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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, S I28A, H I86A 

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 

H I86A and N I87A mutant enzymes, but only 12-fold for the S I28A mutant enzyme. 

Dissociation constant for 6PG from the E:NADF;6PG complex (K^pg) is increased by 

around 6-fold for both S128A and H I86A and 16-fold for N187A. Product inhibition 

studies by NADPH give a dissociation constant for the E NADPH complex that

XVI



is increased by 5- to 6-fold for the S I28A and H I86A mutant enzymes at 

nonsaturating 6PG. No significant change is found in K,, value for the N I87A mutant 

enzyme. The primary deuterium isotope effects decrease for S i28A and H I86A, 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 S I28 and H I86 play an important role in the 

decarboxylation process, while N187 facilitates the hydride transfer step.
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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* + SHjO 6NADPH + 6H+ + SCO; + 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-ô-lactone by 

gIucose-6-phosphate degydrogenase (G6PDH) with the concomitant production of 

NADPH. Next, 6-phosphogluconolactonase hydrolyses 6-phosphoglucono-5-lactone 

to 6-phosphogluconate. Finally, 6-phosphogluconate dehydrogenase (6PGDH) 

catalyzes the oxidative decarboxylation of 6 -phosphogluconate to ribulose-5- 

phosphate and CO2 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 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 C3 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 C2 unit from xyiulose-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 + 6NADF^+ 3HzO ► 6NADPH + 6FT + 3CO. + 3Ru5P

Non-oxidative Branch: 3 R u 5 P R 5 P  + 2Xu5P 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 P-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 functional 

group on the carbon a  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
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Figure 2. The General Reaction Catalyzed by Pyridine-Nucleotide Linked Oxidative 

Decarboxylases. This class of enzyme catalyzes the oxidative decarboxylation of (3- 

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

NAD(F) 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.
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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 ai., 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 o f 6- 

phosphogluconate to ribulose-5-phosphate and COi 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.

11
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ribuIose-5-phosphate and CO, with the concomitant reduction of NADP to NADPH.

1 2



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/K^ad?» and V/K^p^ 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 

release is ordered. A complete kinetic characterization o f 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 5). 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 values 

for 6PG and NADP are 19 (iM and 5 |i.M, respectively.

13
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Figure 5. The Rapid Equilibrium Random Kinetic Mechanism Proposed for Both the 

Sheep Liver and C. utilis 6FGDHs.
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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 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 o f 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

15



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 tautomerization of the 

enediol intermediate to form the final ketone product.
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hydride transfers from C-3 of 6 PG 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 a -  and y- 

hydroxyl groups of 6PG are electron-withdrawing and thus facilitate decarboxylation 

of the P-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/K6pg)d compared 

to ’̂ (V/K6pg)„ 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 ^-hydroxy acid is oxidation to generate a P-keto acid, 

followed by decarboxylation. The ‘̂ C-isotope effect on V/IQpg 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 and 

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, '^(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/Kgpc is 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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1.33 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 

ôPGDHs 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 Pap fold which is often 

found in dinucleotide binding proteins. The PaP fold is followed by a short helix and 

another PaP 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-PhosphogIuconate 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 Nç 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 E:NADP 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-PhosphogIuconate 

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 o f 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 Lactococcus 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. 

Other 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. SI28, KI83, 

H I86 , EI90 and NI87 are totally conserved and labeled in bold.
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Primary consensus FNFIGTGVSG...HYVKMVHHGI EYGDMQLIAF
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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 o f 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 6FGDH. As a result of a failure to isolate cDNA clones, the cDNA sequence 

was obtained through PGR 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 o f 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-l 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-l 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 II 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- 

I 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 Pst 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 M13K07, 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 ES 1301 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 T5 

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. M15[pREP4] (Villarejo and Zabin, 1974), the host strain used in this 

system contains multiple copies of the plasmid pR£P4, which carries the l a d  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 

NT A ligand occupies four of the six ligand binding sites of the Nr^ ion, leaving the 

other two sites open to interact with the 6xHis tag (Figure 11). The affinity between
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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
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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 fmoi** DNA Cycle 

Sequencing System were purchased from Promega. The PERFECT prep™ Plasmid 

DNA Kit was from 5 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, Taq DNA polymerase, T4 DNA ligase and IPTG were purchased from 

Gibco-BRL. Pfu polymerase was from Stratagene, and deoxynucleoside 

triphosphates were from Perkin Elmer. T4 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 |ig/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 (iL 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 EcoK I -  Hind III sites of pAlter-1 vector.
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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 resusp*ended 

in TE buffer, followed by several phenolrchloroform 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 transform ed into ES 1301 m u tS  

electrocompetent cells by using an EC 100 electroporator at 1.8 kV. The 

transformation reaction was added to 4.5 ml LB broth containing 125 (ig/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 II 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. 1 Sequence of Mutagenic Oligonucleotides.
WT ACACTTTGTGAAGATGGTGCACA
K183A ACACTTTGTGGCGATGGTGCACA
K183E ACACTTTGTGGAGATGGTGCACA
K183H ACACTTTGTGCATATGGTGCACA
K183C ACACTTTGTGTGTATGGTGCACA
K183R ACACTTTGTGCGGATGGTGCACA
K183M ACACTTTGTGATGATGGTGCACA
K1830 ACACTTTGTGCAGATGGTGCACA
SI 28 A GGGAGCGGAGTTGCTGGTGGAGAGGA
HI 86 A GTGAAGATGGTGGCCAACGGCATAGAG
N187A AAGATGGTGCACGCCGGCATAGAGTAC

The mutation site is underlined.
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the plasmid miniprep using PERFECT prep™ 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 HI 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, K183E.pAlter, K183H.pAlter, K183R.pAlter, K183C.pAlter, 

K183M.pAlter, K183Q.pAlter, S128A.pAlter, H186A.pAlter, and N 187A.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 I restriction site at the start of the gene and the other one 5 ’ 

TGTAGAGTTGAAGÇTTGGAACAGAAG 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 dNTPs. 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 Sph I and Hind  HI. 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 ji.1 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 pi 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 plasm ids were designated as K183A.pQE30, K183E.pQE30, 

K183H.pQE30, K183R.pQE30, K183C.pQE30, K183M.pQE30, K183Q.pQE30, 

S128A.pQE30, H186A.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 Agoo 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 (50 mM Na-phosphate, pH 8.0, 3(X) mM NaCl and 10 mM p-mercaptoelhanol), 

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 15% 

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 p- 

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

2.4.1 Circular Dichroism Spectroscopy.

Circular dichroism spectra were recorded on an Aviv 62 DS 

spectropoiarimeter, 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.

[0] = [0W[IO{MRC}11

where [0] is molar ellipticity in (degrees)cmVdmol, [0 ]<,bs 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 = 6,220 M ‘ cm ') at 

340 nm. Reactions were carried out in I 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 pM) and NADP (25-250 |iM).

2.4.3 Product Inhibition Studies.

Product inhibition studies were carried out for mutants 5128A, H I86A and 

N I87A, using NADPH as a competitive inhibitor. Product inhibition patterns were 

obtained by varying NADP concentration at a fixed level of 6PG (saturating, or near 

Km) 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/Kgpc for the K183R mutant were carried out by measuring the initial 

velocity at concentrations of 6PG around its K^ and a saturating (1 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 i-deurerio-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-6?G were determined enzymatically in triplicate by endpoint analysis 

using 6PGDH. Primary deuterium isotope effects with J-J-6PG were obtained for 

K183R, S I28A, H I86A, and N187A by direct comparison of initial velocities 

(Parkin, 1991). V and V/IQpG were measured by varying i-/i-6PG and 3-d-6FG at 

saturating levels of NADP, and and '̂ ( V/K^pc) 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 k^ /̂ko, 

while C-13 isotope effects are I" 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, fcf/ko’ n 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. and °(V/K*pG).

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 KI83C 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. 5.

V = VAB/(K,,Ky + K,B + KyA + AB) ( 1)

V = VA/(K, + A) (2)

log y = log[C/( 1+H/K,)] (3)

V = VA/(K,[1+I/K^] + A) (4)

V = VA/[K,(1 + F.Ev/k) + A(1 + F.Ev)] (5)

In eqs. 1 ,2 ,4 , and 5, v is the initial velocity, V is the maximum velocity, A 

and B are reactant concentrations, K^CK^adr) and Ky (Kgpq) are Michaelis constants 

for NADP and 6FG, is the dissociation constant for NADP, and Kj, is the 

inhibition constant for slope. In the case of 6PGDH, K̂ pc and K^adp are dissociation 

constants for 6PG and NADP from the E:NADP:6PG complex, respectively. In eq. 5, 

Fj is the fraction of deuterium label in the substrate and Ev/k and Ev are the isotope 

effects minus I 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 EcoK I and Hind III 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 

EcoK I and Hind  HI. Lane 1, molecular weight standards (Lambda DNA-fi^Æ II 

digest); Lane 2 to Lane 4, K183 A.p Alter plasmids from three single colonies, and 

digested with EcoK I and Hind HI. All three colonies contain a plasmid of the correct

insert size.
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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. Ill 

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 K183E 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 I 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 KI83A.pQE30 Plasmids Digested with 

Hind III. Lane 1, molecular weight standards (Lambda DNA-fi5/E II digest); Lane 2 

to Lane 8, K183A.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/K^p  ̂ 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 1, molecular mass standards; 

lane 2, 80 îg 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 

Type Enzyme. Spectra were recorded with 0.1 mg/mL enzyme in 10 mM KH^PO^ 

buffer, pH 7, at intervals of Inm and a dwell time of 3 s.
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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 K 183 mutant enzymes are summarized in Table 2.

The value of V/E, is decreased by 10 -̂ to 10^-fold for all o f the mutant 

proteins compared to that of the wild type enzyme. In all cases, with the exception of 

the K183A, K183R, and K183M mutant enzymes, K̂ po is within error identical to the 

value measured for the wild type enzyme. Of the Kn^dp values measiu'ed, only that 

for K183R increases significantly compared to that of the wild type. Decreases in 

V/K^pg and V/K^ACP are either similar to or larger than changes in V. In the case of 

the K183M and K183R mutant proteins, the increase in K̂ po likely suggests a 

decreased affinity for 6PG as a result o f 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 Param eters.

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 1 mM (500 K^adr)- 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 6PGDHs*.

K«pg

(pM)

Knadp

(pM)

V/E,"

(s')

V/KipcÆ,

(M-‘ s ')

V/K̂ ŷ Dp/E,

(M ‘ s ')

W T 36± 15 2 ±  I 3.5 ±0.1 (1 ± 0.4) X lO’ (1.8 ±0.6) X 10*

KI83A 150 ±30 — (2.5 ± 0.3) X 10-* 17±4 —

(4 ±2) (14000 ± 1700) (59000 ± 27000)

K183E 26 ±3 8 ± 4 (4.7 ± 0.1) X 10-* 18±2 70 ±40

— (4 ±3) (7500 ± 300) (5600 ± 2300) (25000 ± 17000)

KI83H 80 ±40 9 ± 4 (6.2 ± 0.8) X 10"* 7 ± 3 100 ±40

(2±1) (2± 1) (5600 ± 750) (14300 ± 8400) (17500 ±9300)

K183C 45 ±2 — (3.9 ± 0.05) X 10-* 8.8 ± 0.4 —

— — (9000 ± 300) (11400 ± 4600) —

KI83Q 27 ±5 — (7.2 ± 0.3) X 10-* 27 ± 4 —

— — (4900 ± 250) (3700 ± 1600) —

K183R 220 ± 30 42 ± 8 (4.4 ±0.3) X 10 ^ 19± 1 100 ± 10

(6 ±3) (20± 11) (800 ± 60) (5300 ±2100) (17500 ±6300)

K183M 300 ± 100 — (4.1 ±0.6) X 10-* 1.4 ±0.4 —

(8) — (8500± 1250) (70000 ± 35000) —

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

compared to those of the wild-type enzyme.

‘’E, is total enzyme concentration, 

f ro m  (Chooback et al., 1998).
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pH dependence of V and V/K^pc 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 K183R are summarized in Table 3. 

pH independent values of V/E, and V/IQpgE, for K183R are (9 ±  2) x 10  ̂s ' and 7.4 ± 

0.9 M 's"', resp>ectively.

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/K^p^ 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^po 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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Figure 23. pH Dependence of Kinetic Parameters for Wild Type 6-FGDH. Data 

were obtained for V (A) and V/K^pq (B) (Karsten et al., 1998)

72



log V/E

log V/KEt

- 2 -

0 -

6 7 8 9 10

PH

Figure 24. The pH Dependence of Kinetic Parameters for the K183R Mutant o f 6- 

PGDH. Data were obtained at pH 7, 25 °C for V/E, (A) and V/K^pgE, (B). The points 

shown are the experimentally determined values, while the curves are from a fit o f the 

data using eq. 3 shown in chapter 2.
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Table 3. pK Values for the Wild Type 6PGDH and K183R Mutant Protein.

pK, pKb

WT“ V/E, 5.8 ±0.1 8.8 ± 0.1

V/IQpq/E, 5.6 ±0.1 8.0 ± 0.1

K183R V/E, 6.6 ± 0.1 ---

V /IW E , 6.2 ± 0.1 ---

“From (Karsten et al., 1998)
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bases (Planas and Kirsch, 1991). Since the e-amino group of lysine is absent in the 

KI83 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 CysI83 of the KI83C mutant enzyme with bromoethylamine to form 

S-aminoethyl-L-cysteine. For the K183A 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 entropie, 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 K183C 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, H I86A 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 H186A 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 H 186A 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 o f 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*.

(pM)

K n a d p

(pM)

V/E,

(s')

V / I Q pgÆ ,  

(M ‘ s ')

V / K n a d p / E ,  

(M ‘ s ')

W f 36± 15 2± I 3.5 ±0.1 (1 ± 0.4) X 10* ( 1.8 ± 0.6) X 10®

SI 28 A 232 ± 35 3.7 ±0.8 0.3 ± 0.03 (1.3 ±0.07) X 10* (1.1 ± 0 .2) X 10*

(6 ±3) (2 ± 1) (12± 1) (77 ±31) (16±6)

H186A 247 ±61 96 ±24 (2.2 ± 0.3) X 10 - 92± 11 239 ± 33

(7 ±3) (48 ± 27) (160 ± 22) (1100 ±450) (7500 ± 2700)

N187A 560± 148 39 ± 10 (1.7±0.1)x 10- 30 ±6 436 ± 90

(16±8) (20 ± 11) (200± 13) (3300 ± 1500) (4100± 1600)

“Values in parentheses indicate the fold increase in 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 H 186A and N I87A mutant enzymes, but decreases only 12 fold for the S I28A 

mutant enzyme. 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 K^adp is 

increased by 20 fold for N187A and by 50 fold for H I86A, while there is no 

significant change in the K^adp value for S I28A mutant enzyme.

3.6.2 Product Inhibition by NADPH.

Product inhibition studies by NADPH were carried out for S I28A, H I86A 

and N187A mutants at both saturating and nonsaturating 6PG concentrations. The 

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 el al., 1994). The 

inhibition pattern using the H I86A mutant enzyme as an example is show in Figure 

26, while a Dixon plot is shown in Figure 27 using the N187A mutant enzyme as an 

example. The calculated Kj, values for all of the mutant enzymes are sununarized 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 is increased 

by 2 to 3 fold for the S I28A and H I86A mutant enzymes compared to that of the 

wild type. At nonsaturating 6PG, however, is increased by 5 to 6 fold for the 

S I28A and H I86A mutant enzymes. No significant change is observed in the Kj, 

value for the N 187A mutant enzyme at either 6PG concentration.
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Figure 26. Inhibition Pattern for H 186A Mutant Protein at Saturating 6PG 

Concentration. 6PG concentration was fixed at 5 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 N I87A 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. Values (|iM) 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

(2 ± 1) (6 ± I)

HI 86 A 27 ± 5.7 9.5 ± 1.6

(3±  I) (5 ±  1)

N187A 9.3 ± 1.3 2.8 ± 0.1

* Values in parentheses represent the fold increase in 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 S I28A, H I86A, 

and N187A in a manner identical to those obtained for K183R, and the initial velocity 

plot for the H I86A 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/K^pg, indicating that the kinetic mechanism of the mutant enzymes remains 

rapid equilibrium. The isotope effects decrease for 8128A and H I86A, and increase 

in the case of N 187A compared to those of the wild type enzyme.
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Figure 28. Primary Deuterium Isotope Effects for H I86A 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'.

Dy °(V/K«po)

WT" 2.1 ± 0.1 2.1 ± 0.1

SI 28 A 1.5 ±0.1 l.2 ± 0 .l

H186A 1.4 ±0.1 1.4 ±0.2

N187A 3.0 ± 0.4 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, E NADP, ErNADPH, 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-OP 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

kjB  kg k? ko k ,.  k , ,
EA EAB - ,  " E»AB ,  " E*RX----- ^  E*RY — ^ E R  " #"E (1)

k4 kg kg

where the A, B, R, X, and Y represent NADP, 6PG, NADPH, 3-keto-6PG, and the

1,2-enediol of ribulose 5-phosphate, the E to E* interconversion represents a 

conformational change prior to catalysis, k̂  and k̂  are binding and dissociation 

constants for 6PG, k, and kg 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, j 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 /(l + IVk;)]/[l + {k,(l/ks + l/k„)}/(l + kAs)] (2)

V/IQpG = [k3k;k,/k,k^]/[ 1 + (k/kg)] (3)

IQpg = K^( 1 + (k/kg))/[ 1 + k;/k^ + k;( l/ks + l/k„ )1 (4)

The effect of changing K183 is easily understood via eqs. 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^pc. and thus equal 

decreases in V/E, and V/K^p^E,. 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/IQpg suggests that it is a decrease in the rate of the decarboxylation
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step, kg, 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 

kg 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 AAĜ  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^pc 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 K 183 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.
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A second class of K 183 changes includes the A, M, and R mutants. This class 

exhibits an increase in K^pc and a decrease in V/E„ yielding a greater decrease on 

V/IQpgE,. than that observed in V/E,. For these mutant enzymes, a decrease in the 

affinity for 6FG (an increase in the Kj term in eq. 4 shown above, reflecting the 

dissociation constant for 6PG from the E:NADF: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 6FG 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 6FG affinity. The R mutant also presents a bulky side chain that 

likely interferes slightly with 6FG 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 K 183 to 6FG binding affinity. The overall aG° for the binding energy of 

6FG in the combined E:NADF:6FG and E*:NADF:6FG complexes, based on the 

measured dissociation constant of 36 |iM 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 kj and k ,̂ gives a aaG° of 

0.4 to 1.1 kcal/mol, with an average value of 0.8 kcal/mol for the contribution o f 

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/KnadpEi (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/fQpqE, and V/K^adrE, 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 K^adp occur that are larger, at least in the case of the R 

mutant, than the change in K̂ pc- 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 (E l90) from structural studies (Adams et al., 1994), previously determined pH- 

rate profiles have been interpreted in terms of reverse protonation states between the
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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:6 PG: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/K^pc profile is thought to be that of 

E l90, 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/K^pg 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 E l90 is increased slightly, it is the pK for R.183 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 o f K 183.

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 EiNADP and ErNADPH 

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 02" of the 

pyrophosphate is 5.2 À (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 NI of the 

nicotinamide ring and 02" increases to 7.6 Â (Figure 30). It is suggested that this 

structural difference is a consequence of the charge difference at NI 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 EzNADP 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:Nbr^ADP 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., 1994). 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 Nbr*ADP NADPH
Adenine ribose 0 3  NH Leu 10

03-NÔ2 Asn32
04-NH Lys75

03-NH Leu 10
03-051 Asn32
04-NH Lys75

2’-phosphate

01(P)-Nt|2 Arg33 
02(P)-051 Asn32 
02(P)-Ne Arg33 
02(P)-0yl Thr34 
03(P)-001 Asn32 
03(P)-N02 Asn32

02(R)-N52 Asn32 
01(P)-Ne Arg33 
0 1 (P)-Nti2 Arg33 
02(P)-N52 Asn32 
02(P)-NH Thr34 
02(P)-0yl Thr34 
03(P)-051 Asn32

Pyrophosphate 0 1 - 0  Wat692
0 2 - 0  Wat589 
05(R )-0  Wats 16

Nicotinamide ribose 04-NÔ2 Asnl02
Nicotinamide 07-NH Met 13 

N7-Oe2 Glu 131
0 7 -0 y  Ser 128 
07-Ne2 His 186 
N7-061 Asnl87

Waters 0614-0y Ser 128 
0614-0el Glu 190 
0886-NE2 His452 
0886-04 souses

0516-NH Asnl02 
0589-NH Alai 1 
0589-NH Glyl4 
0589-0  Leu73 
0589-0  Gly9 
0692-NH Met 13

“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 O yof Ser 128, Ne2 of His 186, and 051 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 

S I28A, H I86A, 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. K^pc is 

increased by 6 to 7-fold for both S I28A and H186A mutant enzymes, respectively, 

and by 16-fold for the N187A 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 (À)
E:Nbr*ADP Nicotinamide 07-NH Met 13 3.1

N7-Oe2 Glul3I 3.4
ErNADPH Nicotinamide 07-0y Seri 28 3.0

07-Ne2 His 186 3.1
N7-OS1 Asn187 3.1

E:6PG 1-carboxy OlO-Oy Ser128 2.8
(09, OlO) 0 9 -0 e l Glu 190 3.0

C2-C6 07-NÇ Lys183 3.2
07-NS2 Asn187 2.8

6-phosphate 03-0T1 Tyrl91 2.7
03-NH Lys260 2.9
03 -0 y l Thr262 3.5
G2-Nt|1 Arg287 2.9
0 2 -0 Wat528 2.6
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Table 9. Interactions between Enzyme and 6PG.*
6PG region 6PG complex Inorganic ion Apo-enzyme
I -carboxy OlO-Oy Ser128 SO4507 0 1 -NC Lys183
(09 ,010) 0 9 -0 e l Glu190 0 1 - 0 Wat613

0 1 - 0 Wat614
02-NÔ2 Asn102
02-NÔ2 Asn187
0 3 -0 Wat886
0 4 -0 Wat699

C2-C6 0 8 -0 W atll09
0 8 -0 Watl232
07-NÇ Lys183
07-NÔ2 Asn187
05-Ne2 His452#^

6-phosphate 0 3 -0 n Tyrl91 SO4505 0 1 - 0 Wat886
03-NH Lys260 0 2 -0 ti Tyrl91
OS-Oyl Thr262 0 2 -NH Lys260
02-N tiI Arg287 0 2 - 0 Wat953
02-Nti1 Arg446# 03-N tiI Arg287
0 2 -0 Wat528 03-N iil Arg446#
O l-N iil Arg446# 0 3 -0 Wat528

04-N til Arg446#
Water neighbors Water neighbors
Wat528 0 -0 e2 Glu 190 Wat528 0 -0 e2 Glu 190

0-N ti3 Arg287 0-N ti2 Arg287
(0 -0 2 6PG) (0 -0 3 SO4505)

Wat 1109 (0 -08 6PG) Wat613 O-NH Glyl29
Wat 1232 O-NH Glyl30 O-NH Glyl30

(0-08 6PG) (0 -0 1 SO4507)
0 - 0 Wat614
(0 -0 4 SO4507)

Wat614 O-Oy Serl28
0 - 0 Wat613
0-N e2 His 186
(0 -0 1 SO4507)

Wat699 0 - 0 Vail 27
(0 -0 4 SO4507)

“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 H186A mutant enzyme, although there is no direct 

interaction between 6PG and H I86, the increase in K̂ po is not surprising since Ne2 of 

the histidine is only 3.6 Â from one of the 1-carboxyl oxygens of 6PG (Adams et al., 

1994). H 186 interacts with S 128 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 KI83. If there is an electrostatic 

interaction between the positively charged side chain of H i86 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 

H I86 is probably neutral. Another possibility is that there is a secondary effect 

caused by the loss of the bulky imidazolium of H I86, since it is in close proximity to 

S 128, N187 and E l90, all of which interact with 6PG

As discussed before, the overall AG° for the binding energy of 6PG based on a 

Kj of 36 |iM is -6.1 kcal/mole. The estimated decrease in the binding affinity of 6PG 

for the S I28A and H I86A mutant enzymes gives an average AAG° value of 1 

kcal/mol, while a value of 1.6 kcal/mol is calculated for the N187A mutant enzyme. 

Therefore, the contribution of N 187 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 K 183 despite the 

fact that both residues make hydrogen bond to the same hydroxyl group of 6PG. The
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distance between N52 of N I87 and 0 7  of 6PG is 2.8 Â, while NÇ of K183 is 3.2 Â 

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 1-carboxylate of 6PG 

makes hydrogen bonds with S I28 and E l90, 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/Knadp value has been observed for the H186A 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 H I86A 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 N 187A mutant enzyme, but to a lesser extent, likely 

because a smaller carboxamide side chain is replaced by a proton. Thus, the increase 

in the K^adp value for N187A is smaller than that for H I86A. 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.

S I28, H I86, and N187 are all located within hydrogen-bonding distance of 

the amide of the nicotinamide ring in E NADPH complex (Table 7). The affinity of 

these enzyme side chains and NADPH can be estimated using the Kj, values obtained 

from product inhibition studies (Table 5). In the case of the N187A mutant enzyme, 

the K,s 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 S I28A and H I86A, Kĵ  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 S I28 and H I86. 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 S I28A and H I86A 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 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 RuSPiCO; 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 S I28A, H I86A, and N187A mutant enzymes, 

the 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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s  128A and H 186A 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 H I86 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 1-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, N187 binds the 3-hydroxyl group of 6PG, and thus 

likely helps to maintain the 3-hydroxyl 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 1-carboxyl is hydrogen-bonded to S128 and 

E l90, and the 3-hydroxyl is hydrogen-bonded to K183 and N187 (Figure 31 A). 

Thus, in Figure 6, the oxidation o f 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; G. E NADPH

complex.
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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 N 1 of the nicotinamide and 

the negatively charged pyrophosphate moiety of NADP (Figure 3 IB, 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 E l90 and S128 are broken, and new hydrogen bonds form between the 

carboxamide of the nicotinamide ring and SI 28 and HI 86. The positively-charged 

K 183 is now set to polarize the carbonyl of 3-keto-6PG in the decarboxylation step. 

Therefore it is reasonable to conclude that the 6FGDH has evolved to have reverse 

protonation states between E l90 and K183, the amino acid residues serving as the 

general acid and general base. There is no divalent metal ion required for the 6FGDH 

reaction, unlike other p-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 E l90 

and KI83.

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 K183R 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 S I28A, H186A and N187A mutant enzymes, it is 

reasonable to conclude that S128, H I86 and N187 are all responsible for binding the 

substrate, and both S I28 and H I86 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 S I28A, 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. K183A, 

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

1 2 2



10 2 0  3 0  4 0  5 0  60
I I I  I I I

B a k e r s  y e a s t   MSADEXSLIGUV.-T-ÎGQt-iLin-IAADKGFT'/CAi' .̂'RT
Candida a lb ic a n s  MKNFNALSRLSILSKQLSFNNTNSSIARGDIGLIGLA%’M32.'LIL.'ÆÎADHGYT.^AY:-:Rr
F i s s i o n  y e a s t   PTHNOTFINHTTKRRIMSQKEVADPGLIGLAVMGQt.'LrL:-:GADKGFr.-CC;'>;RT
D roso p h ila  m e la n o g a scer  -----------------------------------------------MSGQADIALIGLA••.~-lGQ ;̂LIL.^■MDEKGFV'v^CAr •̂RT
D ro so p h ila  s im u la n s   MSGQADIALIGLAVMGQt-'LIL.N’MDEKGFV/CAy>;RT
C e r a c i c i s  c a p i ta  ca  MSAKADIALIGIAi'T-IGQJ^LVli'MNDKGFV’/CAiG.'RT
Human  AQADIALIGIAil-!G<;»;LIL:j1NDHGFV’/CAr.-:R7
S h e e p   AQADIALIGLAV~4G0N'LII7-.'MNDHGFV'/CSF7;RT
A c C in o b a c illu s   MSVKGDIGVIGLA■.•T4GQ îLIL ;̂MNDHGFîC.VA■r':•.•RT
Haemophilus in f lu e n z a e  -------------------------------------------- MSVKGDIGVIGLAVI'IGQtvrLILN'MNDHGFK’vVAi^iRT
Treponema p a llid u m   MGADIGFIGLAVI4Ga-:LVLMIER>JGFSVAVFt-'RT
S h ig e l la  b o y d i i   Av'MGRl.'LALr.’IE S R G rr/S irH R S
S h ig e l la  d y s e n te r ia e   AVWGRI-îLALI-IIESRGrr/SIHlCRS
S h ig e l la  f l e x n e r i   MSKQQIGW04Av'r4GRJ'.'LALlJIESRGYT-.'SIF:-®S
S h ig e l la  son n ei   AVt-lGRî-'LALÎHlESRGrr/SIF^iRS
S a lm on ella  typhim urium   MSKQQIGW(34AVI4GR1;lAL.MESRGYT\'SVF!-.'RS
C itzro b a c te r  d iv e r s u s   AVMGRfîLALN'IESRGYT/SVF;-;RS
C ic r o b a c te r  f r e u n d i i   AVHGRI'ILALI'IIESRGYT'/SIFrCRS
E sc h e r ic h ia  v u ln e r i s   AVKGRt.’LAI^.'IESRGrr/SVFl-'RS
E sc h e r ic h ia  c o l i   MSKQQIGWC3y!AVt4GRI>iLAL:':iESRGYT/SVr7.'R3
K le b s ie l la  pneum oniae  ---------------------------------------------- MSK001GWO!A\14GRHLAD:lESR'GYTvSVFT<RS
K le b s ie l la  p l a n t i c o l a   AvMGRi;LALNIESRGYT.'SVF>:RS
K le b s ie l la  c e r r ig e n a  ------------------------------------------------------------------------A%14GRHLAL}!lESR'GYT^/SVFZ'TRS
C iC ro b a c te r  a m a lo n a tic u s  -----------------------------------------------------------------------Ai?-!GRr:LAL::lESRGYT.'SVFHRS
B a c i l lu s  s u b t i l i s   SKQQIGVIGLAV'î4GKÎ-ILAL;-:IESRGFS'./SV;'!:R3
Synechococcus  s p   MALQQFGLIGLAvl4GEi;LAI_NIERNGFSlTVY:-:Rr
S y n e c h o c y s tis  s p   MQFNVAIMTKRTFGVIGLAvWGEKLAL:-.'VESRGFPIAV?7;RS
B a c i l lu s  l i c h e n i f o r m is  ---------------------------------------------------MRNTIGVIGLG’v'4GSî;rAL.\MASKGEQyAVGCrr
Trypanosoma b r u c e i   MSMDVGWGIXrvl-!GAI-'LAL;,'IAEKGFK'7AVF:-:RT

P r im a r y  c o n s e n s u s MKNFNA22222222222233333SMM2KADIGVIGLAVMGRNLALNIESRG2TVSVFNRS
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B a k ers  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D rosoph ila  m e la n o g a s te r  
D rosoph ila  sLmul^ns 
C e r a t ic i s  c a p i ta ta  
Human 
S h eep
A c t in o f c d c i i lu s  
Haemophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e lla  b o y d i i  
S h ig e lla  d y s e n te r ia e  
S h ig e lla  f l e x n e r i  
S h ig e lla  so n n ei 
Salm onella  typhim urium  
C itr o b a c te r  d iv e r s u s  
C itr o b a c te r  f r e u n d i i  
E sch erich ia  v u ln e r is  
E sch erich ia  c o l i  
K le b s ie l la  pneum oniae 
K le b s ie l la  p la n t i c o la  
K le b s ie l la  te r r ig e n a  
C itr o b a c te r  a m a lo n a ticu s  
B a c il lu s  s u b t i l i s  
Synechococcus  s p  
S y n e c h o c y s tis  sp  
B a c il lu s  l ic h e n ifo r m is  
Trypanosoma b ru c e i

70 80 90 100 110  120
I I I I I I

QSKVDHFLANE----AKGKS;IGATSIEDFISKLKRP?KV:-:L1-.'KA'SAPVDALINQIVPLL
TAKVDRFIENE----AKGKSILGAHS IKElVDQLKRPPÜiy-LlVKAGAPVDEFIl.QlLPYL
TSRVDEFEANE----AKGKS IVGAHSLEErVSKLKKPRVC I LLVKA'GKPVDYLIEGLAPLL
VAKVKEFIANE----AKDTICv’IGADSLEDMVSKLKSFPiCVMELVKAGSAVE'DFICQI-VPLL
VAKVKEFEANE----AKGTrr/IGADSLKD-MVSKLKSPRKVr-rLlVKGGSAVDDFICQEVPLL
VEKVMQFLKNE----AKGTN’/IGATSLQCf- /̂NKLKLPFJŒ-rLlv'KAGSAVDDFICQLVPLL
VSKVDDFLANE----AKGTrC.-VGAQSLKErWSKLKKPPill I Lll'KAGQAVDDFIEKlVPLL
VSKVDDFEANE----AKGTîCvXGAHSLEE-ÎVSKLKKPPRI : LLVKA'GQAVDNFIEKIVPLL
TSKVDEFEEGA----AKGTO :  IGAYS LEDEANKLEKPPl(V:EEfÆAGEWDHFI EAELPHL
TSKVDEFEQGA----AKGTN : IGAYS LEDEAAKLEKPRKVT.'U'T.'RAGDWDQFIEAELPHL
TTWDRFEAGR----AKGKRITGAHSIAEEVSLLARPPJaiEE-R'KAGSAVDAVXEQILPLL
REKTEEVIAE------NPGKKEVPYYTvTCE PVES LETPPJII EU-Iv-KAGAGTDAAI PSEKPYL
REKTEEVIAE------NPGKKEVPYYT̂ .T<E EVES LET PPRILEJ-f.'KA'GAGTDAAIESEKPYL
REKTEEVIAE------NPGKKEAPYYTv-KEPVES LETPPai LUTVKAGAGTDAAIPSEKPYL
REKTEEVIAE------NPGKKEVPYYTvKEFVESLETPRRILEI'T.TCA'GAGTCAAIESEKPYE
REKTEEVIAE------NPGKKEVPYYTiTCE r/E S LETFPEILETWKAGAGTDAAIDSEKPYL
REKTEEVIAE------NPGKKLVPYYT v̂KEFVESLETPRRILEIT.-TCA'GAGTnAAIPSEKPYL
REKTEEV/AE------NPGKKEVPYYT.KEPVESLETPPRILIIT.KAGAGTDAAIDSEKPYL
REKTEEV̂ .TÆ------NPGKKEVPYYT/QEEVESLETPRRILn-ryQAGAGTDAAIhSEKPYL
REKTEEVIAE------NPGKKLVPYYT /̂QEFVESLETPRRILU-Tv-KAGSGTDSAILSLKPYL
REKTEEVIAE------NTGKKLVPYYT'.-QEFVESLETPPJULLI-f/KAGAGTDSAIDSIKPYL
REKTEEVIAE------NPGKKLVPHYTvKEFVESLETPRRILIIT.KA'GAGTDSAIISLKPYL
REKTEE/IAE------NPGKKLVPHYT'.-’KEPVESLETFPJlILIl-r.'KAGAGTDSAIISIKPYL
REKTEEVIAE------NPGKKIVPYYT /̂QEPVESLETFP-RILII-r/'KAGAGTDSAIPSIKPYL
SSKTEEFIQE------AKGKIT.VGTYSIEEFVESLETPPKILLI-f.TCA'GTATDATIQSILPHL
AEKTEAF--!ADR----AQGKNIVPAYS LEDFVAS LERFPIRI LVT-fFKAGGPVDAWEQlKPLL
PNKTEKFI'ÎAER----AVGKDI KAAYTvEE FVQLLERPPKI LM'Tv'KAGGPVDAVI tIE IKPLL
RDLTDQLVQK------TGGQT.KPYYELEDFVQSLEKFPEIFHTyTAGKPVDSVIISIVPLL
YSKSEEFI-KANASAPFAGNIKAFETI-EAFAASLKKPRKALIIVQAGAATDSTTEQIKKVF

P rim ary  c o n s e n s u s REKTEE FLAEEASAAPGKKLVPAYTVKE EVES LET PRRILLMVKAGAGTDAAIDSLKPYL
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130
I

140
I

150
I

160 170 180

B a k e r s  y e a s t  
C andida  a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m e la n o g a scer  
D roso p h ila  s im u la n s  
C e r a c ic is  c a p ic a c a  
Human 
S h eep
A c c in o b a c i l lu s  
H aemophilus in f lu e n z a e  
Treponema p a ll id u m  
S h ig e lla  b o y d i i  
S h ig e l la  d y s e n c e r ia e  
S h ig e l la  f l e x n e r i  
S h ig e lla  so n n e i  
S alm on ella  Cyphimurium  
C icrobacC er d iv e r s u s  
C ic ro b a c c e r  f r e u n d i i  
E sc h e r ic h ia  v u ln e r i s  
E sc h e r ic h ia  c o l i  
K le b s ie l la  pneum oniae  
K le b s ie l la  p la n c ic o la  
K le b s ie l la  c e r r ig e n a  
C ic ro b a c c e r  am alon acicu s  
B a c i l lu s  s u b c i l i s  
Synechococcus  s p  
S y n e c h o c y sc is  s p  
B a c i l lu s  l ic h e n i f o r m is  
Trypanosoma b r u c e i

P rim a ry  c o n s e n s u s

EKGDI :  I OGGI^SHFPDSNRRYEELKKKGILr/GSC 
EEGD t i l  CQSMSHFPDSNF.P YEEl AKKGI LFiGSt 
EKGDI : VCGGttSHYPCTTPi .̂CEELAKKG I LF.'GS: 
SAGDVII"GGI-!SEYQDTSP?CDEI-AKLGILr/GSt 
SAGDVII IGGtJ3EYQDTSFJ=.CDELAKLGlLiVGSt 
SPGD'v^irGGîJSEYQDTAP=.CDEI_RAKKIL'r.'GS; 
DTGC I I I  IGGMSE'i'RDTTP.P CRDLKGKGILF/GS' 
DIGDII irGGîiSE'iRCTMRP.CRDLKDKGILF.’GSC 
EAGD I I I  GGGI-ISm'PI'TNF RVAALREKGIRFI GTt 
EEGDI :  I CGGN'SNYPnTNRP.VKALAEKGIRFIGS: 
EKGDIVICGGH2HYQDTIPRMHALEAAGIHFIGTC 
DKGDII ICGGiriFFQDTIFRKRELSAEGFNFIGTr: 
DKGDI IICGGÎ-ITFFQDTIRRNRELSAEGFNFI'GTC 
DKGDI : lEGIMTFFQC'TIKPNRELSAEGFNFICTr: 
DKGDIIIIGGtrrFFQDTIPCHRELSAEGFNFIGTC 
EKGDIII FGGI-n'FFQCTIPPNRELSAEGFNFIGT-; 
DKGDIIIIGGMTFFQCTIFRURELSAEGFNFIGT-; 
DKGDIIICGGÎ “ FFQDTIRFÜRELSAEGFNFIC-T; 
DKGDIIIIGGtiTFFHDTIF.FNRELSAEGFNFI'GT': 
DKGDI I r DGGr.TFFQDTIRFilRELSAEGFNFIGT: 
DKGG I I I  CGGWTFFQL'TIPPNRELSAEGFNFIGTC 
NKGDÎ : IDGGN’YFFQDTIRPURELSAEGFNFIGT: 
DKGDIIIDGGrirFFQDTIPPNRELSADGFNFIGT; 
DKGDI: I DGGirrFFQDTIRFNRELSEEGFNFIGT: 
EKDDIlIDGGinY'iKCTQPRNKELAESGIHFIGTC; 
DPGDLI I DG>ISLFTC'TEF.?VKDLEALGIGH-ÎGMI 
EEGDH: I DGGNSL'iEDTEFR.TKDLEATGlGr/GM' 
EEGDVIKDGGHSHY’EDTEPPYDSLKAKGIGYLGIC 
EKGDIIVDTGf:AHFKE<3GF=AQQLEAAGIRFI;34'

'/SCGEEGARYGPSII'FGGSEEAWPH 
rYSCGEEGARTGPSIMPC-'GNEKAWPH 
■ySGGE&GARYGPSli-'PGGNPAAWPR 
r-/2GGEEGARHG PS IKFGGHEAAWPL 
rv'SCGEEGARHGPSlI-T-GGHEAAWPL 
Y’SGGEEGARHGPSir-'.PGGHPEAKPL 
F/SG3EEGPRYG?SI>;FGGNKEAWPH 
Y'SGGEOGARYGPSa-'PGGNKEAWPH 
’/ SGGEEGARHG PS IKPGGNEEAWQF 
V3GGEEGARHGPSIMPGC34QEAWQY 
Y'SGGEEGALRGPSIKPGGSAQAWPL 
VSGGEEGALKGPSIMPGGQKEAYEL 
V3GGEEGALKGP3 IMPGGQKEAYEL 
VSGGSEGALKGPS IF'PG'IQKEAYEL 
-J 3GGEBGALKGPS IMPGGQKEAYEL 
Y'SGGEEGALKGPS IKP3GQKDAYEL 
VSGGEEGALKGPSIKPGGQKEAYEL 
V3GGEEGALKGP3 IMPGGQKEAYEL 

SGGEEGALKGPS IMPGGQKEAYEL 
V3GGEE'GALKGFS IMPGGQKEAYEL 
VSGGEEGALKGPSIMPGGQKEAYEL 
VoGGEE'GALKGPS IMPGGQKEAYEL 
VSGGEEGALKGP3IFTGGQKEAYEL 
VSGGEEGALKGPS IMPGGQKEAYEL 
V3GGZEGALKGF3IMPGGQKEAHEL 
VSGGSEGALNGPS LKPGGTQAAYEA 
VSGGEE'GALLGPSLMPGGTPAAYKE 
ISGGEVGALKG PS IMPGGDRDVYEK 
I SGGEEGARKGP.-iFFP'GGTLSVWEE

DKGDIIIDGGN2FFQDTIRRNRELSAEGFNFXGTGVSGGEEGALKGPSIMPGGQKEAYEL
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190
I

200 210 220 230 240

B a k e r s  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m elan ogascer  
D ro so p h ila  sim u la n s  
C e r a c ic i s  ca p ica ca  
Human 
S h eep
A c c in o b a c i l lu s  
H aem ophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e l la  b o y d i i  
S h ig e l la  d y s e n c e r ia e  
S h ig e l la  f l e x n e r i  
S h ig e l la  so n n ei 
S a lm o n e lla  Cyphimurium 
C ic ro b a c c e r  d iv e r s u s  
C ic ro b a c c e r  f r e u n d ii  
E sc h e r ic h ia  v u ln e r is  
E sc h e r ic h ia  c o l i  
K l e b s i e l l a  pneumoniae 
K l e b s i e l l a  p la n c ic o la  
K l e b s i e l l a  C errigena  
C ic ro b a c c e r  am alonacicus  
B a c i l lu s  s u b c i l i s  
Syn ech ococcu s  sp  
S y n e c h o c y sc is  sp  
B a c i l lu s  l ic h e n ifo r m is  
Trypanosoma b r u c e i

P r im a r y  c o n s e n s u s

IKN:PQSISAKS-DGE— PCCEWVGPAGAGHY /̂IC-VHMGIEYGK-:C-LICEAYDIt-2--llLGG 
IKE I FQDVAAKS-DGE— PCCDWVGDAGAGHY’/tC-ÎVHJ.'GIEYGIXvîCLICEAYDLMKRVGK 
IKPIFQTLAAKAGNNE— PCCDWVGEQGAGHY'v1G!VHNGIEYGDC-:GLICETYD:M<RGIjG 
IQP : FQAICAKAD-GE—  PCCEWVGDGGAGHrvvCWH}IGIEYGDXGLICEAYHI!0:-SLG 
IQP:FQAIC=.i<AD-GE— PCCEWVGDGGAGHr'.-'rl-'VT-GÆIEVGIX-rCLXCEAl'HIKG-SLG 
IQPIET3SICAKAD-KE— FGCEWVGEGGAGHF-lC'^/HHGIEYGDC'QLXCEAYQIt'K-ALG 
XKT :  FQGIAAKVGTGE— PCCDWVGDEGAGHF-.TC-^VrGJGIEYGK-'.QLXCEAYHIl-KDVLG 
XKAIPQGIAAKVGTGE— PGCDWVGDDGAGHrv"r2-Vr;MGXEYGDi-:QLXCEAyHU-:FX)VLG 
VKPVLQAISAKTEQGE— PCCDWVGKDGAGHr.lC-'VHlIGXEYGK<GLICEAYQFL:<EGVG 
VKPXPQAISAKTEQGE— PGCDWVGGEGAGHrvfGrVHGGXEYGDXGLXCEAYQFLÆGIjG 
VSP: PCAIAAKADDGT— P-CCDVA/GSDGAGHY /̂K-iXHMGIEYGDMClXAEGYWFrG-HALG 
VAPILTPCIAAVAEDGE— PCVTYXGADGAGHY'-.^G^VHrJGXEVGDMGLXAEAVSlLKGGLN 
VAPXLTKIAAVAEDGE— PCVTYXGADGAGHY .̂lC-rVHHGXEYGDXQLXAEAYSLLKGGLN 
VAPILTKIAAVAEDGE" PCVTYI'lADGAGHY’̂ K'-iVPGIGI E VGK-'.C LIAEAVS E LKGGLN 
VAPXLTKIAAVAEDGE— P'GVTYXGADGAGHY'/r2-^HNGXEYGDXGLXAEA:SLLKGGLN 
VAP I LTKIAA.VAEDGE—  PCVTYX'lADGAGHlT.lC^VHXIGXEYGKkGLXAEAYS LLIXGGLN 
VAPXLTKIAAVAEDGE— PCVTYXGADGAGHY /̂FX-^rEJGXEVGDMQLXAEAYSLLKGGLN 
VAPXLTKIAAVAEDGE— PGVIYIGADGAGHT.TC-IVHI'IGIEYGDXGLIAEAYSLLKGGLN 
VAPXLTKIAAVAEDGE— PCVTYIGADaAGHY^.T'X-^-GJGIEVGDMQLXAEAYSlLKGGLN 
VAPXLKQIAAVAEDGE— PCVTYXGADGAGHY'vH-îVHMGIEYGK'îGLXAEAYALLh'GGLT 
VAPXLKQIAAVAEDGE— PCVTYX'GADGAGHlG.lC'^VH}:GXEYGDi<GLIAEAYALLX:GGLA 
VAPXLEQIAAPAEDGE— PGVAYXGADGAGHrv'tX-^KNGIEYGK-îGLIAEAïALIX'fGGLA 
VAPXLEQIAARAEDGE— PGVAYXGADGAGHTvTC'3AXHGXEYGDXGLIAEAYALLE:GGLA 
VAPXLKQIAAVAEDGE— PCVTYXGADGAGHy.3X-1VH:)GIEYGDXGLXAEAYSLLKGGLN 
VKP X LEAISAKVD-GE— PGTTYXGPDGAGHT.TC-IVrElGXEYGDXGLXSESYFX LE:QVLG
VEPIVRT lAAQVDDG------PCVTYXGPGGSGHY'/rC-:'/HXIGX EVGKXQ LXAEAVD L LKSVAG
LEPXLTKIAAQVEDPDNPAGVTFIGPGGAGHY'vTGA/'HGGIEYGtX-rGLIAEAYDILKNGLG 
AAPXLTKIAAQVE-GD— PGCVYXGPKGAGHr.TC'ZVXDJGIEYADXGLIAEAYTFLPEKLL 
IRPXVEAAA'iKADDGR— PCVTMNGSGGAGSC.-'rX-rirH:iSGEVAIL*GXWGEVFDXLP-AMG 

• ♦ • ♦ » » * * * » # * » » »
VAPXL2KIAAKAEDGENPPCVTYXGADGAGHYVKMVHNGXEYGDMQLIAEAYSLLKGGLG
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B a k e r s  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m e la n o g a ste r  
D ro so p h ila  s im u lan s  
C e r a t i t i s  c a p i ta ta  
Human 
S h eep
A c t in o b a c i l lu s  
H aem ophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e l la  b o y d i i  
S h ig e l la  d y s e n te r ia e  
S h ig e l la  f l e x n e r i  
S h ig e l la  so n n e i  
S a lm o n ella  typhim urium  
C itr o b a c te r  d iv e r s u s  
C itr o b a c te r  f r e u n d ii  
E sc h e r ic h ia  v u ln e r is  
E sc h e r ic h ia  c o l i  
K le b s i e l l a  pneumoniae 
K le b s i e l l a  p la n t ic o la  
K le b s i e l l a  te r r ig e n a  
C itr o b a c te r  a m a lo n a ticu s  
B a c i l lu s  s u b t i l i s  
Synechococcus  s p  
S y n e c h o c y s tis  s p  
B a c i l lu s  l ic h e n ifo r m is  
Trypanosoma b r u c e i

25 0  26 0  270 28 0  29 0  300
I I I I I I

f t d k e is d v f a k >;nng - v l d s f l v e it r d il k f d d - v - dg k plvek im ltag q :<st g k ;-.’t
FEDKEIGDVFATV.7«G-VLD3FLIFITRDILYYNDPT-DGKPLVEKIL0TAGQKGTGKV-/T 
MSCDESTDVFEK>.'NTG-KLD3FLIFITRDVLRYKA-D-DGfCPLVEKILSAAGQr;GTGK/rr 
ISADQMADEFGîC'.'NSA-ELDSFLIEITRDILKYKD-G-KG-YLLERIRDTAGQKGTGrG-rr 
iSADQMADEFGK'.CNSA-ELDSFLIEITRDILKYKD-G-KG-HLLERIRSTAGQK.GTGKV.'T 
ISQAEMATEFEK-^NSE-ELDSFLIEITRDILNYQD-D-RG-YLLERIRLTAGQKGTGiCvr 
>!AQDEMAQAFEDV.mT-ELD3FLIEITANILKFQD-T-DGKHLLPKIRr'SAGQKGTGK>rr 
IGHKEMAKAFEEV/NKT-ELDS FLIE ITASILKFQD-A-DGKHLLPKrRESAGQKGTGiGvT 
5SDDELQATFNEV.’RNT-ELDSYLIDITADILGYKD-A-DGSRLVDIC.-'Ll.TAGQKGTGK;-/T 
ESYEEMQAIFAEWKNT-ELDSYLIErTTDILGYKD-A-SGEPLVEKILETAGQKGTGKVrr
msyehmhhtftrv;n t g - r l h s y l ie it a a il a h q d - t - d g t p l l e k il d a a g q :<gtgr;vt
ISNEELAQTFTEV.’NNG-ELSSi'LISITKDIETKKDED— GNYLVDVILSEAANIE'GTGKVïT 
LSNEELAQTFTEV.’NNG-ELSSYLIC ITKDI FTKKDED— GNYLVDVILOEAANKGTGÎG-r: 
LSNEELAQTFTEViNNG-ELSS'fLID ITKDIFTKKDED— GNYLVDV ILCEAANF'GTGKV-rr 
LSNEELAQTFTEV/NNG-ELSSYLin ITKDI FTKKDED— GNYLVDVILCEAANKGTGK/JT 
LSNEELANTFTE'a'NNG-ELSS-YLIDITKDIFTKKDED— GNYLVDVILDEAANKGTGKwrr 
1SNEELAETFTEWNKG-ELN3YLIDITKDIFTKKDEE— GKYLVDVILDEAANF:GTGK/.C 
ISNEELATTFTE'a'NEG-ELSSYLIDITKDIETKKDEE— GKYLVDVILDEAANKGTGîG-r: 
LSNEELAQTFTEV.’NKG-ELSSYLIFITKDIFTKKDEE— GKYLVDVILDEAANIEGTGîG'rr 
ISNEELAQTFTEVJNEG-ELSSYLYDrTKDIFTKKDEE— GKYLVDVILEEAANKGTGÎG-.'T 
LSNEELAQT FTEV.’NEG-E LSS'YLI 3 1TKDIFTKKDEE— GKYLVDV : LDEAANKGTGKt'C 
1SNEELATTPIK>.’NEG-ELS3YLI3ITKDIFTKKDEE— •GKYLVDVILEEAANKGTGKVrr 
ESNEELATTETEV.TIOG-ELSSYLIDITKDIFTKKDEE— GKYLVDVILDEAANKGTGKJ-rr 
ESNEELATTFSEV.TIKG-ELSSYLiriTKDIFTKKDEE— GKYLVDVILDEAANFTGTGKV- 
1SADELHEVFAEV;NKG-ELDSYLIEITADIFTKKDEE-TGKPLVDVIL3KAGQKGTGK;-.T 
IJIASELHDVFAAV.’NKTPELOS FLIE ITADIFTKVDDLGTGQPLVEL ILDAAGQFGTGRVn 
ISNEQLHEVFGQV.’NQTDELNEFLIEISTDIFAKKDPE-TC-GHLIDYILEAAGCKGTGR'aG: 
LPIDEIADIFDTV.’NQG-ELKSYLIEITAEILRKKDER-TGAPLIDVILDKTGQKGTGKvr: 
ENNDEVAAVEEDV.'KSKNFLKSil'ILE 13 lAAARAKDKD— GSYLTEm-’MDRIGSKGTGLWS

P rim a ry  c o n s e n s u s LSNEELAQT FTEIVN2G3EL2SYLIDITKDIFTKKDEEGDGKYLVDVILDEAGQKGTGKWT
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B a k e r s  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m e lan ogascer  
D ro so p h ila  sim u la n s  
c e r a c i c i s  capiCaCa 
Human 
S h eep
A c c in o b a c il lu s  
Haemophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e l la  b o y d i i  
S h ig e l la  d y s e n c e r ia e  
S h ig e l la  f l e x n e r i  
S h ig e l la  so n n e i 
S a lm on ella  cyphimurium  
C iC robacC er d iv e r s u s  
C ic ro b a c c e r  f r e u n d i i  
E sc h e r ic h ia  v u ln e r i s  
E sc h e r ic h ia  c o l i  
K le b s i e l l a  pneum oniae 
K le b s ie l la  p la n c ic o la  
K le b s i e l l a  c e rr ig e n a  
C ic ro b a c c e r  am alon acicu s  
B a c i l lu s  s u b c i l i s  
Synechococcus  s p  
S y n e c h o c y sc is  s p  
B a c i l lu s  l ic h e n if o r m is  
Trypanosoma b r u c e i

310 320 330 340  350  360
I I I I I I

AINALSL^PVTLIGEAVFA-FCLSALFIJERIRASKVLPGPEVP KDAVKDREQr/DD
AVNAISLGIPVTL IGEAvFSSCLSAMr^AEPVEASKALKGPQVTG ESPITDKKQFIDD
AQNAL£»3TPVSLITE.AVFA?CLSSLKSE?.VRASKKLTGPNTK------------FTGDKKQLIDD
AIAAiCYGVPVTLIGE.-.VFSSCLSALr:DERVQASSVLKGPSTK AQVANLTKFIDD
AIAA10YGVPVTLIGE.AVFSPCLSALKDEP.VQASSVLKGPSTK AEVANLTKFIDD
AISALQY'GVPVTLIGEAVFSRCLSALMDEP.VAASKQLKGPNVN AKVEDLPKFLNH
AISA1=:YGVPVTLIGEAVFA?CLSSLKDE?.IQASKKLKGPQKF QFDGDKKSFIED
AISALEY'SVPVTLIGEAVFAP.CLSSLKDEP.IQASKKLKGPQNI PFEGDKKSFIED
GINALCFGIPLTLITESVFARCVSAFr^QRVAASKLFHKTIGK----------- VEGDKKVWIEA
GINALB FGI PLTLITES^/FAPCVSS FKDQHVAANQLFGKTITP----------- VEGDKKVWIEA
CVAALEEGSPLTLITESVMARSLSAQKQARCKAHRVPGSPVKVSKAETLSAQQREELVSA
SQSAI.-LGEPLSLITE3VFA?YISSLKDQ?VAASKVLSGPQAQPAG----------- NKAEFIEK
SQSAI.GLGEPLSLITES^vFA?.YI3SLF:DQ?.VAASKVLSGPQAQPAG------------DKAEFIEK
SQSALCLGEPLSLITESVFASYISSLf.'DQRVAASKVLSGPQAQSAG------------DKAEFIEK
SQSALDIj3EPLSLITEo".'FA?.YISSLKDQ?.VAASKVLSGPQAQSAG----------- DKAEFIEK
SQSALDLGEPLSLITESVFARYISSLIGiQRVAASKVLSGPKAQPAG------------DKAEFIEK
SQSSLDLGEPLSLITE3VFAPYISSLKEQP.VAASKVLSGPKAQLAG------------DKAEFIEK
SQSS13LGEPLSLITES",-FA?.YI3SLKDQ?.VAASKVLSGPQAKLAG------------DKAEE.'EK
SQSSL3LGEPLSLITESVFAPYISSLKEQPVAASKVLSGPQSQPAG------------DKAEFIEK
SQSS13L'3EPLSLITE.'-r-’FP?.YI3SLKDQRVAASKVLSGPQAQPAG------------DKAEFIEK
SQSS1DLGEPLSLITE3VFARYISSU:DQRVAASKVLSGPQAQPVG------------DKAGFIEK
SQSS13L'3EPLSLITE3'/FA?.YXSSLKD(2?,VAASKVLTGPKAQPAG------------DKAEF̂ .̂ EK
SQSSlDLGEPLSLITEr.-FARYISSLirDQRVAASKVLTGPQAQPAS------------DKAEFIEK
SQSSLDLGEPLSLITESVFARYISSLKTQRVAASKVLTGPQAQPAG------------DKAEFIEK
SQSA12LGVPLPI ITEr/FA=.FI3AMrTERVKASGLLSGPEVKPVTE NKEELIEA
VETALEIGVAIPTIIAA.VNARILSSIrG^ERQAASEILSGPITEPFSG DRQAFIDS
VMSGLEL'IVPIPTIYA.Av'NAP.VMSSLKEEP.VAASGQLSGP-SKTFSG DVEAWIPK
SLQAI3NGIPSSIITESIFARYL3SLKDERTAAENVLAGPETEERPL DQNVWIER
AQEAI^IGVPAPSLNM.AWS?QF7MYKTE?.QANASNAPGITQSPGYTLKNKS?SGPEIK2

P rim a ry  c o n s e n s u s SQSALDLGEPLSLITESVFARYISSLKDQRVAASKVLSGPQAQPAG24AFVGDKAEFIEK
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370 380 390 4 00

B a k e r s  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m e la n o g a ster  
D ro so p h ila  sim ulans  
C e r a t i c i s  c a p ita  ta  
Human 
S h eep
A c t in o b a c i l lu s  
H aem ophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e l la  b o y d i i  
S h ig e l la  d y s e n te r ia e  
S h ig e l la  f le x n e r i  
S h ig e l la  son n ei 
S a lm o n e lla  typhimurium  
C itr o b a c te r  d iv e r s u s  
C itr o b a c te r  f r e u n d ii  
E sc h e r ic h ia  v u ln e r is  
E sc h e r ic h ia  c o l i  
K le b s i e l l a  pneumoniae 
K le b s i e l l a  p la n t ic o la  
K le b s i e l l a  te r r ig e n a  
C itr o b a c te r  a m a lon a ticu s  
B a c i l lu s  s u b t i l i s  
S ynechococcus  sp  
S y n e c h o c y s tis  sp  
B a c i l lu s  l ic h e n ifo r m is  
Trypanosoma b ru c e i

lEQALYASKI ISYACGFMLIREAAATYGÎiTCLNNPAIALMV.'P.GGC 
1EQALYASKIIS7'T'3GFMLMNQAAKDYG>.'KLNNAGIALMWRGGC 
lEDALYASKI ISVACGFMLMREAAKEYa^KLNNAGIALMVnîGG' 
:KHAI.YCAKIVSYA'^FMLMREAARENIC<RLNYGGIAU4;VRGGC 
IKRAlYCAKIVSVACGrMLMREARRENKWRLNYGGIALMWPGGG 
IKHALYCSKIVSYACGFMLMREAAKENNKNLNYGGIAIMv-JF.GG-: 
IRKAJ^YASKI ISVACGFMLLRQAATEFG>.TLNYGGIALMVÎRGGC 
: RKALYASKIISYACGFMLLROAATEFGZVTLNYGGIAIMI-JFGG 
•■.TyCALLASKIISYA^GFMLIREASEHFNV.'NINYGm’ALLWREGC 
VRKALLASKI IS  YACGFMLIREASEQPGIVD INYGATALL'//FE; 
lEDAlYCAKIVSYAQGFELLSHTAKRRG'.TLDFSRIASLV/F-GGC 
iTyiAlYLGKIVSVACGFSQLRAASEEYN>;DLNYGEIAKIFRAGC 
■7RRA-LYLGKIVSYACGFSQLRAASEEYN:\DLNYGEIAKI FFAGC 
i'RSAI.YLGKIVSVA'I^GFSQLRRASEEYNV.-DLNYGEIAKIFRAGC 
'vTCLALYLGKIVSYACGFSQLRAASEEYRVDLNYGEIAKIFFAG 
\'RRALYLGKIVSYA']GFSQLRAASDEYH:','DLNYGEIAKIFPAG: 
'.TIRAZYLGKIVSYACGFSOLRAASDEYNIVDLNYGEIAKIFFAG': 
i^RRAZYLGKIVSYAQG FSQLRAAS DEYITv DLNYGEIAKIFFAG 
iTUtAI.YLGKIVSYACGFSQLRAASEEYN>;DLNYGErAKIFRAGC 
VT^R.A1YLGKIVSYACGFSQLRAASDEYNIVELNYAEIAKI FPAGC 
i'RRALYLGKIVSYA^FSQLRAASDEYN^-.’DLNYGEIAKIFPAGt 
VRRAIYLGKI VSYACGFSQLRAASNEYNnVDLNYGEIAKI FPAGC 
v'RR/vLYLGKIVSYACGFSQLRAASNEYS^VDLNYGEIAKIFPAGC 
t'RRALYLGKIVS VA'CG FSQLRAASDEYNV.'DLNYGEIAKI FRAGC 
CRKACmSKICSYAQGFAQMKAASEEYNlVDLKYGEIAMI FP.GGC 
•■.■•RDA CYCSK r CS VA'3Gi-tALIAKASQVYNYGLNLGELARIV/FGG; 
'vTU3.ACYCSKI-!CS'rAC<3'IALIAKASQEPG’îDv'NLPEIARIWKGG' 
v'RQAlYMGîC/CAYA'^FAQYKMTSDLNG.-.’HLPLKDIALIFRGCC 
lYDSVCIAII SC: ACMFQCLREMDKVHNFGLNLPAT lAT FPAGC

4 1 0  420
1 I

IPEVFLGOITKA'IRE 
I I  P.SVFLAEITAAYRK 
IIRSVFLKDITEAFRE 
11 RSVFLGNIKDAiTS 
IIRSVFLGNIKnA'FTS 
IIRSVFLGNIKDAiTR 

IRSVFI.GKIKDAFDR 
IIPSVFLGKIKDAFCR 
IIRSRFLGNIRDAi-EA 

I RSRFLGNI RDA'ÆA 
I  IP.SGFI. SKISAAFAQ 
:  IPAQFLQKITDAYAE 
IIPAQFLQKITDAYAE 

IPAQFLQKITDAYAE 
I IPAQFLQKITDAYAE 
11PAQFLQKITDAYAE 
I  IPAQFLQKITDAYAE 
I  IPAQFLQKITDAYAE 

I PAQFLQKITDAYAE 
IIPAQFLQKITDAYAQ 
11PAQFLQKITDAYAQ 
I IPAQFLQKITDA'YEQ
I  IPAQFLQKITDAi-EE 

IPAQFLQKITDAYAE
IIPAAFLQKIKEAYDR
I I  PAGf-LNKIKQAYDA 
11 PAG FLDKIKKAFKD 
IIPAQFLNLISEVi-EK

QGYLLKP:-!TEAFEK

P rim a ry  c o n s e n s u s VRRALYLGKIVSYAQGFSQLRAASEEYNWDLNYGEIAKIFRAGCI IPAQFLQKITDAYAE
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430 440 450
I

4 60 470 480
I

B a k ers y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D rosoph ila  m e la n o g a s te r  
D rosoph ila  s im u la n s  
C e r a c ic is  ca p ica ca  
Human 
S h eep
A c c in o b a c il lu s  
Haemophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e lla  b o y d i i  
S h ig e lla  d y s e n c e r ia e  
S h ig e lla  f l e x n e r i  
S h ig e lla  son n ei 
Salm onella  cyphimurium  
C icro b a ccer  d iv e r s u s  
C itr o b a c te r  f r e u n d i i  
E sch er ich ia  v u ln e r i s  
E sch er ich ia  c o l i  
K le b s ie l la  pneum oniae  
K le b s ie l la  p la n c ic o la  
K le b s ie l la  C errigen a  
C icro b a ccer  a m alon acicu s  
B a c il lu s  s u b c i l i s  
Synechococcus  s p  
S y n ech o cysc is  s p  
B a c il lu s  l i c h e n i f o r m is  
Trypanosoma b r u c e i

P rim ary  c o n s e n s u s

EPDLENLLFNKFFADAVTKAQSGWRKS ZALAT-TYGIPTPAFSTALSFYDGYRS-ERLPA 
KPDLENLLLYPFr-NDAITKAQSGWKAS vGKAI-QYG I PTPAFSTALArY'DGLRS-ERLPA 
DPNLESILFHPFFTNGVEKAQAGWPWv'AQAA-MLGIPVPATSTGLSFYDGYRS-AVLPA 
QPELSNLLLDDFFKKAIERGQDSWKFV"/ANAF-RWGIPV?ALSTALSrifDGYRT-AKLPA 
QPQLSNLLLDDFFKKAIERGQDSWPEV'/ANAF-RWGIPVPALSTALSFYDGYRT-AKLPA 
NPQLSNLLLDDFFKKAIEVGQNSWP.QWANAF-LWGIPVPALSTALSFYDGYRT-EKLPA 
NPELQNLLLDDFFKSAVENCQDSWPRAVSTGV-QAGIPMPCFTTAI-SFYDGYRH-EMLPA 
NPGLQNLLLDDFFKSAVENCQDSWPEAISTGV-QAGIPMPCFTTALSnrDGYRH-AMLPA 
NPDLIFLGSDSYFKGILENAMSDWRK\Tv’AKSI-EVGIPM?CMA3AITFLDGYTS-ARLPA 
NPNLVFLGSDSYFKGILENALSDWPEV/AKSI-EVGIPMPCMAEAITFEDGYTS-ARLPA 
QHDLENLVLAPFFAEELKRACPGWRTIVAESV-RQAI.PVPALSAALAWFDGFTG-AALPA 
NPQIANLLLAPYFKQIADDYQQALPDWAYAV-QNGIPVPTFAViVT^i-YDSYRA-AVLPA 
NPQIANLLLAPYFKQIADDyQQAL?.DWAYAV-QNGIPV?TEAAA\.'A-fYDSYRA-AFLPA 
NPQIANLLLAPYFKQIADDYQQALFDWAYAV-QNGIPVrTFA=AVAi-YDSYRA-AVLPA 
NPQIANLLLAPYFKQIADDYQQAL?.DVvAYAV-QNGIPV?TFAAAVA''YDSYRA-AVLPA 
NAD lANLLLAPYFKKEADEYQQALKDWAYAV-QNG IPVPTFSAAVAVYDS YRA-AVLPA 
NAGIANLLLAPYFKKIADDYQQALPDV'/AYAV-QNGIPVPTFSAAVA'r'YDSYRA-AVLPA 
NKGIANLLLAPYFKNIADEYQQALP.DVvAYAV-QNGIPVPTFSAAVA'iYDSYRS-AVLPA 
TPAIA^LLLAPYFKQIADDYQQALPDWAYAV-QNGIPVPTPG-AVAYYDSYRA-AVLPA 
NAGPANLLLAPYFRQIADDYOQALP.DVvAYAV-QNGIRVPTFSAAIA'fYDSYRS-AVLPA 
NAG lANLLLAPYFKQIADDYQQALKDWAYAV-QNG IPVFTVSAAI Ai-YDSYRS-AVLPA 
NAGIANLLLAPYFKQIADEYQQALP-DVvAYAV-QNGIPVPTFSAAIA’iYDSYRS-AVLPA 
NAGiANLLLAPYFKQIADEYQQALRDWAYAV-QNGIPVPTFSAAIAiTDSYRS-AVLPA 
NPAiANLLLAPYFKQIADDYQQALPDV’/SYAV-QNGIPVPTFS-AVAi'YDSYRA-AVLPA 
EPELDNLLLDSYFKNIVESYQGAL?.QVrSLAV-AQG".WPSFSSALA’iYDSYRT-AVLPA 
DPT LAN LLLAPE FRQTILDRQLRWPRVIAIAA-ERGI PVFAFS^E LDY FDS YR— ASPAQ 
NPQLPNLLLAPEFKQSILDRQGPWPEVLMLAN-EMGIAVPAFSSSLDYFDSYRR-AVLPQ 
QPDLSNLLVAPDFAEKLKEYQSGIRK\r.'CEGI-SSGISET'CLSTALSYTDGYRT-GRSNA 
NPN: SNLMCA—  FQTE IRAGLQNYP.DM^/ALITSKLEVS IPVLSAS LN'i'VTAJ^FT PTLKYG

NP2 LANLLLAPYFKQIADDYQQALRDWAYAVSQNGIPVPTFSAALAYYDSYRSPAVLPA
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4 90
I

500 510 520 530

B a k e r s  y e a s t  
Candida a lb ic a n s  
F i s s i o n  y e a s t  
D ro so p h ila  m e la n o g a ster  
D ro so p h ila  sim u lan s  
Cera d e l s  c a p ita  ca 
Human 
S h eep
A c t in o b a c i l lu s  
Haemophilus in f lu e n z a e  
Treponema p a llid u m  
S h ig e l la  b o y d i i  
S h ig e l la  d y s e n te r ia e  
S h ig e l la  f le x n e r i  
S h ig e l la  s o n n e i  
S a lm o n e l la  typhim urium  
C itr o b a c te r  d iv e r su s  
C itr o b a c te r  f r e u n d ii  
E sc h e r ic h ia  v u ln e r is  
E sc h e r ic h ia  c o l i  
K le b s i e l l a  pneumoniae 
K le b s i e l l a  p la n c ic o la  
K le b s i e l l a  ce rr ig en a  
C itr o b a c te r  am a lo n a ticu s  
B a c i l lu s  s u b t i l i s  
Synechococcus  sp  
S y n e c h o c y s tis  sp  
B a c i l lu s  l ic h e n ifo r m is  
Trypanosoma b ru c e i

P r im a r y  c o n s e n s u s

NIXQAQR2YF3AHTFRVLPECASDNLPVDKDIHINWTGHGGNVSSSTYQA 
M LLQAQRB Y FGAHT FKVLPGQENELLKKDEWIHINWTGRGGDVSSTTYDA 
NLLQACRDYrOAHTFRVLPEAADKSLPADKDIHINWTGHGGNISATTYDA
NLLQAORPYFGAHTi'ELLG------------QEGQFHHTNWTGTGGNVSASTYQA
NLLQAQRDYFGAHT/ELLG------------QEGQFHHTNWTGTGGNVSASTYQA
NLLQAQRDYFGAHTi'ELLG------------AEGKEVHTNWTGTGGNVSASTYQA
SLIQAQRCYFGAHTz-ELLA------------KPGQFIHTNWTGHGGTVSSSSYNA
NLIQAQRlYFGAHT-rELLA------------KPGQFIHTNWTGHGGSVSSSSYNA
N LLQAQRS Y FGAHTY'ERT DK----------PRGE FFHTNWTGRGGNTASTTYDV
NLLQAQRDYFGAHT'YERTDK---------- PRGE FFHTNWTGRGGNTASTTYDV
MLLQAQRDYFGAHTi'ERTD----------- APRGEFFHTNWTGTGGDT lAGTYS I
NLIQAQRDYFGAHTYKRI--------------------------------------------------------------
NLIQAQRDYFGAH’Ti'KRI--------------------------------------------------------------
NLIQAQRDYFGAHTi'KRIDKEGV--------------FHTEWLD-------------------------
NLIQAC-RCYFGAHTiKRI---------------------------------------------------------------
NLIQAQRDYFGAHTt'KRTDFŒGI--------------FHTEWLE-------------------------
NLIQAQRDYFGAHT'iTKRT--------------------------------------------------------------
NLIQAQRDYFGAHT'YKRT--------------------------------------------------------------
NLIQAQRDYFGAHTr-KRT--------------------------------------------------------------
NLIQACRDYFGAHT'iT<RTDKEGV--------------FHTEWLE-------------------------
NLIQAQRDYFGAHTi'KRTDKEGV-------------- FHTEWLE-------------------------
NLIQAQRCYFGAHTYKRT--------------------------------------------------------------
NLIQAQRTYFGAHTiKRT--------------------------------------------------------------
NLIQAQRLYFGAHT'rKRT--------------------------------------------------------------
NLIQAQRDYFGAr-T i-ERTOKEGI-------------- FHTEWMK------------------------
NLTQAOR-YFGAHTrERTDRSGS-------------- FHAQWF--------------------------
NLTQACRLYFGAHT'rERTDKPRGE----------- FFHTEWLD-----------------------
NLLQAQAf.YFGAHTiERTDMEGV-------------- FHTDWY--------------------------
QLVSLQRLVFGRHG'YERVDKDGR-------------- ESFQWPELQ--------------------

NLIQAQRDYPGAHTYKRTDKEGVE3LP2G2FFHTNWTG2GGNVSSSTY2A

A lig n m en t length : 5 3 0  
Identity (* )  : 2 7  is 5 .0 9  %  
S tron g ly  sim ilar  (:) : 34  is 6 .4 2  %  
W eak ly  sim ilar  (.)  : 16 is 3 .0 2  %  
DifFerent : 4 5 3  is 8 5 .4 7  %
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