the general acid, is
observed on the acidic side of the pH profile (Price and Cook, 1996). The two groups
exist in protonation states in the E:6PG and E:6PG:NADP complexes that are
opposite that expected based on the pKs of Lys and Glu in solution (Cleland, 1977).
Thus, in the WT enzyme, the pK of 5.6 in the V/Kqp; profile is thought to be that of
E190, while the pK of 8 is thought to reflect K183. The lysine and glutamate pKs
must then be perturbed to lower and higher pH values as a result of the hydrophobic
nature of the active site.

As stated above, only the R mutant was active enough to obtain pH-rate
profiles. The V and V/Kg pH profiles are similar for the R mutant, with a pK of
6.2-6.8 observed on the acid side, and no decrease on the basic side up to pH 9. Thus,
although the pK for E190 is increased slightly, it is the pK for R183 that is not
observed, likely because it is above pH 9. The latter is not unexpected since the pK
of the arginine guanidinium is about 12.5 in solution (Dawson et al., 1986), and
would, by analogy to K183 be expected to be decreased by 2.5 pH units to a pK
around 10 (the solution pK of a lysine side chain is 10.5 and the observed pK is 8).

Data are thus fully consistent with the predicted general base nature of K183.

4.3 Substrate Binding Mutants.

As stated above, in order to facilitate the decarboxylation process after the

hydride transfer step has occurred, hydrogen bonds between the 1-carboxyl group of
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6PG and the side chains of Ser 128 and Glu 190 must be broken. Structural evidence
of such changes has been obtained by comparing the ENADP and E:NADPH
complexes, Figure 29 and Figure 30, (Adams et al., 1994). The conformations of the
adenine, adenine ribose and 2'-phosphate are very similar in both structures, while the
nicotinamide ribose and nicotinamide of the oxidized and reduced dinucleotides have
different conformations. In the oxidized coenzyme complex, the dinucleotide is less
extended, i.e. the nicotinamide ring is positioned near the pyrophosphate backbone of
the dinucleotide with the si face of the cofactor directed toward C-3 of 6PG. The
distance between the N1 of the pyridine ring of NADP and the O2" of the
pyrophosphate is 5.2 A (Figure 29). In the reduced coenzyme complex, the
nicotinamide ring rotates by almost 180°. This conformational change results in a
more extended structure of NADPH, and the distance between the N1 of the
nicotinamide ring and O2" increases to 7.6 A (Figure 30). It is suggested that this
structural difference is a consequence of the charge difference at N1 of the
nicotinamide ring (Adams et al., 1994). Indeed, there is likely an electrostatic
interaction between the positively charged pyridinium ring of NADP and the
pyrophosphate backbone in the E:NADP complex. The different conformations of
the oxidized and reduced dinucleotide results in a difference in interactions between
enzyme side chains and the carboxamide side chain of NADP(H). The oxidized
coenzyme makes contacts only with residues in the coenzyme domain, with the
carboxamide of NADP within hydrogen-bonding distance of the main chain NH of

Met 13 and the carboxylate of Glu 131 (Table 7). Both hydrogen bonds are relatively
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Figure 29. Stereopair of the Active Site Region of the 6PGDH:NbrfADP Binary
Complex. The atoms are labeled as, N, blue, O, red, P, orange, and S, cyan. The
carbon backbones of enzyme side chains are labeled in yellow, and the carbon
backbone of coenzyme is in green. The nicotinamide moiety of Nbr®ADP binds to
residues from only dinucleotide binding domain (Adams et al., 1594). Note the

interaction between the pyridine nitrogen and the pyrophosphate backbone.
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Figure 30. Stereopair of the Active Site Region of the 6PGDH:NADPH Binary
Complex. The atoms are labeled as, N, blue, O, red, P, orange, and S, cyan. The
carbon backbones of enzyme side chains are labeled in yellow, and the carbon
backbone of coenzyme is in green. The nicotinamide moiety of NADPH binds to
residues from both the dinucleotide binding and helical domains (Adams et al., 1994).
Note the long distance between the pyridine nitrogen and the pyrophosphate

backbone.
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Table 7. Interactions between Enzyme and Coenzymes.’

Coenzyme moiety NbrADP NADPH

Adenine ribose O3-NH LeulO O3-NH LeulO
03-N&2 Asn32 03-081 Asn32
O4-NH Lys75 O4-NH Lys75

2'-phosphate

O1(P)-Nn2 Arg33
02(P)-0Od81 Asn32
O2(P)-Ne Arg33
O2(P)-Oyl Thr34
O3(P)-O81 Asn32
O3(P)-N&2 Asn32

O2(R)-Nd2 Asn32
O1(P)-Ne Arg33
O1(P)-Nn2 Arg33
02(P)-Né2 Asn32
O2(P)-NH Thr34
02(P)-Oyl Thr34
03(P)-081 Asn32

Pyrophosphate

O1"-0 Wat692
02"-0 Wat589
O5(R)-O Wat516

Nicotinamide ribose

04-N§2 Asnl02

Nicotinamide

O7-NH Metl3
N7-0Oe2 Glul3l

O7-Oy Serl28
O7-Ne2 His186
N7-O81 Asnl87

Waters

0614-Oy Serl28
0614-Oc1 Glul190
0886-Ne2 His452
0886-04 S0,505

O516-NH Asnl02
O589-NH Alall
O589-NH Glyl4
0589-O  Leu73
0589-0  Gly9
0692-NH Metl3

From Adams et al., 1994.
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weak or modest, at least based on the distances shown in Table 8. The reduced
coenzyme, on the other hand, interacts with residues in both the coenzyme and helical
domains. The nicotinamide carboxamide of NADPH is within hydrogen-bonding
distance to Oy of Ser 128, N2 of His 186, and Od1 of Asn 187 (Table 7). Thus, the
structural rearrangement of the dinucleotide that accompanies reduction of NADP to
NADPH likely eliminates the hydrogen bonds between the 1-carboxyl group of 6PG,
Ser 128 and Glu 190 (Table 9). Consistent with this suggestion, it has been reported
that decarboxylation of 3-keto-2-deoxy-6PG is enhanced upon binding of the reduced
(but not oxidized) coenzyme (Hanau et al., 1992). From the sequence alignment of
6PGDHs from different sources (Figure 10), Ser 128, His 186, and Asn 187 are
absolutely conserved among all the know sequences, indicating the important roles
they may play in the binding and catalytic processes. Therefore, studies of the
S128A, H186A, and N187A mutant proteins should provide a further understanding

of the catalytic mechanism of 6PGDH.

4.3.1 Interpretation of Kinetic Data.

The value of V/E, for the three mutant enzymes is decreased by 10 to 200 fold
compared to that of the wild type enzyme. The decrease is much less, however, than
those observed for the K183 mutant enzymes, eliminating the possibility that these
three residues participate directly in the acid-base chemistry of the reaction. Kgpg is
increased by 6 to 7-fold for both S128A and HI86A mutant enzymes, respectively,

and by 16-fold for the NI87A mutant enzyme. The decrease in affinity for 6PG is
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Table 8. Distances from Specific Enzyme Side Chains to Substrate and Coenzymes.

Binary complex Hydrogen bond Distance (A)
E:Nbr’ ADP Nicotinamide O7-NH Metl3 3.1
N7-Og2 Glul3l 34
E:NADPH Nicotinamide O7-Oy Serl28 3.0
O7-Ne2 His186 3.1
N7-O81 Asnl87 3.1
E:6PG 1-carboxy 010-Oy Serl28 |28
(09, 010) 09-Oel Glul90 3.0
C2-Cé6 O7-N{ LyslI83 |[3.2
O7-N82 Asnl87 |28
6-phosphate 03-On  Tyrl9l 2.7
O3-NH Lys260 |29
03-Oyl Thr262 |35
02-Nn! Arg287 |29
02-0  Wwat528 |26
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Table 9. Interactions between Enzyme and 6PG.*

6PG region 6PG complex Inorganic ion Apo-enzyme
1-carboxy 010-Oy Ser128 S$0,507 O1-N{ Lys183
(09, 0O10) 09-Oel Glul90 O1-O Wat613
O01-O Wat614
0O2-N32 Asnl02
0O2-N32 Asnl87
03-O0 Wat886
04-O0  Wat699
C2-C6 08-0 Wat1109
08-O0  Watl232
O7-N{ Lysi83
O7-N&2 Asnl87
O5-Ne2 His452#°
6-phosphate 03-On  Tyrl91 S0,505 01-O  Wat886
O3-NH Lys260 02-On  Tyrl9l
03-Oyl Thr262 O2-NH Lys260
0O2-Nn1  Arg287 02-0 Wat953
02-Nn1 Argd46# O3-Nn!1 Arg287
02-0 Wat528 O3-Nnl  Argd446#
O1-Nn1 Argd446# 03-0 Wat528
O4-Nnl Argd446#
Water neighbors Water neighbors
Wat528 0-0¢g2 Glul190 Wat528 0-0g2  Glul90
O-Nn3  Arg287 O-Nn2  Arg287
(0-02 6PG) (0-03 S0O,505)
Watl109 (0-08 6PG) Wat613 O-NH Gly129
Watl232 O-NH Gly130 O-NH Gly130
(0-08 6PG) (0-01 S0,507)
(020 Wat614
(0-04 S0,507)
Wat614 0-Oy Serl28
0-0 Wat613
O-Ng2 His186
(0-01 S0,507)
Wat699 0-0 Val127
(0-04 SO,507)

*From Adams et al., 1994.
®two-fold related subunit by (#).
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likely caused by a loss of the hydrogen-bonding interaction between 6PG and the
mutated residues. In the case of HI86A mutant enzyme, although there is no direct
interaction between 6PG and H186, the increase in K is not surprising since N€2 of
the histidine is only 3.6 A from one of the 1-carboxyl oxygens of 6PG (Adams et al.,
1994). HI186 interacts with S128 and could provide a positive charge to aid in
neutralizing the 1-carboxylate of 6PG, although the imidazole pK is expected to be
quite low based on the observed pK of 8 for K183. If there is an electrostatic
interaction between the positively charged side chain of H186 and 1-carboxylate, the
dielectric constant calculated based on the change in binding energy is 93, larger than
the dielectric constant for water, which is 78.6. This result is highly unlikely given
the hydrophobic environment of the enzyme's active site. Therefore, the side chain of
H186 is probably neutral. Another possibility is that there is a secondary effect
caused by the loss of the bulky imidazolium of H186, since it is in close proximity to
S128, N187 and E190, all of which interact with 6PG.

As discussed before, the overall AG® for the binding energy of 6PG based on a
K, of 36 uM is -6.1 kcal/mole. The estimated decrease in the binding affinity of 6PG
for the S128A and HI86A mutant enzymes gives an average AAG°® value of 1
kcal/mol, while a value of 1.6 kcal/mol is calculated for the NI87A mutant enzyme.
Therefore, the contribution of N187 to 6PG binding, via a hydrogen bond to the 3-
hydroxyl, is the largest among all of the mutant enzymes studied. It is not surprising
that the binding energy contributed by N187 is larger than that of K183 despite the

fact that both residues make hydrogen bond to the same hydroxyl group of 6PG. The
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distance between N82 of N187 and O7 of 6PG is 2.8 A, while N{ of K183 is 3.2 A
away from the same oxygen of 6PG (Table 8). Thus, N187 makes a stronger
hydrogen bond to the substrate. It is worth noting that the values of the binding
energies estimated above are much lower than the average value of 5 kcal/mol
estimated for a normal hydrogen bond (Fersht, 1977). This is not unexpected since
the hydrogen-bonding energy estimated for the substrate binding is not an absolute
binding energy. Indeed, the value reflects the increase in energy of the enzyme-
substrate interactions compared to substrate-solvent interactions.

On the basis of each of the calculated binding energies estimated by
comparing WT and mutant enzymes, the contribution of different enzyme side chains
to the total substrate binding energy can be estimated. The l-carboxylate of 6PG
makes hydrogen bonds with S128 and E190, with a total AAG® value of -1.0
kcal/mole. The 3-hydroxyl group interacts with both N187 and K183, and these
contribute about -2.4 kcal/mole to the overall AG® for the binding energy of 6PG, -6.1
kcal/mol. Thus, the combination of the binding energy contributed by the 1-
carboxylate and the 3-hydroxyl groups of 6PG is -3.4 kcal/mol, leaving -2.7 kcal/mol
undetermined. Based on the potential hydrogen bonds suggested in Table 8, the
remainder is likely to be obtained through the interactions made by 6-phosphate
group of 6PG.

None of the residues mutated have a direct interaction with NADP (Table 7),
but a decrease in the V/Ky,pp Value has been observed for the HIS86A and N187A

mutant enzymes. This is not unexpected since the 6PG and NADP binding sites are
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juxtaposed, and a steric effect in one site may cause a local disruption in the other
site. In the case of the H186A mutant enzyme, the bulky imidazole group has been
replaced by a proton, which may result in a local conformational change. A similar
situation also exists in the case of N187A mutant enzyme, but to a lesser extent, likely
because a smaller carboxamide side chain is replaced by a proton. Thus, the increase
in the Ky,pp value for N187A is smaller than that for HI86A. By extrapolation, the
small to no change in the NADP binding affinity for the SI28A mutant enzyme is

also explained.

4.3.2 Interpretation of Product Inhibition Data.

S128, H186, and N187 are all located within hydrogen-bonding distance of
the amide of the nicotinamide ring in EENADPH complex (Table 7). The affinity of
these enzyme side chains and NADPH can be estimated using the K, values obtained
from product inhibition studies (Table §5). In the case of the NI87A mutant enzyme,
the K, value is within error identical to that of the wild type at both saturating and
nonsaturating 6PG concentrations, indicating either a very weak or no interaction
between N187 and NADPH. As to S128A and H186A, K|, values are increased by 2
to 3-fold at saturating 6PG, and by 5-6 fold at nonsaturating 6PG. The change in
affinity in the absence and presence of 6PG is expected since the 1-carboxylate of
6PG and the carboxamide of NADPH compete with each other for hydrogen-bonding
to S128 and H186. The affinity for NADPH in the E:6PG:NADPH complex is not

important to the overall mechanism since this is a dead-end complex. The estimated
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AAG® value for the S128A and H186A mutant enzymes is 0.9-1.1 kcal/mol at low
concentration of 6PG. In all, the binding between the amide and these three residues
is not very tight given the overall AG® value of -7.8 kcal/mol estimated for the
binding energy of NADPH. Thus, the major contribution to NADPH binding must
come from the residues that bind the remainder of the NADPH. This result is
consistent with the fact that the nicotinamide ring of the coenzyme is rather flexible,
as it must be, in order to change its position upon oxidation. As discussed above, this
conformational change of the dinucleotide likely plays an important role in the

decarboxylation reaction.

4.3.3 Interpretation of Deuterium Isotope Effects

Isotope effects are a useful tool for studying enzyme mechanisms, especially
in determination of the identity and amount of rate-limitation of rate-limiting steps,
and in the elucidation of transition state structure. The values of °V and °(V/K) are
equal for the wild type enzyme, indicating a rapid equilibrium random kinetic
mechanism, that is a mechanism in which interconversion of E:NADP:6PG and
E:NADPH:Ru5P:CO, is rate-limiting overall (Price and Cook, 1996). Further, the
multiple isotope effect studies of Hwang et al (1998) suggest that the overall reaction
is stepwise with oxidation preceding decarboxylation and that the hydride transfer
step is partially rate-limiting. For the S128A, H186A, and N187A mutant enzymes,
the ®V values are all within error identical to the °(V/K) values (Table 6), indicating

no change in kinetic mechanism. Primary deuterium isotope effects decrease for the
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S128A and H186A mutant enzymes compared to those of the wild type enzyme,
suggesting a decrease in the rate of the decarboxylation step, or k, in eq. 1, as
observed for the K183 mutant enzymes. That is, both S128 and H186 must play an
important role in the decarboxylation process. This suggestion is consistent with the
initial velocity and product inhibition results that suggest the two residues are
responsible for stabilizing the nicotinamide ring of NADPH, therefore facilitating the
displacement of the l-carboxylate of 6PG (see above). In the case of the N187A
mutant enzyme, the deuterium isotope effects increase compared to those of the wild
type enzyme, indicating a decrease in the rate of the hydride transfer step, or k,. It is
worth noting that the average isotope effect for N187A is 2.85, which is very close to
the estimated intrinsic deuterium isotope effect of 3.1 (Hwang et al., 1998). Thus, it
appears that it is the oxidation step that has been affected as a result of the mutation.
The role for N187 based on the isotope effect data is also consistent with the initial
velocity data. As indicated above, N 187 binds the 3-hydroxyl group of 6PG, and thus
likely helps to maintain the 3-hydroxy! group in the right position, and facilitates

proton transfer from the 3-hydroxyl of 6PG to the e-amine of K183.

4.4 Mechanism.

From the above mutagenesis studies, the following mechanism is proposed.
The binding of 6PG is such that the l-carboxyl is hydrogen-bonded to S128 and
E190, and the 3-hydroxyl is hydrogen-bonded to K183 and N187 (Figure 31A).

Thus, in Figure 6, the oxidation of the 3-hydroxyl of 6PG is facilitated by K183,
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Figure 31. Active Site Regions of the Enzyme-Substrate and Enzyme-Coenzyme
Binary Complexes. A. E:6PG complex; B. E:Nbr*’ADP complex; C. E:NADPH

complex.

106



H188

107




which accepts a proton from the 3-hydroxyl as the hydride is transferred to the si face
of the nicotinamide ring. The nicotinamide ring is thought to be held in position by
an electrostatic interaction between the positively charged N1 of the nicotinamide and
the negatively charged pyrophosphate moiety of NADP (Figure 31B, Adams et al.,
1994). Once the hydride has been transferred, the nicotinamide ring rotates by about
180" and presumably displaces the 1-carboxyl from its hydrogen-bonded position in
preparation for decarboxylation (Figure 31C). The hydrogen bonds between thel-
carboxyl and E190 and S128 are broken, and new hydrogen bonds form between the
carboxamide of the nicotinamide ring and S128 and H186. The positively-charged
K183 is now set to polarize the carbonyl of 3-keto-6PG in the decarboxylation step.
Therefore it is reasonable to conclude that the 6PGDH has evolved to have reverse
protonation states between E190 and K183, the amino acid residues serving as the
general acid and general base. There is no divalent metal ion required for the 6PGDH
reaction, unlike other 8-hydroxyacid oxidative decarboxylases, e.g. malic enzyme.
Thus, an enzyme residue must be present to polarize the carbonyl in the
decarboxylation step, and protonated K183 fills this role. In the decarboxylation step,
K183 donates a proton to give the 1,2-enediol of ribulose 5-phosphate. CO, is then
released, and tautomerization of the enediol occurs with acid-base catalysis by E190

and K183.

4.5 Summary
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Based on the kinetic studies of all of the K183 mutant 6PGDHs, and
especially the pH studies of the KI83R mutant enzyme, the effect of changing K183
is significant. Thus, all data are consistent with the general base function of K183.
From the kinetic data of the S128A, HI86A and N187A mutant enzymes, it is
reasonable to conclude that S128, H186 and N 187 are all responsible for binding the
substrate, and both S128 and H186 play an important role in the decarboxylation

process, while N187 facilitates the hydride transfer step.

4.6 Future Studies

Additional research must still be carried out to obtain a further understanding
of the mechanism of the 6PGDH catalyzed reaction. First, pH profiles will be
obtained for the S128A, H186A and N187A mutant enzymes to study possible effects
on the pK values of the enzyme catalytic groups by the above mutations. In order to
probe the function of each amino acid residue mutated in the decarboxylation step,
*C isotope effects will also be performed for all of the above mutant proteins and the
K183R mutant enzyme. Next, due to the very high activity of the wild type 6PGDH,
it is impossible to obtain the structure of E:NADP:6PG ternary complex. However,
with the low turnover number of some of the mutant enzyme, e.g. KI183A,
crystallization can be performed to solve the ternary complex structure of the mutant
enzyme. This structure will provide valuable information concerning the reaction
mechanism. Finally, additional site-directed mutagenesis studies will be carried out

for several other residues to study their potential substrate binding and catalytic
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functions. Residues include Tyr 191, Arg 287 and Arg 447, all of which make
hydrogen bonds to the 6-phoshate group of 6PG, and Asn 32, Arg 33 and Thr 34,
which bind the 2'-phosphate of NADP. Mutagenesis studies of the above amino acid
residues will allow an estimation of the contribution of enzyme side chains to

substrate and coenzyme binding.
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APPENDIX

SEQUENCE ALIGNMENT OF 6-PHOSPHOGLUCONATE
DEHYDROGENASES
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actincbacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundilil
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucel

Primary consensus

10 20 30 40 50 60

! I | I | !

- MSADEFGLIGLAVIAZONLIINAADHGETVCAYRT
MKNENALSRLSILSKQLSFNNTNSSTARGDIGLIGLAVMIEQN LILYMADHGYTVVAYRT
—————— PTHENQTFINHTTKRRIMSQKEVADEGLIGLAYMCGQN LI LNGADKGETVYCCNRT
MSGOADIALIGLAVHMCONLILXMDEKSEVYCATNRT
MSGOADIALIGLAVMGONLILNMDEKGEVVCANRT
MSAKADIALIGLAVHMZQINLVLNMNDKGEVYCATIRT
AQADIALIGLAVMGONL ILIMNDHGFVVCATRT
AQADIALIGLAVMZONLILNMNDHGEVVCATNRT
MSVKGDIGVIGLAWMCQNLILNMNDHSFKVVAYWRT
MSVKGDIGVIGLAVIMGOINLI LNMNDHGEFK Y VAT NRT
MGADIGFIGLAVMCGENLVLNIERNGESVAVEIIRT

- ——AVMGRNLALNIESRGYTVSI=NRS
AVMZRNLALNIESRGYTYVSIESNRE
MSKOQQIGVVGMALMGRNLALNIESRGYTVSIZNRS
AVMCRNLALNIESRGYTVSINRS
MSKQQIGVVGEMAVMCGRNLALNIESRGYTVSVENRE
AVMGRNLALNIESRGYTVSVENIRS
AVHMGRENLALNIESRGYTVSIZNRE
AVMGRENLALNTESRGYTVSVITRS
MSKQQIGVVGMAIMGRNLALNIESRGYTVSVENRSE
MSKQQIGVVGAMAVHMGRMLALNIESRGYTVSVENRS
AMCRINLALNIESRGYTVSVENRE
—=AVHCRNLALNIESRGYTVSVENRS
AVMGRNLALNTIESRGYTVSVEINRS
SKQQIGVIGLAVMZKNLALNTIESRGFSYSV: RS
MALQOFGLIGLAVMGENLALNTIERNGFSLTVYNRT
MOENVAIMTKRTFGVIGLAVMCENLALNVESRGEFPIAVYRS
MRNTIGVIGLGYHCSHIALNMASKGEQVAVY YT
--MSMDVGVVGLGVMGANLALNTAEKGFKVAV=RT

CEE ® . - . ew .

MKNENA22222222222233333SMM2KADIGVIGLAVMGRNLALNIESRG2TVSVENRS
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinckacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucei

Primary consensus

70 80 90 100 110 120

| 1 | ! | i
QSKVDHE_ANE--~AKGKS I IGATS IEDFISKLKRPEKVE L _VKACGAPVUALINQIVPLL
TAKVDRE_ENE--~-AKGKS ILGAHS IKE _VDQLKRP=RIML. VKAGAPVLEFINQ_LPYL
TSRVDEF_ANE--~AKGKSIVGAHS LEEFVSKLKKPRVCILLVKAGKPVDYLIEGLAPLL
VAKVKEF_ANE---AKDTKVIGADS LEDMVSKLKS =KV UVKAGSAVIDFIQLVPLL
VAKVKEEF _ANE---AKGTN'IGADS LKDMVSKLKSFRKVMLLVKGGSAVDDEFIZQLVPLL
VEKVNQE_KNE---AKGTNVIGATS LQDMVNKLKLPRKINLI VKAGSAVODEFICQLVPLL
VSKVDDEL_ANE---AKGTKVGAQS LKEMVSKLKKPXRI I L VKAGQAVIDFIEK_VPLL
VSKVDDF _ANE--~AKGTKVLGAHS LEEMVSKLKKPRRI I LLVKAGQAVENFIZK_.VPLL
TSKVDEF _EGA---AKGTNIIGAYSLED ANKLEKFFKVMLMVRAGEVVEHEIZAI LPHL
TSKVDEFLQGA---AKGTNIIGAYSLEDI AAKLEKPRKVMLMVRAGDVVDQFIZAT LPHL
TTVVDRE_LAGR---AHGKRITGAHS IAE_VSLLARF=KIXLIWVKAGSAVIDAVIZQILPLL
REKTEEVIAE-—--NPGKKLVPYYTVKEEVESLETPRRILL:T/KAGAGTDAAIDS_KPYL
REKTEEVIAE-—--NPGKKLVPYYTVKEEVESLETPRRILIMVKAGAGTDAAIZSKPYL
REKTEEVIAE~----NPGKK_APYYTVKEFVESLETPRRILLM/KAGAGT'AAICSIKPYL
REKTEEVIAE-—--NPGKKLVPYYTVKEFVESLETPRRILLMVKAGAGTCAATITS LKPYL
REKTEEVIAE-—--NPGKK_VPYYTVKEIVESLETFRILIMVKAGAGTAAI S _KPYL
REKTEEVIAE~---NPGKKLVPYYTVKEEVESLETPRRILLMVKAGAGTDPAARICSIKPYL
REKTEEVVAE~-—---NPGKK_VPYYTVKEEVESLETPRRILIMVKAGAGTDAAICSLKPYL
REKTEEVVAE-—--NPGKK_VPYYTVQEFVESLETPRRILLIVQAGAGTDAATNSIKPYL
REKTEEVIAE-—--NPGKK_VPYYT/QEFVESLETPRRILIMVKASSGTDSAICSLKPYL
REKTEEVIAE----NTGKKLVPYYTVQEEVESLETPZRILIMVKAGAGTDSAICSIKPYL
REKTEEVIAE--~-NPGKKLVPHYTVKEEVESLETPRRILIMVKAGAGTDSAIZS . KPYL
REKTEEVIAE----NPGKK_VPHYTKESVESLETFFRILLMVKAGAGTDSATIZSKPYL
REKTEEVIAE-—--NPGKK_VPYYTVQEFVESLETPRRILLI:/KAGAGTLSAIZSIKPYL
SSKTEEF_QE----AKGKNVVGTYSIEEEVESLETPRKILLMVKAGTATCATICSILPHL
AEKTEAFHADR---AQGKN IVPAYSLEDFVASLERFEFRI LVIVKACGPVIAVVEQ . KPLL
PNKTEKFMAER---AVGKDIKAAYTVEEFVQLLERPRKILVIVKASGPVDAVINE KPLL
RDLTDQLYQK---~TGGQTVKPYYELED:VQSLEKFFPKI T LMV TAGKPVDSVIZSLVPLL
YSKSEEFKANASAPFAGN_KAFETHEAFAASIKKEFRKALIZVQAGAATDSTTEQKKVE

- - - *w “ o aw - ” . .

REKTEEFLAEEASAAPGKKLVPAYTVKEFVESLETPRRILIMVKAGAGTDAAIDSLKPYL
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucel

Primary consensus

130 140 150 16C 170 180

I I | | | I
EKGDIIIDGGIISHFPCSNRRYEELKKKGILEYGSEY S ZGZECARYGESLMEGCGSEEAWPH
EEGUITITGSNIHEFPLSNFRYEELAKKG LLEVEISGYSGSEEGARTG S LV PCONEKAWPH
EKGDIIVIGGNSHYPLTTRECEELAKKGILEVGSEVIGEEESARYGPS LMEPGGNPAAWPR

SAGCVI IZGSHSEYQITSRRCDELAKLGLLEY SZEGARHGPS _MPGGHEAAWPL
SAGLY I IZGGNIEYQLTSEFCDELAKLG L LYVGS ZV3CGEEGARHG S LI FGGHEAAWPL

SPGDVIITGGHSEYQUTARRCDELRAKKILY VWSS
DTGCIZIZGGMNSEYRDTTERCRDLKGKGILE™Y
DIGDITIIDGGHSEYROCTMRECRDLKDKGILEVGSS
EAGCIZICGEHISNYPUTNFRVAALREKGIREI
EEGDIZ IDGGHNSNYPUTNREVKALAEKGIRE
EKGDLVICGEHSHYQUTIRRMHALEAAGIHF ICTGYSEGZEGALRG S IMEGGSAQAWPL
DKGCIZICGGMNTFEQLTIFENRELSAEGENE IGTEVSEGEEGALKGPS IMPGGQKEAYEL
DKGDIIIDGGNTFFQUTIRPNRELSAEGENFICTGYSEGEEGALKGES IMPGGQKEAYEL
PKGC I IICGSMNTFFQUTIRRNRELSAEGENFICTEVSCSEEGALKGPS IMPGSOKEAYEL
DKGDIIITGGNTEFEQUTIRPNRELSAEGENEIGCTCVIGGEEGALKS TS IHMEGGQKEAYEL
EKGLIIIZGGNTEFEQUTIRRNRELSAEGENFIGTGVSGSEEGALKG RS IMPGZQKDAYEL
DKGLIIIZGGNIFFQDTIRFNRELSAEGENEIGTZVSEGEEGALKGPS IHPGGQKEAYEL
DKGDIIITGGNTFIQLTIRRNRELSAEGENFET ZEG G5 IMFGGQKEAYEL
DKGCIIIZGGNTFrHDTIFENRELSAEGENT IGCTEVSEGEEGALKGPE IMPGGQKEAYEL
DKGDII I OGGNTEFFQUTIRZNRELSAEGENE IGTCVIGGZE ALK SES IMPCGQKEAYEL
DKGLCIIICZGINTEFFQUTIRRNRELSAEGENFICTGYSCGEEGALKG RS IMPGGQKEAYEL
NKGLDIIITGGNTFFQUTIKPNRELSAEGENFIGTGVIGGEEGALKGPS IMPGGQOKEAYEL
DKGDIIIZGENTFEQUTIRRNRELSADGENFIZTGVEGGEEGALKGFSIMPZGQKEAYEL
DKGLIIIZGGNTFEQDTIFENRELSEEGENFIGTEVSGGEEGALKGR2S IMPGGOKEAYEL
EXKDDIL I GG TYYKUTQRENKELAESGIHF IGTGY SEGZEGALKGES IMPCGOKEAHEL
DPGCLIICZGINSLFTOTERRVKDLEALG .GFCMZ SGSEEGALNG PS LMPCSTQAAYEA
EEGLMI [ CGGNSLYECTERFTKDLEATG . GEVEMEV 3GGEEGALLGPS LI PGGTPAAYKE
EEGDVIMIGSNSHYEUTERRYDSLKAKGIGY LGIGI SG3EVGALKG2S IMPGSDRDVYEK
EKGDI_VITGNAHFKDQGFFAQQLEAAG RE MG I SSGEEGARKGPAFFPGGTLSVWEE
* oo ow *w . - w - " " . el W Lk EW - W oo

DKGDIIIDGGN2FFODTIRRNRELSAEGENFIGTGVSGGEEGALKGPS IMPGGQKEAYEL

GESIMPZCGHPEAWPL
GGZEGPRYGPS LMPCGNKEAWPH
SGGEDGARY GPS LM PGONKEAWPH
G/SEGEEGARHGPSIMPGCENEEAWQE
SCVSGGEZEGARHG S I PGGNQEAWQY
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boyvdii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucei

Primary consensus

190 200 210 220 230 240

[ | | I l |
IKNIFQSISAKS~-DGE--PCCEWVGPAGAGHY VI VEHNGIEYGDXQLICEAYD I MARLGG
IKE: FQDVAAKS-DGE—-PCCDWVSDACAGHY VKCIVENGIEYGDMC LICEAYDIMIRVGK
IKPIFQTLARKAGNNE —-PZCOWVGEQCAGHYVEVENGIEYGDHC LICET ' DIFXKRGLG
IQPIFQATICAKAD-GE--PLCEWVEDGEACHEVECVENGIEYGDMC LICEAYH M -SLG
IQPIFQAICAKAD-GE --PZCEWVGDGGAGHEVEMVENGIEYGDME LICEAYHIM-SLG
IQPIFQS ICAKAD-KE~~PCCEWVGEGGAGHEVIQIVENGIEYGDMC LICEAYQIME-ALG
IKT I FOGIRARKVGTGE--PCCOWVGDECAGHEVIMMVIDIGIE YGDMQLICEAYHIMXDVLG
IKAIFQGIAAKVGTGE —-PCCDWVGDDCAGHEVESVHNGIEYGD LICEAYHIMXDVLG
VKPYLQAISAKTEQGE~~PCCDWVGKDEASHEVKMVENIGIEYGDMCLICEAYQTLIEGVG
VKPIFQAISAKTEQGE--PLCDWVGGEGAGHE VI VENGIEYGDMC LICEAYQF LXEGLG
VSPIFCAIARKADDGT --PLCDWVGSDCASHY VETHNGIEYGDC I IAEGYWEMEHALG
VAP ILTKIAAVAEDGE--PCVTYIGADCAGHYVEMVIDIGIEYGDMCLIAEAY ST LXGGLN
VAPILTKIARVAEDGE--PCVTYIGADCAGHYVE - VENGIEYGDYGLIAZAYSLLEGGLN
VAP LTKIAAVAEDGE -~ PCVTYICADGAGHY VK MVENGIEYGDMG LIAEAY SLLXGGLN
VAPILTKIARVAEDGE-~~PCVTYIGADGAGHY VEZVENGIEYGDM LIAEAY ST LXGGLN

VAPILTKIAARVAEDGE--PCVTYIGADGAGHYVEMMVANGIEYGDMULIAEAY ST LXGGLN
VAPILTKIASVAEDGE~-PCVIYICGADEECGHY VEXVIDIGIEYGDYQLIAEAYSLXGGLN
VAP ILTKIAAVAEDGE--PCVTYIGADGAGHY VE M VENGIEYGDMULIAEAY ST LXGGLN
VAP ILKQIAAVAEDGE--PCVTYIGADGAGHY VIS IVHNGIEYGDM 2 LIAEAYAL LXGGLT
VAP ZLKQIAAVAEDGE--PCVTYIGADGRAGHY VKMVIDIGIEYGDMCLIAEAYAL LEGGLA
VAPILEQIAERRAEDGE~-PTVAYIGADCAGHYVIVHENGIEYGDMC LIAEAYAT. LXGGLA
VAPILEQIARRAEDGE--PCVAYIGADZAGHY VKN VINIGIEYGDMQLIASAYAT LEGGLA
VAPILKQIAAVAEDGE--PCVTYIGADCAGHYVEVIDIGIEYGDMO LIAFAY S LXGGLN
VKPILEAISAKVD-GE--PCTTYIGPDCAGHY VI VIENGIZYGDMLISESYFILEQVLG
VEP IVRTIAAQVDDG—--PCVTYIGPGTSCHY VEKMVIRIGIEYGDMQLIAEAYD L LXSVAG
LEPILTKIALQVEDPDNPACVTFICPGCAGHY VI VENGIEYGDCLIAEAYDI LXNGLG
AAPILTKIARQVE-GD--PCCVYIGPKGAGHFVKMVIENGIEYADMCLIAEAYT T LEEKLL
IRPIVEAAAMKADDGR--PZVIMNGSGEAGSCVERYHISGETAI L IWGEVED I LR-AMG

* * * - o
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VAPILZKIAAKAEDGENPPCVTYIGADGAGHYVKMVHNGIEYGDMQLIAEAYSLLKGGLG
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Bakers yeast
Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human
Sheep
Actincbacillus
Haemophilus influenzae
reponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucel

Primary consensus

250 260 270 280 290 300
| | | | | ]
FTDKEISDVIAK/NNG-VLDSFLVZ ITRDILKEDD-V-DGKPLVEKIMITAGQY . FTZKWT
FEDKEIGDVEFATANKG-VLDSFLIZITRDILYYNDPT-DGKPLVEKILITAGQXGTTKWT
MSCDESTDVEFEKANTG-KLDSFLIZ ITRDVLRYKA-D-DEKPLVEKI LCAAGQFSTGKH T
LSADQMADEFGK#NSA-ELDSFLIZITRDILKYKD-G-KG-YLLERIRCTAGQKGTEKWT
_SADOMADEFGKWNSA-ELDSFLIEITRDILKYKD~G-K3-HLLERIRCTAGQR ZTEKH T
SQAFMATEFEKANSE-ELDSFLIZITRDILNYQD-D-RG~YLLERIRLTAGQ¥GTEKW T
HMAQDEMAQAFEDWNKT-ELDSFLIEITANILKFQOD-T~-DGKHLLPKIRDSAGORGTCKWT
_GHKEMAKAFEEWNKT-ELDEFLIEITASILKEQD-A-DCKHLLPKIRCSAGQ¥CTGKWT
_SDDELQATENEARNT-ELDSYLICITADILGYKD-A~DGSRLVDK/LCTAGQXGTGKWT
LSYEEMOAIFAEWKNT-ELDSYLIZCITTDILGYKD-A~SCEPLVEKILITAGQHGTGKAT
MSYEHMHHT FTRANTG-RLHSYLIEITAAILAHQD-T-DSTPLLEKILDARGQ¥ GTERWT
_SNEELAQTFTEWNNG-ELS3YLIZITKDIFTKKDED-—GNYLVDV - LOEAANR ZTGKWT
LSNEELAQTFTEWNNG-ELSSYLICITKDIFTKKDED--GNYLVDVILIEAANKGTZKWT
LSNEELAQTFTE#NNG-ELSSYLICITKDIETKKDED-—GNYLVDV ILCEAANKGTGKWT
LSNEELAQTETEWNNG-ELSSYLICITKDIFTKKDED--GNYLVDVILCEAANFGTGKAT
LSNEELANTFTEANNG-ELSSYLICITKDIFTKKDED--GNYLVDVILCEAANKGTCSKWT
LSNEELAETFTEWNKG-ELNSYLICITKDIFTKKDEE-—=KYLVDVILDEAANKGTGKWT
LSNEELATTETEWNEG~ELSSYLIZITKDIFTKKDEE--CKYLVDVILZEAANTGTGKWT
_SNEELAQTFTEAWNKG-ELSSYLICITKDIFTKKDEE --GKYLVDV I LOEAANRGTCKW T
LSNEELAQTFTEWNEG-ELSSYLYZ ITKDIFTKKDEE -—CKYLVDVILZEAANHGTGKYT
_SNEELAQTFTEANEG-ELSSYLIZITKDIFTKKDEE--GKYLVDVILCEAANKGTGKWT
_SNEELATTFTKWNEG-ELSSYLICITKDIFTKKDEE--CKYLVDVILCEAANKGTGKWT
_SNEELATTFTEWNQG-ELSSYLICITKDIFTKKDEE -~GKYLVDVILZEAANKGTEKWT
LSNEELATTFSEWNKG-ELSSYLICITKDIFTKKDEE ~-GKYLVDV ILOEAANE GTGKW T
~SADELHEVFAE#NKG-ELDSYLIZITADIFTKKDEE-TGKPLVDVILIKAGQXSTEKWT
I NASELHDVFAAWNKTPELDSFLIE ITADIFTKVDDLGTZQPLVEL I LOAAGQRGTERWT
_SNEQLHEVFGOWNQTDELNSFLIE I STDIFAKKDPE-TGGHLIDY ILCAAGCH STGRAT
LPIDEIADIFDTwNQG-ELKSYLIZITAEILRKKDER-TGAPLIDV ILZKTGQOX G

CKWT
_NNDEVAAV_EDWKSKNFLKSY VLT ISIAAARAKDKD--ESYLTEHYMIRIGSXEZTSLWE

* * o wo. aew. - * . W LA 2 8 2NN 2P

LSNEELAQTFTEWN2G3EL2SYLIDITKDIFTKKDEEGDGKYLVDVILDEAGOKGTGKWT
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Droscphila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma bruceil

Primary consensus

310 320 320 340 350 360
| | | I ! !

AINAT CL/MPVTLIGEAVEFASCLEALXNEX IRASKVLPGPEVP~~~~KDAVKDREQE/|

AVNALZLCIPVTLIGEAVFSRCLIAMIAERVEASKALKGPQVTG--~-ESPITDKKQF IDD
AQONAI ZMSTPVSLITEAYFAZCLSSLXSERVRASKKLTGENTK~~—=—— FTGDKKQLIDD
AIAAI CYGVPVTLIGEAVFSRCLEALI DERVQASSVLKGPSTK-———~ AQVANLTKE.DD
AIRAA DYGVPVTLIGEAYFSECLSALKDE=VQASSVLKGPSTK-——~— AEVANLTKELDD
AISALCYSVEVTLIGEAVESECLIALKDERVAASKQLKGPNVN-——-~AKVEDLPKELNH
AISA FYGVPVILIGEAVFARCLESLXDES JQASKKLKGPOKE ———-~ QFDGDKKSE_ED
AISALZYSVPVTLIGEAVFARCLSSLKXDERIQASKKLKGPONT ~~=—— PFEGDKKSELED
GINALCFGIPLTLITESVFARCVSAFT DQRVAASKLFHKTIGK~——~—= VEGDKKVWIEA
GINALCFGIPLTLITESVFARCVSSEXDQRVAANQLEFGKTITP~==——= VEGDKKVWIEA
CVAALEEGSPLTLITESVMARSLSAQ-QARCKAHRVEFGSPVKVSKAETLSAQQOREELYVSA
SQSALCLGEPLSLITESYFARYISSLKDQRVAASKVLSGPQAQPAG~————~ NKAEFIEK
SQSALCLGEPLSLITESVEFARYISSLEDQRVARSKVLSGPQAQPAG—~———— DKAEFIEK
SQSALCLGEPLSL ITESVFARYISSLEDQRVAASKVLSGPQAQSAG-————— DKAEFIEK
SQSALCLGEPLSLITESVFARYISSLKDQrVAASKVLSGPQAQSAG-—~—~— DKAEFIEK
SQSALCLGEPLSLITESVEFARYISSLIAQRVAASKVLSGPKAQPAG-—~~—~— DKAEFTEK
SQSSLCLGEPLSLITESVFASRYISSLKEQEVAASKVLSGPKAQLAG-—~—~~ DKAEFIEK
SQSS_CLGEPLSLITESVFARYISSLEDQRVAASKVLSGPQAKIAG-—~—~~ DKAEFVEK
SQSS . CLGEPLSLITESYFARYISSLFEQRVAASKVLSGPQSQPAG-————— DKAEFIEK
SQSS_.CLGEPLSLITESVEPEY ISSLKDQRVAASKVLSGPQAQPAG-————— DKAEFIEK
SQSS_CLGEPLSLITESVFARYISSL:IDOQRVAASKVLSGPQAQPVG—~————— DKAGETIEK
SQSSL.TLGEPLSLITESVFARYISSLXDQPVAASKVLTGPKAQPAG—~~—=~ DKAEFVEK
SQSS_CLGEPLSLITESVFARYISSLIDQRVAASKVLTGPQAQPAS —~~~== DKAEFIEK
SQSSLCLGEPLSLITESVFARYISSLETQRVAASKVLTGPQAQPAG———~—- DKAEFIEK
SQSA_CL/VPLPIITESVFASFIZAMEEERVKASGLLSGPEVKPVTE~~—~— NKEELIEA
VETALEIGVAIPT [ IAAVNARILSSIHAERQAASEILSGPITEPEFSG-—~~— DRQAF DS
VMSGLELGVPIPT IYAAYNARVMSSLKEERVAASGOLSGP-SKTFSG——~—~ DVEAWIPK
SLOAITNGIPSSIITES LFARYLISLEDERTAAENVLAGPETEERPL-~~~—=~ DONVWIDR
AQER_EIGVPAPSINMAVVSZQE  MYKTEFQANASNAPGITQSPGYTLKNKSPSGPEIKQ

. - - - -
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SQSALDLGEPLSLITESVFARYISSLKDQRVAASKVLSGPQAQPAG24AFVGDKAEFIEK
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Bakers yeast

Candida albicans
Fission yeast
Droscphila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucei

Primary consensus

370 380 390 400 410 420

| I I [ 1 |
_EQATYASKIISYACGFMLIREAAATYGHKLNNPATAIMWEGEZC I IRSVELGQITKATRE
LEQALYASKIISTTOGFMIMNQAAKDYGWKLNNAGIAIMWRGCCIIFSVELAEITAAYRK
_EDALYASKIISYACGFMLMREAAKEYGAKLNNAGIAIMWRGGZIIRSVELKDITERAFRE
CKHALYCAKIVSYACGEMIMREAARENKWRLNYGGIAIMWEGEC I IZSVELGNIKDAYTS
CKHALYCAKIVS T AOGEMIMREAARENKARLNYGGIAIMWRGGTZIIRSVELGNIKDAYTS
IKHALYCSKIVSYAR(GFMIMREARKENNANLNYGGIAIMWEGH -*SVI"LGN ZKDATTR
CRKALYASKIISYAOGEMLLRQAATEEGATLNYGGIAIMWRGEGTIIZSVELGKIKDAFDR
IRKALYASKIISYACGFMLLRQAATEFGATLNYGGIAIMWRGGTI I QSVE’I..GK KDAFDR
VRKALLASKIISYACGFMLIREASEHENANINYGNTALLWEECCIIRSREZ.GNIRDAYEA
YRKALLASKI ISYACGFMLIREASEQFGAD INYGATALLWREGCIIRSRFLGNIRDAYEA
._EDA:.YCAK'VSVFQGFELLSHTAKRRG’\TLDFSRIASLW":G‘:CI RSGELSKISAAFAQ
VRRALYLGKIVS ACGESQLRAASEEYNADLNYGEIAKI "RACGTIIFAQET QKITDAYAE
YRRALYLGKIVSYACGEFSQLRAASEEYNWDLNYGEIAKI FFAZCIIRAQFLCKITDAYAE
VRSALYLGKIVSYACGFSQLRAASEEYNADLNYGEIAKI " RACCI IFAQFLQKITDAYAE
VRRELYLGKIVSYE(CGESQLRAASEEYNNDLNYGEIAKI sRAGCIIRAQFLQKITDAYAE
VRRALYLGKIVSYALGESQLRAASDEYHSDLNYGEIAKI "FPAGCIIZAQF.QKITDAYAE
YRRALYLGKIVSYACGEFSQLRAASDEYNADLNYGEIAKI mRAGTCIIRAQELQKITDAYARE
YRRALYLGKIVSYALGFSQLRAASDEYNNDLNYGEIAKT "'PACCI IRAQF_QKITDAYAE
YRRALYLGKIVSTACGESQLRAASEEYNADLNYGETAKI Z'RA:”: IPAQFLQOKITDAYAE
YRRALYLGKIVSYACGFSQLRAASDEYNWELNYAETAKT *FAGCI IRAQFLQKITDAYAQ
YRRALYLGKIVSYACGESQLRAASDEYNWDLNYGEIAKT ZFACCIIFAQFIQKITDAYAQ
VRRAELYLGKIVSYRCGEFSQLRAASNEYNWDLNYGEIAKI "RAGCI IRAQFLQKITDAYEQ
YRRALYLGKIVSYACGESQLRAASNEYSWDLNYGEIAKI *FAGCIIRAQEFLQKITDAYEE
YRRALYLGKIVSTYACGESQLRAASDEYN#DLNYGEIAKI *RAGTCIIRAQELQKITDAYAE
VRKALFMSKICSYACGFAQMKAASEEYNWDLKYGEIAMIFRGZCIIR LQKIKEATDR
YRDALYCSKICS AGHMALLAKASQVYNYGLNLGELARIW:GCC I I PAGFLNKIKQAYDA
YRDA_YCSKMCSYACEALIAKASQEFGYDVNLPEIARIWKGG T I IRAGFLDKIKKAFKD
YRQALYMGKVCAYACGFAQYKMTSDINGWHLPLKDIALI FRGZCITFAQFINLISEVYDK
...YD:; VCIAIISCYA M"QCLREMDKVI'W—GLNLPAT IAT "RAC’:IL&YL..KP‘WEP "‘EK

.. : L wv - s www .. -

VRRALYLGKIVSVAQG FSQLRAASEEYNWDLNYGE IAKIFRAGCI IRAQE'LQKITDAYAE
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma bruceli

Primary consensus

430 440 450 460 470 480

| i | I | |
EPD_ENLLENKFZADAVTKAQSGW2KS ZALAT~TYGIPTPAFSTALSFYDGYRS-ERLPA
KPDLENLLLYPEF:NDAITKAQSGWRASYGKATI-QYGI PT-AFSTALAFYDGLRS-ERLPA
DPNLESILFHPF=TNGVEKAQAGWFRVVAQAA~MLGIPV=ATSTGLSFYDGYRS-AVLPA
QPELSNLLLDDFFKKAIERGQDSWREVANAF~RWGI PVPALSTALSFYDGYRT-AKLPA
QPQLSNLLLDDEFTKKAIERGQDSW=EVANAF-RWGIPVALSTALSFYDGYRT-AKLPA
NPQLSNLLLDDFFKKATEVGONSWRQVVANAF~-LWGI PVPALSTALSEYDGYRT -EKLPA
NPELONLLLDDFFKSAVENCQDSWERAYVSTGV-QAGI PM-CETTALSFYDGYRH-EMLPA
NPGLONLLLDDFTKSAVENCQDSWRRAISTGV-QAGI PMPCETTALSEFYDGYRH-AMLPA
NPDLIFLGSDSYFKGILENAMSDWRKVAKSI~-EVGI PMECMASAITELDGYTS-ARLPA
NPNLVELGSDSY TKGILENALSDWE KV AKS I-EVGT PMECOMASATTELDGYTS-ARLPA
QHDLENLVLAPFrAEELKRACPGWRTIVAESV-RQALPVALSEAT ANFDGEFTG-AALPA
NPQIANLLLAPYFKQIADDYQQALRDVVAYAV-ONGIPVETFAMAVAYYDSYRA-AVLPA
NPQIANLLLAPYKQIADDYQQALRDVVAYAV-QONGIPVPTFARAVAYYDSYRA-AFLPA
NPQ ANLLLAPYFKQIADDYQQALRDVVAYAV-QONGI PVETFAXAVAYYDSYRA-AVLPA
NPQIANLLLAPYFKQIADDYQQALZDVVAYAV-QNGIPVETFARAVAYYDSYRA-AVLPA
NADIANLLLAPYTKKIADEYQQALRDVVAYAV-ONGIPVETESEZAVAYYDSYRA-AVLEA
NAGIANLLIAPYTKKIADDYQQALZDVVAYAV-QNGIPVZTEFSAAVAYYDSYRA-AVLPA
NKGIANLLLAPY=KNIADEYQQALRDVVAYAV-ONGIPVPTESAZAVAYYDSYRS-AVLPA
TPAIANLLLAPY-KQIADDYQQALEDVVAYAV-QONGIPVETFGRAVAYYDSYRA-AVLPA
NAGTANLLLAPYSKQIADDYQQALZDVVAYAV-ONGIRVZTFSAAIAYYDSYRS-AVLPA
NAGIANLLLAPY KQIADDYQQALRDVYAYAV-QONGI PVETVSEAIAYYDSYRS-AVLPA
NAGIANLLLAPY=KQIADEYQQALZDVVAYAV-QNGIPVETFSAAIAYYDSYRS~AVLPA
NAGIANLLLAPYFKQIADEYQQALRDV/AYAV-QNGIPV>TFSAAIAYYDSYRS-AVLPA
NPAZANLLLAPYZKQIADDYQQAL=DVYSYAV-QNGIPV=TFSAAVAYYDSYRA-AVLPA
EPELDNLLLDSY=KNIVESYQGAL2QVISLAV-AQGYPVPSFSSALAYYDSYRT-AVLPA
DPTIANLLLAPE *RQTILDRQLRWRRVIATAA-ERGI PVEAFSASLDYFDSYR--ASPAQ
NPQLPNLLLAPE FKQSILDRQGPWZEVIMLAN-EMGIAVZAFSSSLDYFDSYRR-AVLPQ
QPDLSNLLVAPDrAEKLKEYQSGLRKVCEGI-SSGISFFCLSTALSYYDGYRT-GRSNA
NPNISNLMCA--ZQTEIRAGLONYZDMYALITSKLEVSI*VLSASLNYVTAMFTPTLKYG

* . - - -

NP2IANLLLAPYFKQIADDYQQALRDVVAYAVSONGIPVPTFSAALAYYDSYRSPAVLPA
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Bakers yeast

Candida albicans
Fission yeast
Drosophila melanogaster
Drosophila simulans
Ceratitis capitata
Human

Sheep

Actinobacillus
Haemophilus influenzae
Treponema pallidum
Shigella boydii
Shigella dysenteriae
Shigella flexneri
Shigella sonnei
Salmonella typhimurium
Citrobacter diversus
Citrobacter freundii
Escherichia vulneris
Escherichia coli
Klebsiella pneumoniae
Klebsiella planticola
Klebsiella terrigena
Citrobacter amalonaticus
Bacillus subtilis
Synechococcus sp
Synechocystis sp
Bacillus licheniformis
Trypanosoma brucei

Primary consensus

Alignment length : 530
I[dentity (*) : 27 is 5.09 %

490 500 510 520 530

! I | ! l
NLLQACRIYFCGAHTERVLPECASDNLPVDKDIHINWTGHGGNVSSSTYQA
NLLQACRCYFPCAETFKVLPGQENELLKKDEWIHINWTGRGGDVSSTTYDA
NLLQACRIYFCGASTFRVLPEAADKS LPADKDIHINWTGHGGNISATTYDA

NLIQACRCYFGAHTYELLG~————~~— QEGQFHHTNWTGTGGNVSASTYQA
NLLQAQRIYFZARTYELLG-————— —QEGQFHHTNWTGTGGNVSASTYQA
NLLQACRIOYFGAHTYELLG——————— AEGKEVHTNWTGTGGNVSASTYQA
SLIQADRIYFZANTYELLA-—————— KPGQFTHTNWTGHGGTVSSSSYNA
NLIQACRIYFCAHTYELLA-—————- KPGQFTHTNWTGHGGSVSSSSYNA
NLLQAQRZYFGAXTYERTDK-——-~——-PRGEFFHTNWTGRGGNTASTTYDV
NLLOACRCYFCARTYERTDK-————— PRGEFFHTNWTGRGGNTASTTYDV
NLLOACRIDYECARTYERTD——————, APRGEFFHTNWTGTGGDTIAGTYSI
NLIQAQRIYFZAHTYKRI

NLIQADRIYEGAHTYKRI

NLIQAQRIYFCAHETYKRIDKEGV-————--— FHTEWLD-———=~=——————
NLIQACRIYFCASTIKRI

NLIQAQRCYFGAXTYKRTDKEGI-~—————— FHTEWLE--——————==———

NLIQACRIYEFZAETYKRT
NLIQACREOYFGAHTYKRT
NLIQAQRIYFCAHETYKRT

NLIQACRCYFCAHT(KRTDKEGV-=———==~ FHTEWLE-——------—~—
LIQACRIYFGAHTYKRTDKEGV-~~-——~— FHTEWLE—-——~—————-=~~

NLIQAZRIYFCARTYKRT
NLIQACRIYFGARTYKRT
NLIQATRLYEFZAXTYXRT
NLIQACRIOYECGAHTYE

NLTQAQRCYFZAXTYERTDRSGS FHAQWE"

NLTQACRIYFIA=T/ERTDKPRGE————~~ FFHTEWLD-——====—===m

NLLQACANY FGAHTYERTDMEGV-——===== FHTDWY ~—=—==mm ===

QLVSLORIVEZREGYERVDKDGR-——- ===~ ESFOWPELQ--————-=~~~
* - - - w L 3 -

NLIQAQRDYFGAHTYKRTDKEGVE3LP2G2FFHTNWTG2GGNVSSSTY2A

Strongly similar () : 34 is 6.42 %
Weakly similar (.) : 16 is 3.02 %

Different : 453 is 85.47 %
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