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A complete initial velocity study of the 6-phosphogluconate dehydrogenase from 

Candida utilis in both reaction directions suggests a rapid equilibrium random kinetic 

mechanism with dead-end E:NADP:(ribulose 5-phosphate) and E:NADPH:(6-

phosphogluconate) complexes. Initial velocity studies obtained as a function of pH and 

using NAD as the dinucleotide substrate for the reaction suggest that the 2'-phosphate is 

critical for productive binding of the dinucleotide substrate. Primary deuterium isotope 

effects using 3-<i-6-phosphogluconate were obtained for the 6-phosphogluconate 

dehydrogenase reaction using NADP and various alternative dinucleotide substrates. At all 

pH values and with all dinucleotide substrates tested, isotope effects on V and V/K for each 

substrate are equal confirming that the kinetic mechanism is rapid-equilibrium random and 

pH independent. The pH dependence of kinetic parameters and dissociation constants for 

competitive inhibitors was determined in order to obtain information on the chemical 

mechanism for the 6-phosphogluconate dehydrogenase reaction. A mechanism is proposed 

in which an active site general base accepts the proton from the 3-hydroxyl concomitant 

with hydride transfer at C-3; the resulting 3-keto intermediate is decarboxylated to give the 

enol of ribulose 5-phosphate, followed by tautomerization of the enol to the keto product 

with the assist of a second enzyme residue acting as a general acid. Isotope effects on V/K 

for 6-PG and NADP were obtained as a function of pH. Isotope effects on V/K are 

essentially pH independent below a pH of 8 and decrease to approach unity at high pH. 

Results are consistent with a mechanism in which a pH-dependent step precedes hydride 

transfer and are suggestive of a mechanism in which the hydroxyl of C-3 may be 

deprotonated prior to the hydride transfer that presumably produces the 3-keto-

intermediate. 
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CHAPTER I 

INTRODUCTION 

The selective and specific rate enhancements caused by the action of enzymes 

makes them excellent for studies at a basic level whereby the kinetic and chemical 

mechanism for the catalyzed reactions are elucidated. Characterization of the kinetic 

mechanism essentially involves i) determining the order of addition of reactants and the 

release of products to and from the enzyme active site (should such a preference exist) and 

ii) locating the rate-limiting step(s) along the reaction pathway. Characterization of the 

chemical mechanism essentially involves i) determining the acid-base chemistry of the 

enzyme-catalyzed reaction, ii) determining intermediates along the reaction pathway, and 

iii) determining the possible transition state structure(s) of the enzyme-catalyzed reaction. 

The devolopment of steady-state kinetic techniques (e.g. Cleland, 1963,1967a) and the 

development of fundamental theories (e.g. Cleland, 1967b, 1970) have aided tremendously 

the elucidation of kinetic, as well as chemical mechanisms. 

There are several enzymes responsible for catalyzing the pyridine nucleotide-linked 

oxidative decarboxylation of p-hydroxy acids among which include malic enzyme, 

isocitrate dehydrogenase, and 6-phosphogluconate dehydrogenase. The general reaction 

catalyzed by this class of enzyme is shown in equation 1 where Rj is -H, -OH, or -

CH2C02" and R2 is -C02 or -CH(0H)CH(0H)CH20P03\ 

1 
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(1) 

6-Phosphogluconate dehydrogenase (EC 1.1.1.44) catalyzes the reversible 

oxidative decarboxylation of 6-phosphogluconate to ribulose 5-phosphate and C02 with the 

concomitant generation of NADPH. This reaction is similar in nature to isocitrate 

dehydrogenase and malic enzyme in that all three yield a ketone, CO2 and NAD(P)H as 

products. However, unlike these other enzymes, 6-phosphogluconate dehydrogenase does 

not require the presence of divalent metal ions for activity (Pontremoli et al., 1961; Siebert 

et al., 1957; and Rutter & Lardy, 1958). There are significant similarities in the mechanism 

of the three enzymes listed above and these will be discussed in detail later. 

Physiological Significance of6-Phosphogluconate Dehydrogenase. An alternative 

route for the metabolism of glucose other than glycolysis is the pentose phosphate pathway 

which is shown in Figure 1. A series of enzymes independent of those of the glycolytic 

pathway act in concert with certain glycolytic enzymes and can account for the complete 

oxidation of glucose to COj. The pentose phosphate pathway can be divided into two 

phases: the oxidative phase and the nonoxidative phase. The pathway begins with the 

oxidative portion of the pathway starting with the dehydrogenation of glucose-6-phosphate 

with NADP as the electron acceptor catalyzed by glucose-6-phosphate dehydrogenase. The 

addition of water converts the product, 6-phosphoghiconate-8-lactone, to 6-phospho-

gluconate. This molecule undergoes oxidative decarboxylation, catalyzed by 6-phospho-

gluconate dehydrogenase, using NADP as the electron acceptor to yield ribulose-5-

phosphate, NADPH, and CX>2- At this stage, two enzymes interconvert three different 

pentose phosphates. Phosphopentose isomerase interconverts ribulose-5-phosphate and 



Figure 1. Pentose phosphate pathway 
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ribose-5-phosphate, thus catalyzing the interconversion of a ketopentose phosphate and an 

aldopentose phosphate. Phosphopentose epimerase catalyzes the epimerization of the 3-

hydroxyl in ribulose-5-phosphate to yield xylulose-5-phosphate. The remaining 

interconversion steps function to allow six molecules of pentose phosphate to rearrange 

their carbon skeletons to generate five molecules of hexose phosphate so that the cycle can 

repeat itself. Of these remaining interconversion steps, three are specific to the pentose 

phosphate pathway and are catalyzed by transketolase and transaldolase. The former 

enzyme catalyzes two of the three requisite interconversions. The first step involves the 

conversion of four hexose phosphates (two xylulose-5-phosphates and two ribose-5-

phosphates) to two heptose phosphates (sedoheptulose-7-phosphate) and two triose 

phosphates (glyceraldehyde-3-phosphate) which is catalyzed by transketolase. The first 

three carbon atoms of sedoheptulose-7-phosphate are then transferred to glyceraldehyde-3-

phosphate yielding two fructose-6-phosphate molecules by the action of transaldolase. The 

remaining product from sedoheptulose-7-phosphate is erythrose-4-phosphate. In the last 

interconversion reaction, the first two carbons of two xylulose-5-phosphate molecules are 

transferred to two erythrose-4-phosphate molecules by transketolase to yield two fructose-

6-phosphate and two glyceraldehyde-3-phosphate molecules. The two glyceraldehyde-3-

phosphate molecules can then be converted to fructose-6-phosphate by the gluconeogenic 

pathway. The five fructose-6-phosphate molecules produced can be converted to glucose-

6-phosphate by phosphoglucosisomerase. The overall reaction for one complete cycle of 

the pentose phosphate pathway carried out on six molecules of glucose-6-phosphate is 

shown in equation 2 and 3, respectively: 

6 glucose-6-phosphate + 12 NADP+ + 6 H20 + MgADP > 

5 glucose-6-phosphate + 12 NADPH + 12 H+ + 6 C02 + MgATP (2) 

or 



glucose-6-phosphate + 12 NADP+ + 6 H20 +MgADP > 

12 NADPH + 12 H+ + 6 C02 +MgATP (3) 

There maybe up to five advantages conferred upon a cell that is capable of 

metabolizing sugars via the pentose phosphate pathway. First, this pathway, which occurs 

in the cytoplasm of a eukaryotic cell rather than in the mitochondrial matrix, generates 

NADPH instead of NADH, and the former cofactor is the primary reduced pyridine 

nucleotide used for biosynthetic purposes. The pentose phosphate pathway also plays a 

critical role in erythrocytes; the NADPH produced reduces glutathione which in turn is used 

to reduce hydrogen peroxide. The NADPH produced also aids in preventing unsaturated 

fatty acids in the red blood cell membrane from reacting with hydrogen peroxide to form 

other peroxides and in maintaining hemoglobin in the ferric state. Second, ribulose-5-

phosphate is the primary source of the pentose phosphates, of ribose and deoxyribose, 

which are constituents of ribonucleotides and deoxyribonucleotides, respectively. As 

stated previously, ribose 5-P is formed through the oxidative portion of the pentose 

phosphate shunt or from fructose 6-phosphate and glyceraldehyde via the non-oxidative 

portion of the pentose phosphate shunt. Phosporibosyl pyrophosphate (PRPP) is formed 

from ribose 5-P and ATP by PRPP synthetase. The levels and availability of PRPP are 

determined in part by the activity of PRPP synthetase and the levels of ribose 5-P, which 

are directly related. Third, the pentose phosphate pathway allows for the metabolism of 

trioses, tetroses, pentoses, hexoses, and heptoses while only trioses and hexoses feed into 

the glycolytic pathway. Fourth, this pathway allows the interconversion of trioses, 

tetroses, pentoses, hexoses, and heptoses and thus this pathway is more versatile than the 

glycolytic pathway. Finally, in autotrophic organisms, the dark reaction of photosynthesis 

which allows the synthesis of glucose from C02 utilizes some of the enzymes of the 

pentose phosphate pathway. These considerations suggest evolutionary pressure for the 



maintenance of a second carbohydrate metabolic pathway in a cell. 

Regulation of the Pentose Phosphate Pathway. The versatility of the pentose 

phosphate pathway is depicted in Figure 2. The interplay between the oxidative and 

nonoxidative enzymes of the pentose phosphate pathway allows a cell to produce and 

interconvert metabolic intermediates that fit the needs of the cell. The decision to use which 

pathway in proliferating cells is determined largely by the quantity of available 

carbohydrates. For example, at high glucose levels, 80% of the total ribose is formed by 

the non-oxidative portion of the pentose phosphate pathway. At limiting glucose 

concentrations, all ribose 5-P is formed via the oxidative pentose phosphate pathway 

thereby generating a maximum amount of NADPH. To ensure sufficiendy high ribose 5-P 

production under these conditions, NADP is generated from NADPH by the pyrroline-5-

carboxylate reductase reaction converting A^pyrroline-S-carboxylate to proline which can 

be excreted. 

Mammalian glucose-6-phosphate dehydrogenase is strongly inhibited by NADPH, 

6-phosphoglucono-8-lactone, and by acyl CoA derivatives such as stearoyl CoA (Cjg), 

palmitoyl CoA (C16), and myristoyl CoA (C14). The active enzyme is a dimer and these 

fatty acyl derivatives cause it to dissociate to the inactive monomers. Regulation of the 

pentose phosphate pathway by fatty acyl CoA derivatives is reasonable from a 

physiological standpoint since these derivatives are the end product of the fatty acid 

biosynthetic pathway and NADPH, produced by the pentose phosphate pathway, is used in 

fatty acid biosynthesis. Inhibition of the pathway by the end-products of fatty acid 

biosynthesis is a prime example of feedback inhibition. 

Studies examining the regulation of the synthesis of glucose-6-phosphate 

dehydrogenase and 6-phosphogluconate dehydrogenase in rat liver and adipose tissue have 

focused on the induction of these enzymes by different diets and various hormonal agents. 



Figure 2. Metabolic regulation of the pentose phosphate pathway. 
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In rat liver, the activities of these two enzymes appears to be regulated by a mechanism 

involving changes in NADPH requirements (Machado et al., 1990). An increase in the 

consumption of NADPH by either fatty acid synthesis or detoxification systems that use 

NADPH is paralleled by an increase in the levels of these enzymes. When the increase in 

consumption of NADPH is prevented, the levels of glucose-6-phosphate dehydrogense and 

6-phosphogluconate dehydrogenase do not change. 

Carbon Dioxide Chemistry. One goal of the enzymologist dealing with carbon 

dioxide as a substrate and/or product is to understand how enzymes catalyze carboxylations 

and decarboxylations. A major concern is the chemical mechanism of the reaction; that is, a 

complete description of the intermediates that occur along the reaction pathway and the 

chemical transformations that connect these inter-mediates. A second concern is the 

mechanistic strategy of the reaction; that is, a complete description of the underlying 

catalytic forces and effects used by the enzyme to achieve the rate acceleration and 

specificity observed. Several catalytic forces are involved in carboxylation and 

decarboxylation reactions. Like all catalysts, enzymes increase the rate of attainment of 

equilibria but they do not alter equilibrium constants. The first limitation on carboxylations 

and decarboxylations is the thermodynamic limitation which can be circumvented by 

coupling unfavorable equilibria to favorable equilibria. For example, this is achieved in the 

carboxylation of pyruvate by malic enzyme in which oxaloacetate is formed initially and 

then immediately reduced to malate. (A more complete discussion of malic enzyme will be 

presented below). Most carboxylations and decarboxylations involve anionic intermediates 

and the stability of the anion is an important factor in determining reaction rates. An 

unstable anion will be very reactive toward CO2 but it will be difficult to form while a 

stable anion will be less reactive toward CO2 but will be easier to form. In the case of 

decarboxylations, the negative charge produced in the decar-boxylation step may be 

neutralized by some distal positive charge. This occurs in the case of Schiff base-
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dependent decarboxylations and metal-dependent decarboxylations. The third factor to 

consider is with respect to CO2. Very little is known about the binding of CO2 to enzymes. 

Although carboxylases generally show saturation kinetics with respect to CO2, this does 

not necessarily require the existence of a stable enzyme:C02 Michaelis complex. In fact, it 

is likely that CO2 binds poorly or not at all to most enzymes. Of the two possible carbon 

substrates for carboxylation reactions, CO2 is much more reactive than HCO3' but its 

concentration is never high and its ability to bind to enzymes is probably limited. HCO3", 

on the other hand, is more abundant and has the potential for better binding to enzymes, but 

it is not very reactive. Different enzymes use different strategies to circumvent this 

problem. The most creative solution includes the mechanism of the biotin-dependent 

carboxylases which bind HCO3' but then convert it into CO2 prior to the carboxylation 

step. The interconversion of C02, which is nonpolar and noncharged, and a carboxyl 

group, which is polar and charged, is very sensitive to solvation. A polar environment 

favors carboxylation while a nonpolar enviroment favors decarboxylation. In a 

decarboxylation reaction, the enzyme is required to desolvate the carboxyl group prior to or 

concomittant with the decarboxylation step. This desolvation may be accomplished when 

the substrate binds to the enzyme and as such, binding energy is used to overcome a kinetic 

barrier to the reaction. 

As mentioned above, enzymes use a variety of strategies to catalyze carboxylation 

and decarboxylation reactions. However, there are recurrent themes in these strategies. 

For example, the interconversion of pyruvate and oxaloacetate illustrates several different 

mechanisms to achieve the same end. Oxaloacetate decarboxylase converts oxaloacetate to 

pyruvate by the use of only metal ion coordination in which the enzyme-bound metal 

chelates to the a-carboxyl and the keto carbonyl of the substrate prior to decarboxylation. 

Malic enzyme operates in two steps: oxidation of malate to enzyme-bound oxaloacetate, and 

the decarboxylation of oxaloacetate to pyruvate and CO2. The conversion of enzyme-
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bound oxaloacetate to pyruvate and CO2 apparently occurs mainly by the metal-

coordination of the a-carboxyl and the keto carbonyl as with oxaloacetate decarboxylase. 

Phosphoenolpyruvate carboxylase catalyzes the direct carboxylation of pyruvate to form 

oxaloacetate. Although this reaction is highly unfavorable, the enzyme uses phospho-

enolpyruvate as the substrate to make the reaction thermodynamically favorable such that 

enolate formation is shielded from solvent, and this offers a thermodynamically favorable 

enviroment for the carboxylation step. The substrate for the carboxylation is HCO3" rather 

than CO2. Phosphoenolpyruvate carboxylase achieves a high concentration of CO2 at the 

active site of the enzyme by using HCO3" and using the phosphate bond energy of 

phosphoenolpyruvate to dehydrate it. Protection of the active site from solvent is also 

important in order to ensure that CO2 is available for reaction with the enolate rather than 

dissociating. Similarly, phosphoenolpyruvate carboxykinase catalyzes the formation of 

oxaloacetate from pyruvate. However, in this case, the phosphate is transferred to a 

nucleotide diphosphate forming a nucleotide triphosphate to form an enolate which then 

reacts with CO2. Also, this is one of the few enzymes for which there is evidence for the 

existence of an enzyme-C02 complex. 

A number of carboxylases function by means of covalently bound biotin in which 

these enzymes use HCO3" instead of CO2 as the substrate. In these reactions, a metal ion 

is also involved. The use of HCO3" enables biotin-dependent carboxylases to operate more 

effeciently with a one carbon substrate than would be the case if they operated with CO2. 

Mechanisms of biotin-dependent reactions invariably involve two separate sequences and 

two separate enzyme sites. The first sequence begins with the reaction of ATP with HCO3" 

to form carboxyphosphate. In the second step, carboxyphosphate reacts with biotin to 

form N-carboxy-biotin. After completion of the first sequence, carboxybiotin moves to the 

second site where the carboxyl group is transferred. The simplest mechanism for this step 

is that carboxybiotin initially decarboxylates to give CO2 and a nitrogen anion. This anion 
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abstracts a proton from the second substrate forming an enolate which then reacts with the 

CO2. The role of the metal ion is unknown, although it may be involved in either 

stabilizing the enolate or by stabilizing the biotin anion by complexation to oxygen. 

A recurrent theme of decarboxylases has been the necessity to stabilize a negative 

charge following the decarboxylation step. Some enzymes stabilize the negative charge by 

use of a nitrogen rather than an oxygen. In these Schiff base-dependent decarboxylations, 

the decarboxylation often results in neutralization of a positive charge on the nitrogen. 

Reactions of this class are always irreversible and often involve no metal ions. The 

advantage of this type of mechanism over the preceding mechanisms is that there is no 

enolate formation. Instead, decarboxylation results in charge neutralization and formation 

of an enamine. Formation of the Schiff base can occur by either the substrate reacting with 

the e-amino group of an active site lysine or by reacting with the cofactor pyridoxal 5'-

phosphate. In the case of pyridoxal 5'-phosphate-dependent decarboxylations, the 

pyridinium ring in pyridoxal 5'-phosphate provides a highly optimized electron sink for 

stabilizing the pair of electrons released by the decarboxylation step. Beginning the 

reaction with a Schiff base also provides an additional catalytic advantage as Schiff base 

interchange is faster than formation of a Schiff base from an aldehyde and an amine. 

Precise conformational control is also an integral part of the catalytic process, and this 

control is also related to both reaction specificity and to stereospecificity. Decarboxylations 

involving thiamine pyrophosphate are similar to those involving pyridoxal 5'-phosphate, 

with the exception that the former has a metal ion required for binding while the latter does 

not The key to this type of reaction is use of a heterocyclic compound as an electron sink 

in the decarboxylation step. 

As can be seen, decarboxylation and carboxylation reactions involve a wide array of 

mechanistic strategies. Although the 6-phosphogluconate dehydrogenase reaction does not 

involve any of the above strategies, it is important to consider the possibilities for each type 
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of reaction. Elucidation of the mechanism of 6-phosphogluconate dehydrogenase may 

provide useful insights into how enzymes perform carboxylation and decarboxylation 

reactions. 

6-Phosphogluconate Dehydrogenase. Several investigations have been performed 

on 6-phosphogluconate dehydrogenase from various sources, but none have carried out a 

systematic intial velocity study to determine the kinetic mechanism. The kinetic parameters 

for the enzyme in the direction of oxidative decarboxylation have been determined by 

several groups using enzymes from rat liver (Holten et al., 1972), sheep liver (Hansen et 

al., 1973), and Leuconostoc mesenteroides (Rendina et al., 1984), while Villet and Dalziel 

(1972) used the sheep liver enzyme to determine the kinetic parameters in the direction of 

reductive carboxylation. The kinetic mechanism for 6-phosphogluconate dehydrogenase 

has been proposed by several groups to be random based upon various product and dead 

end inhibition studies. Bellini et al. (1985) using human erythrocyte 6-phosphogluconate 

dehydrogenase and Dalziel et al. (1986) using the enzyme from sheep liver have shown that 

NADPH is competitive with respect to NADP and noncompetitive with respect to 6-

phosphogluconate. Anderson et al. (1988) using the Haemophilus influenzae enzyme, 

have shown that ATP-Ribose acts as a competitive inhibitor with respect to NADP. The 

above patterns are consistent with several kinetic mechanisms. Product inhibition studies 

using ribulose 5-phosphate and/or C02 have not been previously reported nor have dead 

end inhibition studies using an analog of 6-phosphogluconate. Product and dead end 

inhibition studies in the direction of reductive carboxylation have not been previously 

reported either. It has been shown that the deuterium isotope effects on the V/K for both 

NADP and 6-phosphogluconate are finite with the enzyme from Leuconostoc 

mesenteroides (Rendina et al., 1984) in agreement with the proposed random mechanism 

(Cook & Cleland, 1981). Topham and Dalziel (1986) have shown that [2-180]ribulose 5-

phosphate is enzymatically converted to 6-phosphogluconate by sheep liver 6-PGDH with 

the complete retention of the heavy atom. These results indicate that a Schiff-base 
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intermediate is not involved in the reductive carboxylation reaction. Use of the alternate 

substrate 2-deoxy-6-phosphogluconate for the enzyme from Candida utilis (Rippa et al., 

1973) results in oxidation of the substrate in the presence of NADP to yield 3-keto-2-

deoxy-6-phosphogluconate which is released into solution. As the 3-keto product builds 

up, it is then decarboxylated by the enzyme to 1-deoxyribulose 5-phosphate. Incubation of 

the intermediate 3-keto compound with 6-PGDH and NADPH results in either reduction to 

2-deoxy-6-phosphogluconate or decarboxylation to 1-deoxyribulose 5-phosphate. The 

overall chemical mechanism thus appears to be a two step oxidative decarboxylation 

reaction in which oxidation precedes decarboxylation. Consistent with this hypothesis is 

the result of Rendina et al. (1984) who made use of multiple isotope effects in the 6-PGDH 

reaction. A decrease in the primary 13C isotope effect for decarboxylation when 3-deuterio 

6-PG is used in place of the 3-protio compound clearly indicates a stepwise mechanism. 

The 6-PGDH catalyzes a reaction very similar to those catalyzed by metal-

dependent malic-enzyme and isocitrate dehydrogenase, but the former has no apparent 

metal ion requirement. It is of particular interest to determine the nature of the acid-base 

catalysis in view of the fact that there is no metal ion or cofactor requirement for this 

reaction. Previously, the mechanism of 6-phosphogluconate dehydrogenase from 

Leuconostoc mesenteroides was studied by the use of multiple isotope effects (Rendina et 

al., 1984). Data obtained were consistent with a random kinetic mechanism as the 

deuterium isotope effects were equal regardless of which substrate was varied in the 

presence of saturating levels of the other. The deuterium isotope effect on V/K^pq 

decrease above a pK of 8.8 (Rendina et al., 1984) and this behavior suggests that pH-

sensitive and isotope-sensitive steps are different since V and V/K6_pQ or V/KNADp were 

also reported to decrease (Rippa et al., 1972). This result is consistent with a mechanism 

in which the 3-hydroxyl of 6-phosphogluconate is deprotonated by a general base followed 

by oxidation of an alkoxide intermediate to yield the 3-keto-6-phosphogluconate 
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gluconate dehydrogenase is reported not to require a divalent metal ion for activity, the 

formation of an alkoxide intermediate appears to be unlikely. As such, a more thorough 

investigation of the deuterium isotope effects is needed in an attempt to clarify the chemical 

mechanism of 6-phosphogluconate dehydrogenase. 

Similar Enzyme-Catalyzed Reactions. The reaction catalyzed by 6-phospho-

gluconate dehydrogenase is very similar in nature to the reactions catalyzed by malic 

enzyme and isocitrate dehydrogenase. In all three reactions, an oxidative decarboxylation 

reaction occurs such that a carboxyl-containing molecule is converted to a ketone-

containing molecule with the production of CO2 and NAD(P)HL Since these three enzymes 

perform similar reactions, it is of substantial interest to determine similarities and 

differences among the three including, but not limited to, kinetic mechanism, chemical 

mechanism, and transition state structures. 

The malic enzyme has been very well studied from the livers of pigeon and chicken 

(E.C.1.1.1.40, NADP-linked) (Hsu & Lardy, 1967) and from the parasitic helsminth 

Ascaris suum (E.C1.1.1.39, NAD-linked) (Saz & Hubbard, 1957). The reaction 

catalyzed by the malic enzyme is shown in equation 4, and consists of the oxidative 

decarboxylation of L-malate to pyruvate and CO2. The oxidant is NADP for the liver 

enzymes while it is NAD for the Ascaris enzyme. 

V \ / > -
I _ c 

HO-C-H M e ^ L 
| + NAD - 0=C + NADH + CO, 

H-C-H 
1 CH* (4) 

O' O* 

The reaction is divalent metal dependent with Mn2+ activating 2-fold better than Mg2+ 

(Hsu, 1982). Based on the dissociation constants for the E:metal complex and the 

physiological availability of the metal ion, Mg2+ is thought to be the in vivo activator. The 

kinetic mechanism of both types of malic enzyme have been extensively studied. The 
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kinetic mechanism of both types of malic enzyme have been extensively studied. The 

mechanism of the liver enzyme was reported as steady-state ordered with NADP adding 

prior to malate (Hsu et al., 1967) but has recently been reassigned as steady-state random 

using the substrate dependence of deuterium isotope effects (Weiss et al., 1991). The 

kinetic mechanism for the NAD:malic enzyme from Ascaris suum has been studied in great 

detail in the directions of oxidative decarboxylation and reductive carboxylation. Initial 

velocity and isotope partitioning studies by Landsperger et al. (1978) suggested a random 

kinetic mechanism with Mn2+ as the divalent metal ion activator. These studies did not 

consider the presence of inactive metal-chelate complexes of the reactants, and as such, 

initial velocity studies considering Mg2+ as a pseudoreactant were performed by Park et al. 

(1984). These studies suggested a steady-state random mechanism in which all binary and 

ternary complexes are allowed, but with a compulsory order of addition of metal prior to 

malate for productive complex formation. Product inhibition studies in the direction of 

oxidative decarboxylation of malate suggest a random mechanism, but the degree of which 

was uncertain (Park et al., 1984). Recently, initial velocity studies in the absence and 

presence of product and dead-end inhibitors suggest a steady-state random mechanism in 

the direction of reductive carboxylation of pyruvate (Mallick et al., 1991). The data 

obtained are consistent with an overall symmetry in the malic enzyme reaction in the two 

reaction directions with a requirement of metal bound prior to malate and pyruvate for 

productive complex formation as shown in Scheme 1. 

Although there are qualitative differences between the two types of malic enzyme, 

the main difference found in the kinetic mechanism is in the identity of slow steps other 

than the chemical portion of the reaction. Pre-steady state kinetic studies of the NADP 

enzyme exhibit a burst in the time course for appearance of NADPH attributed to a slow 

release of NADPH (Kumosinski et al., 1990) and similar studies with the NAD-malic 

enzyme exhibit a lag attributed to a slow isomerization of the E:NAD complex (Rajapasksa 
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Scheme 1. Proposed kinetic mechanism of the NADrmalic enzyme from Ascaris suum. 
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Mg2+, Mn2+ 

NAD+ + L-Malate , C02 + Pyruvate + NADH 
(A) (C) (P) (Q) 

EB^=^EBC 

E^EA^=±:EAB^=±:EABC: 

EO-HEAC 

X"Y7' 
:ERBX^=ERBQ ~^ERB^=±:ER; 

ERQ-^EQ 

where E is free enzyme, A is L-malatfe, B is divalent metal ion, C is NAD, X is 

oxaloacetate, P is CO2, Q is pyruvate and R is NADH. EC, EAC, ERQ and EQ represent 

abortive dead-end complexes. 
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The mechanism of activation of the NAD:malic enzyme from Ascaris suum by 

fumarate has been probed using initial velocity studies, deuterium isotope effects, and 

isotope partitionong of the E:Mg:malate and E:NAD:Mg:malate complexes (Lai et alM 

1992). Fumarate exerts its activating effect by decreasing the off-rate for malate from the 

E:Mg:malate and E:NAD:Mg:malate complexes. Fumarate is a positive heterotropic 

effector of the NAD:malic enzyme at low concentrations (Kact ~ 0.05 mM) and a 

competitive inhibitor of malate (Kj ~ 25 mM). There is a discrimination between active and 

activator sites for the binding of dicarboxylic acids with the activator site preferring the 

extended configuration of 4-carbon dicarboxylic acids, while the active site prefers the cis-

conformation with respect to the carboxylation. 

The acid-base chemical mechanism of the both malic enzymes has been determined 

using the pH dependence of kinetic parameters (Schimerlik and Cleland, 1977; Kiick et al., 

1986) A general base-general acid mechanism is suggested according to the mechanism 

shown in Scheme 2. 

A general base is required to accept a proton from the 2-hydroxyl of L-malate 

concomittant with hydride transfer, while the general acid is required to donate a proton to 

C-3 of the enolpyruvate to produce pyruvate. The enzyme only binds the correctly 

protonated form of the reactants. The role of the metal ion is at least to facilitate 

decarboxylation of the oxaloacetate intermediate formed as a result of malate oxidation 

(Grissom & Cleland, 1988; Kiick et al., 1986). The stepwise nature of the above reaction 

was confirmed using the technique of multiple isotope effects (Hermes et al., 1982; Weiss 

et al., 1991; Gawa et al., 1991) and intermediate partioning (Grissom & Cleland, 1985; 

Grissom & Cleland, 1998; Gawa et al., 1991). The slowest step along the reaction 

pathway is decarboxylation of the oxaloacetate intermediate as shown by the relatively large 

^ C isotope effect of 1.035 (Hermes et al., 1982; Grissom & Cleland, 1988; Weiss et al., 

1991). Also partially rate limiting is the hydride transfer step as judged by a finite 
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Scheme 2. Proposed acid-base chemical mechanism of the NAD:malic enzyme from 

Ascaris suum. 
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deuterium isotope effect 

The transition state for hydride transfer is thought to be symetric although this has 

certainly not been proven because of the lack of information on tunneling and coupled 

motion (Grissom & Cleland, 1985; Grissom & Cleland, 1988; Weiss et al., 1991). The 

transition state for decarboxylation is known to be late with the bond between C-3 and C-4 

almost completely cleaved. More recently, the technique of multiple isotpe effects has been 

used with a number of alternative dinucleotide substrates revealing that a secondary 13C 

isotope effect is reflected in the hydride transfer step (Weiss et al., 1991; Gawa et al., 

1991), This secondary 13C effects thought to reflect hyperconjugation at the |3-carbonyl of 

malate as shown in Scheme 3. 

The NADP-dependent isocitrate dehydrogenase (EC 1.1.1.42) catalyzes the 

oxidative decarboxylation of isocitrate to a-ketoglutarate in the presence of divalent metal 

ion with the concomitant generation of NADPH from NADP. The general mechanism of 

isocitrate dehydrogenase is given below in Scheme 4 

Isocitrate + NADP + Ev
 N E-Isocitrate-NADP v E-Oxalosuccinate-NADPH 

* 

E + a-Ketoglutarate + NADPH + CO2 < s CO2 + E-a-Ketoglutarate-NADPH 

Scheme 4 

The reaction occurs via enzyme bound oxalosuccinate such that oxaloacetate is not released 

from the enzyme (Siebert et al., 1975). The reaction differs slightly from that catalyzed by 

the malic enzyme in that the metal chelate complex Mn-isocitrate appears to be bound by 

isocitrate dehydrogenase as opposed to uncomplexed malate and metal for malic enzyme 

(Park et al., 1984). The differences likely reflect the higher concentrations of metal-
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Scheme 3. Proposed transition state structure for the NAD:malic enzyme. 
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ĤÔH ' © N 

4 ^ 

He 

\ .*** 
©'• cv vo' 
^ NX - A:B 

H^H 
/'C-\> HS 

O ©» 



26 

(Park et al., 1984). The differences likely reflect the higher concentrations of metal-

isocitrate chelate complexes present under physiological conditions than exist for metal 

malate (Martell & Smith, 1979). The addition of isocitrate and NADP to the enzyme is 

random, as is the release of a-ketoglutarate and NADPH (Uhr et al., 1974; Northrop & 

Cleland, 1974). The kinetic mechanism of isocitrate dehydrogenase has been thoroughly 

studied by use of initial velocity, multiple inhibition, and isotope exchange studies and has 

been shown to be random with catalysis faster than product release (Uhr et al., 1974; 

Northrop & Cleland, 1974). Kelly and Plaut (1981b) have shown that the kinetic 

mechanism changes to ordered sequential with NADP binding last at low enzyme con-

centrations or in the absence of NADPH or EDTA. Under optimum conditions, substrates 

and products, with the exception of CO2, bind to the enzyme very tightly (Uhr et al., 

1974). The NAD-specific isocitrate dehydrogenase is allosterically regulated by a number 

of effectors while the NADP-specific isocitrate dehydrogenase does not appear to be 

allosterically regulated. Isocitrate dehydrogenase is active in the presence of a variety of 

divalent metal ions with Zn2+ and Mn2+ giving the highest rates while Ni^+ gives the 

lowest of the catalytically active metal ions (Northrop & Cleland, 1974). It has been 

suggested (O'Leary & Limburg, 1977) that the metal ion may function to coordinate the 

carbonyl oxygen of enzyme-bound oxalosuccinate and may thus serve as an electron sink 

in the decarboxylation step. Several lines of evidence are consistent with this proposed 

coordination. The dissociation constant of the enzyme-metal complex is lowered by the 

presence of isocitrate (Villafranca & Colman, 1972). Nuclear magnetic resonance distance 

measurements for the enzyme-metal-a-ketoglutarate complex are also consistent with 

oxygen binding to the metal (Villafranca & Colman, 1974). Also similar to the malic 

enzyme, a lag is observed in the pre-steady state time course for NADPH production. 

In addition to the oxidative decarboxylation of isocitrate, isocitrate dehydrogenase 

will also catalyze the reduction or decarboxylation of oxalosuccinate (Siebert et al., 1957). 
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Because these activities reside on the same protein, the mechanism of isocitrate oxidative 

decarboxylation is generally thought to be a stepwise process with hydride transfer 

producing enzyme-bound oxalosuccinate which is subsequently decarboxylated. The 

enzyme will catalyze the exchange of the pro-S C-3 methylene hydrogen of 2-ketoglutarate 

with solvent, indicating an enzymatic base capable of stereospecifically protonating the 2-

ketoglutarate enolate resulting from decarboxylation (Rose, 1960; Lienhard, 1964). 

The catalytic mechanism of NADP isocitrate dehydrogenase has been investigated 

by use of the variation of deuterium and 13C kinetic isotope effects with pH (Grissom & 

Cleland, 1988). The observed 13C isotope effect on V/K for isocitrate increases from 

1.0028 at neutral pH to a limiting value of 1.040 at low pH. The limiting 13C isotope 

effect with deuterated isocitrate at low pH is 1.016. The decrease in ^(V/Kjc) upon 

deuteration indicates a stepwise mechanism for the oxidation and decarboxylation of 

isocitrate. The pK seen in the 13(V/Kic) pH profile is 4.5. This pK is displaced 1.2 pH 

units from the true pK of the acid/base functionality of 5.7 seen in the pKj profile for 

oxalylglycine, a competitive inhibitor of isocitrate. From this displacement, catalysis is 

estimated to be 16 times faster than substrate dissociation. The oxidation of isocitrate by 

isocitrate dehydrogenase is believed to occur in two steps. Isocitrate is oxidized to 

oxalosuccinate by the removal of a proton from the hydroxyl oxygen to a base and the 

transfer of a hydride to NADP. Secondly, the (3-carboxylate of oxalosuccinate is lost as 

CO2 which is followed by protonation of the (3-carbon to form a-ketoglutarate. 

The acid-base chemical mechanism of isocitrate dehydrogenase is very similar to 

that suggested for malic enzyme, that is, general base-general acid (Cook & Cleland, 1981; 

Grissom & Cleland, 1988), and is shown in Scheme 5. The general base is again required 

to accept a proton from the isocitrate hydroxyl concomitant with hydride transfer, while the 

general acid is required to protonate C-3 to give a-ketoglutamate. The Mn-isocitrate must 

be dianionic for optimum binding The metal ion is thought to have the same role as 
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Scheme 5. Proposed acid-base chemical mechanism of isocitrate dehydrogenase. 
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for the malic enzyme reaction (Grissom & Cleland, 1988). The stepwise nature of the 

reaction shown in Scheme 5 has been confirmed using multiple isotope effects and isotope 

partitioning of the oxalosuccinate intermediate (Grissom & Cleland, 1988). The slowest 

steps along the reaction pathway at neutral pH are the conformational change required to 

close the active site for catalysis and open it to release products (Cook & Cleland, 1981). 

At low pH, the decarboxylation of the oxalosuccinate intermediate is slowest (Grissom & 

Cleland, 1988), but anomalous deuterium isotope effects were obtained under these 

conditions so that little can be said concerning transition state structure. Very little has been 

obtained with alternative dinucleotide substrates and that obtained is incomplete. 

The X-ray crystal structure of isocitrate dehydrogenase shows a Mg2+ ion 

coordinated by the oxygens of the oc-carboxylate and the C-2 hydroxyl of isocitrate (Hurley 

et al., 1991). This Mg2+ is in a position to stabilize the negative charge formed on the 

hydroxyl oxygen during dehydrogenation. Such electrostatic stabilization of the transition 

state is a common feature of many dehydrogenases. The Mg2+-dependent enzymatic J5-

decarboxylation of a-ketoacids is thought to be similar to the Mg2+-catalyzed reaction in 

solution, where the metal ion is believed to be coordinated by the keto oxygen and a-

carboxylate and stabilizes the formation of an enolate intermediate (Steinberger & 

Westheimer, 1951). 

Initial Velocity Studies. The initial rate, v, for a single substrate enzyme catalyzed 

reaction can be described by the equation: 

v = VA/(K + A) (5) 

where V is the maximum velocity obtained at infinite reactant concentration and K is the 

Michaelis constant, the concentration of reactant at which the velocity is one-half the 

maximum velocity. The Michaelis constant represents the apparent dissociation constant 
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for the enzyme-reactant complex under steady-state conditions. For reactions involving 

multiple substrates, the Michaelis constant for a reactant can be visualized as the affinity of 

the enzyme for that reactant under steady-state conditions. At infinite concentrations of A, 

v equals V and is therefore independent of reactant concentration. However, at low 

concentrations of A, v = (V/K)A so that V/K is an apparent first order rate constant. These 

two parameters, V and V/K, determine the kinetics of the reaction and vary independently 

with the concentrations of other reactants, products, inhibitors or activators, or with 

temperature, pH and ionic strength (Cleland, 1975a). 

The rate equations for reactions involving more than one reactant become 

increasingly more complex with additional terms in the denominator representing the 

various enzyme forms along the reaction pathway. The 6-phosphogluconate dehydro-

genase reaction in the direction of oxidative decarboxylation involves two substrates while 

three substrates are involved in the direction of reductive carboxylation. Thus, the reaction 

in the direction of oxidative decarboxylation is bireactant governed by the following 

equation: 

v = VAB/(KiaKb + KaB + KbA + AB) (6) 

while the reaction in the direction of reductive carboxylation is terreactant governed by the 

following equation: 

v = VABC / [constant + (Coef A)A + (Coef B)B + (Coef C)C + 

KaBC + KbAC + KCAB + ABC] (7) 

Each of the denominator terms represents one of the four and eight possible enzyme 

forms in the reaction direction of oxidative decarboxylation and reductive carboxylation, 
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respectively. The presence or absence of denominator terms can, theoretically, provide 

insight into kinetic order. While data obtained from initial velocity studies in the absence of 

product and dead-end inhibitors are usually not precise enough to identify a kinetic 

mechanism with certainty, they are useful in reducing the number of possibilities. The 

remaining possibilities are then further eliminated from initial velocity studies in the 

presence of product and dead-end inhibitors. 

While initial velocity studies are tools available to the enzymologist in the 

elucidation of kinetic mechanism, the most powerful technique is the use of isotope effects. 

Studies using isotope effects have gained widespread acceptance in obtaining information 

on kinetic mechanism, location and amount of limitation of rate limiting steps, and chemical 

mechanism including transition-state structure in the reaction pathway (Cook, 1991). 

However, before going into a general discussion of isotope effects, a discussion of the 

kinetic parameters and the way in which individual rate constants and pH affect the 

magnitude of V and V/K is needed. 

Kinetic parameters. Changes in V and V/K as a result of variation in the con-

centration of reactants, products and inhibitors yield qualitative and quantitative assessment 

of the order of addition of reactants and release of products during the course of an 

enzyme-catalyzed reaction. The four factors that affect the V/K for a particular reaction 

(Cleland, 1975a) are i) the bimolecular rate constant for combination of enzyme and 

reactant to form a binary complex, ii) and iii) the proportion of either enzyme or reactant in 

the correct form to react, and iv) the 'stickiness' factor (Cleland, 1982a). 'Stickiness' refers 

to the partitioning of the enzyme-reactant complex to give products as opposed to 

dissociating to free enzyme and reactant. Thus, for the simple scheme in equation 8, 

k j k3 k5 

E + A ====== EA ====== EP >E + P (8) 

k2 k4 
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the 'stickiness' factor can be represented as kj/k^. The kinetic parameters, V and V/K can 

be represented by the following equations: 

V = k / (1 + cvf + cr) (9) 

V/K = k / [Kj (1 + c f + cr) (10) 

where k is the catalytic rate in the direction of interest, Kj is the dissociation constant for 

EA and Cf and c r are defined as commitments to catalysis (Northrop, 1977; Cleland, 

1975b). Inspection of equation 10 provides a definition of Cf, the commitment factor in the 

forward direction, to be equal to k;j/k2 and cr, the commitment factor in the reverse 

direction, to be kyks. The term cvf is called the catalytic ratio and is essentially the sum of 

the ratios of the catalytic constant in the direction of interest to each forward net rate 

constant (Cleland, 1975b) for the unimolecular steps in the mechanism. From equation 9, 

Cyf can be defined as being equal to kyk5. It is obvious that the values obtained for both V 

and V/K for a given reaction will be affected by the magnitude of the various commitment 

factors. 

Kinetic isotope effects. In isotopic investigations of enzyme mechanism(s), one 

makes use of a molecule that has different isotopes at one atomic position. The isotopically 

different molecules differ in mass which affects the ease with which an atom can be 

removed during the structural changes accompanying an enzyme-catalyzed chemical 

reaction. Consequently, isotopically different molecules react at different rates when the 

reaction involves a structural change at the isotopic atom. Kinetic isotope effect refers to 

this change in reaction rate following substitution of one isotope for another. 

A primary isotope effect occurs when a heavy atom is substituted for a lighter one at 

the position in a molecule undergoing bond cleavage. Primary deuterium isotope effects 
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result from substitution of deuterium for hydrogen at the position of bond cleavage. The 

maximum isotope effect obtained based on the difference in infra red stretching frequencies 

between C-H and C-D bonds is approximately 6-8 (Cleland, 1982b). Observation or lack 

thereof of an isotope effect on V and V/K for substrates is the basis for deduction of kinetic 

mechanism from isotope effect studies (Cook, 1991). For an ordered mechanism, the V/K 

ratio for the first substrate is its on-rate and is thus insensitive to isotopic substitution. 

Observation of finite isotope effects on the V/K ratios for all substrates is immediately 

diagnostic for a random kinetic mechanism. The relative magnitudes of the isotope effects 

can provide further distinction between a steady-state random and a rapid-equilibrium 

random kinetic mechanism. An isotope effect equal to 1 on one of the the two-substrate 

V/K values suggests a steady-state ordered kinetic mechanism and the V/K for the first 

substrate to bind will have the isotope effect of one. Finite but unequal isotope effects on 

the two-substrate V/K values suggests a steady-state random kinetic mechanism. The 

smallest of the V/K isotope effects reflects the 'stickiest' substrate. Equal isotope effects 

on the two substrate V/K values suggests one of several possibilities, including an 

equilibrium ordered mechanism with or without a dead-end EB complex, a rapid-

equilibrium random mechanism, or a steady-state random mechanism in which the rates of 

release of A and B from EAB are equal. Of the above mechanisms, the first gives a 

distinctive initial velocity pattern that intersects on the ordinate with B as the varied 

substrate. The remaining mechanisms will require other methods to distinguish between 

them. 

In order to determine the relative order of binding of reactants in a bireactant 

mechanism, scheme 6 is considered where only kg is isotope sensitive. The rate constant 

kg is not representative of a single step but rather a number of discrete steps that the initially 

formed EAB complex undergoes up to and including release of the first product. These 

steps include conformational changes prior to the bond-breaking step, the chemical step 
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itself, conformational changes following the bond-breaking step, and product release. The 

constant k j j includes release of the second product and any other steps subsequent to or 

prior to product release that limit V but not V/K for either substrate. 

k,A ^ E A V f c 3 B 

It2 _ k « 
.EAB— " E Q 

Scheme 6 

The general equations for isotope effects on V and V/K for the above scheme are as 

follows: 

DV = (Dk9 + C v f ) / ( l + C v f ) (11) 

D(V/K) = (Dk9 + c f ) / ( l + c f ) (12) 

where cvf is equal to kg/kj j, Cf is equal to k /̂k4 and k ^ g for V/Kj, and V/Ka, respectively. 

Thus, if catalysis or the chemical bond-breaking step is not slow with respect to all other 

steps included in k^ the isotope effect on kg will be less than that on the bond-breaking 

step itself. The difference in the equations for D(V/Ka) and D(V/K^) is a result of Cf and the 

difference in the Cf values reflect the relative off-rates for the respective substrate from the 

central complex. Thus, an estimate of the relative rates of release of reactants from the 
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central complex can be obtained from the difference in the isotope effects on the V/K values 

for reactants. 

pH Studies. It is often the case that the substrate has a required protonation state 

for binding and/or catalysis, and, similarly, catalytic groups in the active site usually have 

required protonation states as well (Cleland, 1977). Thus, when the substrate or a key 

group on the enzyme ionizes in the accessible pH range, there will be a variation of the 

kinetic parameters with pH. Such pH variation often provides a clue to the acid-base 

chemical mechanism of the reaction. Acid-base catalysis is usually worth approximately 

105 in rate acceleration, so deleting a key group causes a drop in rate of this order of 

magnitude and may also change the entire shape of the pH profile if protons or hydroxide 

ions have to replace the group on the enzyme to bring about the reaction (Cleland, 1977). 

The pH dependence of kinetic parameters represents an important technique for the 

determination of information regarding the catalytic mechanism of an enzyme. The 

parameters that are plotted versus pH are i) log (V/K) for each substrate, ii) log (V), iii) pKj 

(logarithm to the base 10 of the reciprocal of the dissociation constant) for a competitive 

inhibitor or a substrate not adding last to the enzyme, and iv) pKj or pKm for metal ion 

activators. It is particularly important to consider the pH variation of V/K and V, the two 

independent kinetic constants. 

The V/K profile is sensitive to the pK values of groups on the substrate or the 

enzyme form with which it combines that have a required protonation state for binding 

and/or catalysis. Since catalysis is usually more sensitive to the correct protonation state 

than binding, one tends to see few partial effects in a V/K profile. When protonation of the 

substrate or a group on the enzyme prevents binding and/or catalysis, the V/K profile is 

given by equation 13 

log(V/K) = log[(V/K) h igh p H ] - log (1 + H/K) (13) 
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where K is the acid dissociation constant of the group whose protonation prevents binding 

and/or catalysis. When deprotonation of a group affects activity, 

log(V/K) = log[(V/K) l ow p H ] - log (1 + K/H) (14) 

If activity decreases at both low and high pH, 

log(V/K) = log[(V/K) p H ind ] - log (1 +H/K1 + K2/H) (15) 

where Kj and K2 are the acid dissociation constants of the two groups controlling activity. 

When a V/K profile is represented by equation 15, one cannot a priori tell whether the 

group with pKj has to be ionized and the group with pK2 protonated, or vice versa, since 

the shape of the pH profile will be exactly the same. 

The pK values in log (V) profiles are those groups involved in the rate-limiting 

unimolecular steps in the mechanism. In most cases these groups are involved in catalysis 

in some way, but the pK values arc perturbed from where they were in free enzyme. 

Analysis of the log V profiles are performed as described above using the above equations 

except that values for V are used in place of V/K values. 

The pKj profile for competitive inhibitors shows only the pK values of the inhibitor 

or the groups on the enzyme that are important for binding. When only the deprotonated 

inhibitor will bind and no groups on the enzyme ionize, the pK; profile will be flat from 1 

pH unit above the pK of the inhibitor to the end of the profile, and it will have a slope of 1 

at low pH: 

Apparent pK-, = pK; - log(l + H/K) (16) 
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where H is [H+], K, is the dissociation constant of the inhibitor from EI, and K is the acid 

dissociation constant of the inhibitor. The same pKj profile will be seen if the inhibitor 

does not have any pK values in the accessible pH range, but binding is prevented by 

protonation of a group on the enzyme. The great advantages of pKj profiles are that i) the 

pK values are seen at their correct values because the inhibition constant is a parameter 

determined at equilibrium (i.e., extrapolated to zero level of the substrate) and ii) the profile 

shows only the requirements for binding and not catalysis. Comparison of pKj and log 

(V/K) profiles may enable one to identify catalytic groups unambiguously. Thus, any pK 

seen in the V/K profile, but not in a pKj profile, corresponds to a group whose protonation 

is important for catalysis but not for binding. The reverse is not true; groups seen in both 

profiles may still be involved in catalysis as well as binding. 

pH Dependence of Isotope Effects. A combination of the pH dependence of 

kinetic parameters and isotope effects provides a more accurate and facile means of 

assessing whether slow steps exist outside the catalytic pathway and additionally allows 

one to deduce information on acid-base chemistry, protonation state of binding groups, and 

the chemical mechanism of the reaction under investigation (Cook, 1991). The change in 

rate limitation with changing pH also allows, in some cases, a more complete expression of 

the kinetic isotope effect. 

A lack of change or increase in the isotope effects on V and V/K for reactants as the 

pH changes in the vicinty of the pKs observed in the V and V/K pH profiles suggests a 

mechanism in which the pH-dependent pathway includes the isotope-dependent step 

(Cook, 1991). The limiting values of the isotope effects at the pH extremes need not (and 

usually do not) reflect the intrinsic isotope effect on the bond-breaking step. The 

differential behavior of the isotope effect on V and V/K allow a distinction between 

mechanisms in which reactant binds to enzyme with both protonation states of the catalytic 

group(s) in which both E and EA can be protonated, and variations of this mechanism in 
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which reactant binds only to the correctly protonated form of the enzyme or EAH is a dead-

end complex formed either by protonation of EA or binding of A to EH. When changes in 

the isotope effect are observed, they yield the same pK values as those observed for the pH 

dependence of kinetic parameters. 

An alternative mechanism for the pH dependence of isotope effects, in which the 

pH-dependent pathway does not include the isotope-dependent step, predicts a unique 

behavior. The isotope effect decrease to a value of unity in one reaction direction and the 

equilibrium isotope effect in the other. The pK values obtained from the change in the 

isotope effect need not be equal to those observed for the pH dependence of the kinetic 

parameters, thus making it easy to distinguish between the two mechanisms. 



CHAPTER II 

EXPERIMENTAL PROCEDURES 

Enzyme. Cytoplasmic 6-phosphogluconate dehydrogenase from Candida utilis 

was purchased from Sigma. Enzyme was homogeneous by the criterion of SDS-

polyacrylamide gel electrophoresis and had a final specific activity of 48 U/mg assayed in 

the direction of oxidative decarboxylation using 100 mM Hepes, pH 7,3 mM 6-PG and 

0.4 mM NADP. The enzyme was stored at -20 0 C in a storage buffer containing 20 mM 

Hepes, pH 7,1 mM BME, and 20% glycerol. 

Chemicals. NADP, thio-NADP, APADP, 3'-NADP, e-NADP, and HX-NADP 

were from Sigma while NADPH and NAD was from Boehringer-Mannheim. 6-

Phosphogluconate, ribulose 5-phosphate, glucose 6-sulfate, ribose 5-phosphate, ATP-

Ribose, mannose 6-phosphate, allose, galactose 6-phosphate, xylulose 5-phosphate, 

arabinose 5-phosphate, adenosine 5'-monophosphate, fructose 6-phosphate, acetyl 

phosphate, hexokinase, and acetate kinase were from Sigma while Ches and Mes were 

obtained from Ultrol. NaHCO^ was from Matheson Coleman Biochemical. (3-D-Glucose-

3-d was from Merck, Sharpe and Dohme Isotopes. All other chemicals and reagents were 

obtained from commercial sources and were of the highest purity available. 

6-Sulfogluconate and 5-phosphoribonate were synthesized by bromine oxidation of 

glucose 6-sulfate and ribose 5-phosphate by an adaptation of the method by Horecker 



41 

(1957). Briefly, between 100 mg and 500 mg of glucose 6-sulfate orribose 5-phosphate 

are solubilized in 20 mL of H2O and 0.4 mL of concentrated HC1 followed by the addition 

of 8 mL of 0.57 M Na2S04. The pH is then adjusted to 5.4 by the addition of 4 N NaOH 

and a molar excess of Br2 is added. The pH is maintained between 4.8 and 6.2 for at least 

20 minutes by the addition of 4 N NaOH. The resultant solution is then sparged with a 

constant flow of N2 for at least 1 hour to remove any remaining Br2. The mixture is then 

applied to a BioRad econocolumn containing 3 mL boronate resin and then washed with 

100 mM ammonium formate, pH 9. The 6-SG or 5-PRib is then eluted from the column 

using five volumes of 100 mM ammonium formate, pH 5. The resulting 6-SG or 5-PRib 

is then concentrated by rotary evaporation, the pH adjusted to 7, and the material used 

without further treatment. Allose 6-phosphate was prepared from allose using hexokinase 

and ATP with acetyl phosphate and acetate kinase to recycle the nucleotide. The nucleotide 

and metal were removed by the addition of heat activated acid-washed charcoal and Dowex 

50 W (H+) followed by lyopholization. 6-phosphogalactonate, 6-phosphoallonate, 5-

phosphoarabonate and 6-phosphomannonate were synthesized by bromine oxidation as 

described above. 

Glucose 6-phosphate-.?-d was prepared from (J-D-glucose-3-d by using 

hexokinase and ATP with acetyl phosphate and acetate kinase to recycle the nucleotide. 

The reaction mixture contained in a 50-mL total volume 5 mmol of (3-D-glucose-3-rf, 4 

mM ATP, 4 mM MgCl2,10 mmol acetyl phosphate, 560 units of hexokinase and 320 units 

of acetate kinase. The pH of the reaction was maintained around 8.2 with the addition of 

concentrated NaOH. Glucose was converted to glucose 6-phosphate after 8 hours as 

determined by NADPH formation in a 1 mL total volume containing 100 mM Hepes, pH 8, 

10 jiL sample, 10 mM ATP, 10 mM MgCl2,2 mM NADP, 56 units hexokinase and 50 

units glucose 6-phosphate dehydrogenase and comparing the final absorbance with a 1 mL 

total volume containing 100 mM Hepes, pH 8,10 |iL sample, 2 mM NADP, and 50 units 
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glucose 6-phosphate dehydrogenase. Reactions were stopped by lowering the pH to 4.5. 

Enzymes were removed by ultrafiltration by using an Amicon Series 80 apparatus with a 

PM-30 semipermeable membrane filter. The solution was then treated with Dowex 50 

(H+) and acid-washed heat activated charcoal and stirred for 1 hour at 37° C to remove 

Mg2+ and the nucleotides. The filtered solution was then lyophilized, and the resultant 

glucose 6-phosphate sample was brominated to yield 6-phosphogluconate as described 

above. Conversion of glucose 6-phosphate to 6-phosphogluconate was determined by an 

enzymatic assay for NADPH formation in a 1 mL total volume containing 100 mM Hepes, 

2 mM NADP, 10 |iL sample and either 20 units glucose 6-phosphate dehydrogenase or 6-

phosphogluconate dehydrogenase. The sample was then concentrated by rotary-

evaporation and used without any further treatment. 

Initial velocity studies. All assays were carried out using a Gilford 250 spectro-

photometer equipped with a strip-chart recorder. The appearance of NADPH was 

measured at 340 nm in the direction of oxidative decarboxylation, while the disappearance 

of NADPH was monitored in the direction of reductive carboxylation. The appearance of 

NADPH, e-NADPH, 3'-NADPH, HX-NADPH, and NADH were measured at 340 nm in 

the direction of oxidative decarboxylation. Rates were calculated for NADPH, e-NADPH, 

3-NADPH, HX-NADPH, and NADH using an extinction coefficient of 6,220 M^cm"1 

The appearance of APADPH and thio-NADPH were measured at 363 nm and 395 nm, 

respectively. Rates were calculated for thio-NADPH and APADPH using extinction 

coefficients of 11,300 and 9,100 M^cm"1, respectively. The temperature was maintained 

at 25°C using a circulating water bath to heat the thermospacers of the cell compartment. 

Reaction cuvettes were 1 cm in path length and 1 ml in volume. All cuvettes were 

incubated for at least 10 min in a water bath prior to initiation of reaction. A typical assay 

in the direction of oxidative decarboxylation contained 100 mM Hepes, pH 7, 200 |JM 

NADP, 2 mM 6-PG, and 1.4 fig of enzyme. In the direction of reductive carboxylation, a 



43 

typical assay contained 100 raM Hepes, pH 7,10 mM Ru 5-P, 200 |i.M NADPH, 20 mM 

COj, and 110 jig of enzyme. The reactant, C02, was added as bicarbonate with C0 2 

concentration calculated according to the Henderson-Hasselbach equation using a pK of 

6.4. Assays were carried out with capped cuvettes. To be sure that C0 2 was not being 

rapidly lost under these conditions, the initial velocity was measured as a function of time 

for identically prepared cuvettes with a nonsaturating C0 2 concentration. No change in 

initial velocity was observed over a 20 minute period. All assays reflected initial velocity 

conditions with less than 10% of the limiting reactant utilized over the time course of the 

reaction. The Km for NADPH approaches the limit of detection for the spectrophotometric 

assay. As a result, a competitive inhibitor, ATP-Ribose was added at a fixed level to 

increase the effective Km. All kinetic parameters were then corrected for the presence of 

ATP-Ribose. The correction term is dependent on the enzyme form represented. As such, 

no correction for the presence of ATP-Ribose is required for values determined at 

saturating NADPH, i.e. KRu j . P and KQQ2- Values determined at nonsaturating NADPH 

concentrations, i.e. KNADpH> were corrected for the presence of ATP-Ribose by dividing 

by (1 + I/Kj). Product and dead-end inhibition patterns were obtained by varying one 

reactant at a fixed level of the other reactants (saturating and near Km) and different fixed 

levels of the inhibitor. In the direction of oxidative decarboxylation, 6-PG or NADP were 

fixed at their Km values when nonsaturating. In the direction of reductive carboxylation, 

Ru 5-P was maintained at its Km, but the concentration of CO2 was maintained at 5 mM 

(low) and 20 mM (high) instead of Km and saturating since the Km for CO2 is quite high. 

Although attainment of the maximum velocity in the direction of oxidative 

decarboxylation of 6-phosphogluconate presented no problem, it was not possible to attain 

the maximum rate in the reductive carboxylation direction. As a result, the maximum 

velocities in both directions were obtained using a common enzyme stock and varying the 

concentration of one reactant in constant ratio with a second. In the direction of oxidative 
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decarboxylation, data were obtained at pH 7,100 mM Hepes, and varying the 

concentration of 6-PG in a constant ratio of 10 with NADP. In the reductive carboxylation 

direction, data were obtained at pH 7,100 mM Hepes, with saturating NADPH (200 |i.M) 

and varying the concentration of C02 in a constant ratio of 0.2 with Ru 5-P. In both cases, 

extrapolation to infinite concentration of the varied substrate gave the value for V. 

pH studies. All assays were carried out using a Gilford 250 spectrophotometer 

equipped with a strip-chart recorder to measure the appearance of NADPH and NADH at 

340 nm. The temperature was maintained at 25°C using a circulating water bath to 

maintain constant temperature of the thermospacers of the cell compartment. Reaction 

cuvettes were 1 cm in path length and 1 ml in volume. All cuvettes were incubated for at 

least 10 min in a water bath prior to initiation of reaction. 

Initial velocity data were obtained as a function of pH under conditions in which 

one substrate was varied while the other was maintained at a saturating concentration. In 

order to be certain that the kinetic mechanism is pH independent and to obtain estimates of 

the Km values for 6-PG and NADP, initial velocity patterns in the absence of products 

were obtained at pH 5.5 and 10. Patterns were obtained by measuring the initial velocity at 

different levels of NADP and several fixed levels of 6-PG. The pH was maintained using 

the following buffers at 100 mM concentrations: Mes, 5.5-6.5; Hepes, 6.5-8.5; Ches, 8.5-

10. The pH was recorded before and after initial velocity data were recorded. 

Initial velocity data were obtained as a function of pH under conditions in which 

NAD was varied at several fixed levels of 6-PG. The pH was maintained using the 

following buffers at a final concentration of 100 mM: Mes, 5.5-6.5; Hepes, 6.5-8.5; Ches, 

8.5-10. The pH was measured before and after initial velocity data were recorded. 

Inhibition data were obtained for inhibitors competitive with the variable substrate at 

a saturating concentration of the fixed substrate. Full inhibition patterns for ATP-Ribose 

and 5-PRib were obtained at pH 5.5,7, and 10 with the substrate varied at several different 

levels of the inhibitor, including zero. Full inhibition patterns for 6-SG and 5-PAra vs. 6-
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PG were obtained at pH 7 and 9. Once the competitive nature of the inhibition was 

determined to be pH independent, Dixon experiments were performed in which the variable 

substrate was fixed at a concentration equal to its Km and the inhibitor concentration was 

varied over a range (including zero) that gave inhibition. The measured Kj was then 

divided by 2 to obtain the true Kj. 

NAD-NAD Stacking. There was a possibility that NAD-NAD stacking occurred at 

the high concentrations of NAD used in the initial velocity studies. To test this possibility, 

the absorbance of NAD at 259 nm was measured as a function of its concentration. 

Spectrophotometer cells were 0.1 millimeter in path length. A plot of absorbance versus 

NAD (up to 10 raM) is linear (data not shown), and the e is constant (data not shown). 

Product and Dead-End Inhibition Using NAD as the Dinucleotide Substrate. 

Inhibition patterns were obtained using Ru 5-P as an analog of 6-PG with NAD maintained 

at a nonsaturating concentration varying the concentration of 6-PG and with 6-PG 

maintained at a nonsaturating concentration varying the concentration of NAD at several 

concentrations of Ru 5-P, including zero, at pH 6,7 and 8, respectively. Inhibition 

patterns were obtained using ATP-Ribose as a dead-end analog of NAD with 6-PG 

maintained at a saturating concentration varying the concentration of NAD and with NAD 

maintained at a nonsaturating concentration varying the concentration of 6-PG at several 

concentrations of ATP-Ribose, including zero, at pH 6,7,8 and 9, respectively. 

Deuterium Isotope Effects. Primary deuterium isotope effects with 3-d-6-PG 

using NADP as the dinucleotide substrate were obtained as a function of pH by direct 

comparison of initial velocities. Primary deuterium isotope effects with 3-d-6-PG using 

APADP and thio-NADP as the dinucleotide substrate were obtained at pH 6, 8, and 9.5 

while the primary deuterium isotope effects using NAD as the dinucleotide substrate were 

obtained at pH 8 and 9.5. The concentration of 6-PG and 3-d-6-PG stock solutions were 

determined enzymatically using 6-PGDH. Data were plotted in the form of Lineweaver-
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Burk plots and plots were linear. Isotope effects were estimated by fitting the data to the 

appropriate rate equations. 

Data processing. Reciprocal initial velocities were plotted against reciprocal 

substrate concentrations and all plots and replots were linear. Data were fitted using the 

appropriate rate equations and computer programs developed by Cleland (1979). Data 

conforming to a general bireactant sequential mechanism were fitted using equation 17 . 

Data for competitive and noncompetitive inhibitions were fitted using equations 18 and 19. 

v = VAB/(KiaKb + KaB + KbA + AB) (17) 

v = VA/(Ka[l+I/Kis]+A) (18) 

v = VA/(Ka[l+I/Kis] + A[l+I/Kjj]) (19) 

where v is the initial velocity, V is the maximum velocity, A, B, and I are reactant and 

inhibitor concentrations, Ka and Kb are the Michaelis constants for A and B, Kja is the 

dissociation constant for A, and Kis and K;j are slope and intercept inhibition constants 

respectively. The dissociation constants of substrates from ternary and quaternary 

complexes are denoted as Kj- and Kj«, respectively. 

Attempts to fit the initial velocity data in the direction of reductive carboxylation 

using equation 20 were unsuccessful because the data are not well conditioned. As a 

result, parameters were estimated graphically. 

v = VABC/ 

[constant+(Coef A)A+(Coef B)B+(Coef C)C+KaBC+KbAC+KcAB+ABC] 

(20) 
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where constant and coefficient terms are mechanism dependent and the product of 3 

(constant) or 2 (Coef) kinetic parameters. All other terms are as defined above. 

Data obtained for the maximum velocities in both reaction directions varying 

reactants in constant ratios were fitted in double reciprocal form using equation 21: 

y = A + Bx + Cx2 (21) 

where y is the value of 1/v at any value of the varied reactant, x is the reciprocal of the 

varied reactant concentration, A is 1/Vmax, B and C are coefficients for the initial linear (x -

--> 0) and exponential (x —> ) portions of the curve, respectively. 

Data conforming to a series of parallel lines with competitive substrate inhibition 

were fitted using equation 22. All other initial velocity data were interpreted by graphical 

analysis. Uncompetitive inhibition was fitted using equation 23. 

v = VAB/[KaB(l + B/Kffi) + KbA + AB] (22) 

v = VA/(Ka + A[1 + I/Kj]) (23) 

where v is the initial velocity, V is the maximum velocity, A, B, and I are reactant and 

inhibitor concentrations, Ka and are the Michaelis constants for A and B, K^a is the 

dissociation constant for A, and KIB is the inhibition constant for B. 

Data for bell-shaped pH profiles in which the limiting slopes were +1 and -1 were 

fitted using equation 24, while data for V/K^_pG which decreases with a limiting slope of 

+2 at low pH and -1 at high pH were fitted using equation 25. Data from Dixon plot 

analysis were fitted using equation 26. 
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log y = log [C/(l + H/Kj + K2/H)] (24) 

log y = log [C/(l + H/Ki +K2/H + H2/KQ)] (25) 

y = Ax + B (26) 

In equations 24 and 25, y is the observed value of the parameter of interest, e.g. V/KNADP 

at a given pH, C is the pH-independent value of y, H is the hydrogen ion concentration, Kj 

and K2 are acid dissociation constants for enzyme, substrate, or inhibitor functional 

groups, and K0 is the product of Kj and a second dissociation constant (K3) which results 

in a further decrease in V/K^PQ at low pH. In equation 26, y is 1/v, x is inhibitor 

concentration, A is the slope, and B is the ordinate intercept. Values for Kj are obtained by 

determining the abscissa intercept (B/A) divided by 2. Standard errors were determined by 

the following eqn: 

S.E. = [Int/Slope [(S.E.Int/Int)2 + (S.E.Slope/Slope)2] 1/2]/2 (27) 

where all values are determined by the computer fit. 

Data for deuterium isotope effects were fitted using equation 28. 

v = VA/[(K + A)(l + FjEv)] (28) 

where Fj is the fraction of deuterium label in the substrate and Ev is the isotope effect minus 

1 assuming equal isotope effects on V and V/K. 



CHAPTER in 

RESULTS 

Determination of Kinetic Mechanism 

Initial Velocity Studies in the Absence of Added Inhibitors. Initial velocity patterns 

ware obtained under conditions in which NADP was varied at different fixed levels of 6-

PG in the direction of oxidative decarboxylation. The initial velocity pattern obtained 

intersects to the left of the ordinate suggesting a sequential kinetic mechanism. In the 

direction of reductive carboxylation, NADPH was varied at several different fixed levels of 

Ru 5-P and a single fixed concentration of CO2. This pattern was then repeated at three 

different fixed concentrations of CO2. In the direction of reductive carboxylation, 0.1 mM 

ATP-Ribose was added to each assay to increase the effective Km for NADPH and ensure 

a high enough concentration of the reduced dinucleotide to produce linear recorder traces 

Conger approach to equilibrium) for at least four minutes. In addition, the concentration of 

C02 was always maintained < 20 mM. Data from the resulting reciprocal plots were 

analyzed in terms of the systematic treatment of Viola and Cleland (1982) for a terreactant 

mechanism. In all cases, initial velocity patterns intersect to the left of the ordinate. A list 

of the kinetic parameters is given in Table 1. The maximum rates were obtained by varying 

reactants in a constant ratio as previously described. 

49 



50 

Table 1. Kinetic Parameters for 6-Phosphogluconate Dehydrogenase from Candida utilisa 

Oxidative Decarboxylation 

Knadp = 8 ± 2 jxM 

K i NADP = 1 0 ± 2 

K^-PG = 220 ± 20 fiM 

Ki 6-PG = 280 ± 80 |iM 

V/KNADP = (1-6 ± 0.2) * 10 5 M ' V 1 

V/K6.PG = (6.1 ± 0.8) * 104 M ' V 1 

Vmaxb = l l ± l s"1 

Reductive Carboxylationc 

Kr u 5-p = 1 mM 

KNADPH = 2 | i M 

K^Q2
 = 50 mM 

Vmaxb = 0.15 ± 0.01 s*1 

V/K Ru 5-P ~ 150 M'1 s"1 

Coef [Ru 5-P] = 3.2 mM 

Coef [NADPH] = 5.8 mM2 

Coef [CC>2] = 0.05 mM2 

Constant = 0.25 mM3 

V/K, NADPH ~ 7.5 * 104 M"1 s"1 

V / K c o ^ S M - l s"1 

a. Data were obtained at pH 7,100 mM Hepes and 25 0 C. 

b. The maximum velocities were obtained from a variation of the reactants in constant 

ratio. 

c. The data in the direction of reductive carboxylation are not well conditioned to a fit using 

equation 20. Parameter estimates are from a graphical analysis. 
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Product Inhibition Studies. In the direction of oxidative decarboxylation, with 

NADP as the variable substrate, NADPH is a competitive inhibitor whether 6-PG is 

saturating or nonsaturating, and Ru 5-P is noncompetitive at nonsaturating 6-PG. With 6-

PG as the variable substrate, Ru 5-P is a competitive inhibitor whether NADP is saturating 

or nonsaturating, and NADPH is noncompetitive at nonsaturating NADP. Results from 

product inhibition studies in the direction of oxidative decarboxylation are given in Table 2. 

In the direction of reductive carboxylation, with Ru 5-P as the variable substrate, 6-

PG is a competitive inhibitor at saturating NADPH at any C02 concentration. With C0 2 as 

the variable substrate, 6-PG is also competitive at saturating NADPH and nonsaturating Ru 

5-P With NADPH as the variable substrate, 6-PG is noncompetitive at nonsaturating Ru 

5-P at any CO2 concentration. Results from product inhibition studies in the direction of 

reductive carboxylation are given in Table 3. 

Dead-end Inhibition Studies. ATP-Ribose was used as a dead-end analog of both 

NADP and NADPH. In the direction of oxidative decarboxylation, ATP-Ribose is 

competitive versus NADP at any concentration of 6-PG and noncompetitve with 6-PG. 

Similarly, 6-SG was used as an analog of 6-PG and is competitive versus 6-PG at any 

concentration of NADP, and is noncompetitive versus NADP at nonsaturating 6-PG. In 

the direction of reductive carboxylation, ATP-Ribose is competitive versus NADPH 

whether Ru 5-P is saturating or nonsaturating at high or low C0 2 concentrations. 5-

Phosphoribonate is competitive versus Ru 5-P at any concentrations of NADPH and CO2. 

With C0 2 as the variable substrate, 5-PRib is competitive at any concentration of NADPH 

and nonsaturating Ru 5-P. 5-PRib is noncompetitive versus NADPH at any concentration 

of C0 2 and nonsaturaing Ru 5-P. A summary of the data obtained from dead-end 

inhibition studies in the direction of oxidative decarboxylation and reductive carboxylation 

is given in Tables 2 and 3, respectively. 

Initial Velocity Studies in the Absence of Inhibitors using NAD as the Dinucleotide 
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Table 2. Product and Dead-End Inhibition Patterns for 6-PhosphogIuconate Dehydrogenase 

from Candia utilis in the Direction of Oxidative Decarboxylation 

Varied Fixed Inhib. Pattern K i s ± S . E . Kjj 1 S.E. Enz. Form0 

Substrate Substrates HM |iM 

NADP 6-PG (ns) b NADPH C 3.5 ± 0.5 (3) E, E:NADP 

NADP 6-PG (s) NADPH C 2.3 ± 0.4 E:6-PG 

6-PG NADP (ns) NADPH NC 3 .2±0.8 (1.8) 8.3 1 0 . 2 (4.2) E, E:6-PG 

6-PG NADP (ns) Ru 5-P C 430180(270) E, E:6-PG 

6-PG NADP (s) Ru 5-P C 210140 E:NADP 

NADP 6-PG (ns) Ru 5-P NC 130 + 3(80) 6201140(310) E,E:NADP 

NADP 6-PG (ns) ATP-Rd C 6.4 10 .8 (4.2) E, E:NADP 

NADP 6-PG (s) ATP-R C 1 2 1 2 E:6-PG 

6-PG NADP (ns) ATP-R NC 8 .510 .1 (4.7) 3315(16) E, E:6-PG 

6-PG NADP (ns) 6-SG C 1600 1 200(1000) E, E:6-PG 

6-PG NADP (s) 6-SG C 610011100 E:NADP 

NADP 6-PG (ns) 6-SG NC 1200 1 200 1350013200 E, E:NADP 

a- Data were attained at pH 7,100 mM Hepes and 25 ° C. 

b- The abbreviations (ns) and (s) indicate the fixed substrate was maintained equal to its 

Km or > 10 times its Km, respectively. C and NC represent competitive and 

noncompetitive inhibition, respectively. Values in parenthesis represent those values 

corrected for the presence of the fixed substrate. 

C" Enzyme form represents the enzyme form to which inhibitor binds. The first enzyme 

form listed refers to the predominate form present where the slope inhibition constant is 

considered, while the second reflects the intercept inhibition constant. 
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Table 3. Product and Dead End Inhibition Patterns for 6-Phosphogluconate Dehydrogenase 

from Candida uxilis in the Direction of Reductive Carboxylationa 

Varied Fixed Inhibitor Pattern K i s ± S.E. K u ± S.E. 

Substrate Substrates |lM 

Ru 5-P NADPH (s)b C0 2 (high) 6-PG C 77 ± 16 

Ru 5-P NADPH (s) C0 2 (low) 6-PG C 7 ± 1 

NADPH Ru 5-P (ns) C0 2 (high) 6-PG NC 320 ± 200 1130 ±700 

NADPH Ru 5-P (ns) C0 2 (low) 6-PG NC 150 ±60 600 ±200 

C0 2 Ru 5-P (ns) NADPH (s) 6-PG C 330 ± 40 

NADPH Ru 5-P (s) C0 2 (high) ATPRC C 46 ±21 

NADPH Ru 5-P (s) C0 2 (low) ATP-R C 100 ±40 

NADPH Ru 5-P (ns) C0 2 (high) ATP-R C 21 ± 5 

NADPH Ru 5-P (ns) C0 2 (low) ATP-R C 24 ± 6 

Ru 5-P NADPH (ns) C0 2 (high) ATP-R NC 28 ± 15 90 ±30 

Ru 5-P NADPH (ns) C0 2 (low) ATP-R NC 17 ± 6 270 ± 80 

co2 NADPH (ns) Ru 5-P (s) ATP-R NC 90 ±40 66 ±40 

CO 2 NADPH (ns) Ru5-P (ns) ATP-R NC 53 ±12 50 ±20 

Ru 5-P NADPH (s) C0 2 (high) 5-PRib C 4900 ±1200 

Ru 5-P NADPH (s) C0 2 (low) 5-PRib C 3500 ± 800 

Ru 5-P NADPH (ns) C0 2 (high) 5-PRib C 760 ± 220 

Ru 5-P NADPH (ns) C0 2 (low) 5-PRib C 190 ±50 

NADPH Ru 5-P (ns) C0 2 (high) 5-PRib NC 3700 ± 1500 28900 ±2200 
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NADPH Ru 5-P (ns) C0 2 (low) 5-PRib NC 1100 1 300 4700 1700 

C0 2 Ru 5-P (ns)NADPH (s) 5-PRib C 24600 1 6000 

C0 2 Ru5-P (ns) NADPH (ns) 5-PRib C 9001100 

a- Data were obtained at pH 7, 100 mM Hepes and 25 ° C. 

b* The abbreviations (ns) and (s) indicate the fixed substrate was maintained equal to its 

Km or > 10 times its Km, respectively. High and low represent C0 2 concentrations of 20 

and 5 mM, respectively. C and NC represent competitive and noncompetitive inhibition, 

respectively. 

c- ATP-R is ATP-Ribose. 
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Substrate. Initial velocity patterns fall into two categories dependent on the pH at which 

data were collected. Data obtained below pH 8 varying 6-PG at several fixed levels of 

NAD gives a series of near parallel lines at low 6-PG with apparent substrate inhibition at 

all values of NAD, although the inhibition appears to be largely eliminated at 10 mM NAD. 

Plotting the data varying NAD at several fixed levels of 6-PG results in a normal 

intersecting pattern at low 6-PG concentrations with competitive substrate inhibition at 

higher concentrations of 6-PG. An example of this behavior obtained at pH 7 is shown in 

Figure 3. At pH 8 and above, intersecting initial velocity patterns are observed varying 6-

PG at several fixed levels of NAD (or plotting the data the other way) and are indicative of 

a sequential mechanism. Kinetic parameters are summarized in Table 4. 

Product and Dead-End Inhibition using NAD as the Dinucleotide Substrate. At pH 

6,7 and 8, Ru 5-P is competitive vs 6-PG at nonsaturating NAD and noncompetitive vs 

NAD at nonsaturating 6-PG. ATP-Ribose, a dead-end analog of NAD(P) is competitive vs 

NAD at saturating 6-PG at pH values of 6,7, 8, and 9 and noncompetitive versus 6-PG at 

nonsaturating NAD at pH 6,8, and 9. At pH 7, inhibition by ATP-Ribose vs 6-PG at 

nonsaturating NAD cannot be carried out since the lowest 6-PG concentration that can 

effectively be used are saturating. There is, however, inhibition by ATP-Ribose under 

these conditions, and thus inhibition is either noncompetitive or uncompetitive. Based on 

the inhibition pattern obtained at lower pH, the former is most likely. Inhibition constants 

are summarized in Table 5. 

Dinucleotide Substrate Analogs. Initial velocity patterns were obtained under 

conditions in which the dinucleotide substrate analog was varied at different fixed levels of 

6-PG in the direction of oxidative decarboxylation. The initial velocity patterns obtained 

using p-NADP, thio-NADP, e-NADP, HX-NADP and APADP intersect to the left of the 

Ordinate suggesting a sequential mechanism. Initial velocity patterns using 3-NADP as the 

dinucleotide were qualitatively similar to the pattern obtained using NAD. The V and 
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Figure 3. Initial velocity pattern varying 6-PG at several fixed levels of NAD. Assays 

were carried out in 100 mM Hepes, pH 7, with 6-PG concentrations as indicated. NAD 

concentrations used were (X) 1 mM, (A) 1.4 mM, (•) 2.5 mM, (+) 10 mM, (A) 14 mM, 

and (•) 25 mM, respectively. A 6-PGDH concentration of 110 jig was used for each 

assay. 
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Table 4. pH Dependence of Kinetic Parameters for 6-Phosphogluconate Dehydrogenase 

from Candida utilis using NADa 

pH V/Et K N A D 
K6-PG V/KNAD V/K^PG 

(s"1) (mM) OiM) (M'V1) (M'V1) 

7 0.26 ± 0.03 16 ± 3 71 ± 2 2 0.023 ± 0.008 4.5 ± 1.5 

8 11 ± 4 9 ± 2 85 ± 3 3 1.2 ± 0 . 1 134 ± 37 

9 22 ± 4 18 ± 4 204 ± 88 1.2 ±0 .1 108 ± 32 

9.5 22 ± 3 17 ± 4 640 ± 230 1.3 ± 0 . 1 35 ± 8 

10 41 ± 1 4 114 ± 4 3 (6.8±3.1)*103 0.36 ± 0.01 6 ± 1 

a Assays performed at 25 ° C. 
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Table 5. Product and Dead-End Inhibition Patterns for 6-Phosphoglucoante Dehydrogenase 

from Candida utilis using NAD 

pH Inhibitor Variable Fixed Pattern K is K i i 

Substrate Substrate \iM M-M 

6 ATP-R* NAD 6-PG (2 mM) C 1.7 ± 0.2 

6 ATP-R NAD 6-PG (0.2 mM) C 1.2 ± 0 . 1 

6 ATP-R 6-PG NAD(lOmM) NC 2.8 ± 1.6 4.6 ± 0.5 

6 ATP-R 6-PG NAD (1 mM) NC 1.0 ± 0.8 2.5 ± 1.0 

6 Ru 5-P 6-PG NAD (10 mM) C 1170 ±380 

6 Ru 5-P NAD 6-PG (0.2 mM) NC 3100 ± 1000 1100 ±400 

7 ATP-R NAD 6-PG (3.0 mM) C 1.5 ± 0.1 

7 Ru 5-P NAD 6-PG (0.1 mM) NC 1800 ±400 1700 ±800 

7 Ru 5-P 6-PG NAD (10 mM) C ndb 

8 ATP-R NAD 6-PG (3.0 mM) C 2.5 ± 0.4 

8 ATP-R 6-PG NAD (10 mM) NC 21 ± 12 7.5 ± 1.0 

8 Ru 5-P NAD 6-PG (0.2 mM) C 600 ± 200 

8 Ru 5-P 6-PG NAD (10 mM) NC 180Q± 350 4400± 110C 

9 ATP-R NAD 6-PG (10 mM) C 7.1 ± 1.3 

9 ATP-R 6-PG NAD (10 mM) NC 6.5 ± 1.4 18.1 ±3 .5 

a- ATP-R is ATP-Ribose. b- not determined as the unhibited line has no slope. 
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Table 6. Kinetic Parameters of Dinucleotide Substrates for 6-Phosphogluconate 

Dehydrogenase from Candida utilisa 

Dinucleotide V/Et KDN K6-PG V/KDNE t V/K6.pGEt 

(s"1) (M-M) (M-M) (M'V1) (M'V1) 

p-NADP 4.0 ± 0.2 13 ± 2 290 ± 30 (3.0 ± 0.7)* 105 (1.4 ± 0.1)*104 

thio-NADP 0.30 ± 0.01 11 ±1 160 ± 2 0 (2.7 ±0.2)* 104 (1.8±0.2)*103 

APADP 0.71 ±0.06 3 ± 1 250 ± 20 (2.5 ± 1.2)* 105 (3.0 ± 0.6)* 103 

e-NADP 2.9 ±0 .1 32 ± 2 220 ± 10 (9.2 ± 0.5)* 104 (1.4±0.1)*104 

HX-NADP 4.8 ± 0.2 27 ± 3 200 ± 30 (1.5 ± 0.1)*105 (2.3 ± 0.2)* 104 

NAD 0.26 ±0.03 (16± 3)*103 71 ±22 16.7 ± 1.6 (3.7 ± 1.2)* 103 

3-NADP 0.31 ±0.05 (1.7 ± 0.4)* 103 180 ± 2 5 

Kj (|a.M) 

a-NADP 133 ± 11 

a All assays were carried out at 100 mM Hepes, pH 7 and 25 0 C. 
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V/K^'-nadp w e r e obtained at a saturating concentration of 6-PG. Although a-NADP is not 

a substrate its K; as a competitive inhibitor versus NADP was obtained. A list of kinetic 

parameters for the dinucleotides is given in Table 6. The structures, redox potentials and 

spectroscopic data for these dinucleotides are summarized in Table 7. The structures of the 

dinucleotides are presented.in Figure 4. 

Deuterium Isotope Effects using NADP and Alternative Dinucleotides. Primary 

deuterium isotope effects with 3-<i-6-PG using NADP as the dinucleotide substrate were 

obtained as a function of pH by direct comparison of initial velocities. Initial velocity data 

were obtained by varying the concentration of one substrate at saturating concentrations of 

the other. Data were plotted in the form of Lineweaver-Burk plots and all plots were linear. 

Isotope effects were estimated by fitting the data to the appropriate rate equations. At all 

pH values tested, the deuterium isoptope effects on V and V/K for both 6-PG and NADP 

are equal indicating that the kinetic mechanism of 6-PGDH is rapid equilibrium random and 

pH independent. Values for the deuterium isotope effects using NADP are summarized in 

Table 8. 

Primary deuterium isotope effects with 3-d-6-PG using alternative dinucleotide 

substrates were obtained as a function of pH by direct comparison of initial velocities. 

Initial velocity data were collected and interpreted as described above. Primary deuterium 

isotope effects with APADP and thio-NADP were obtained at pH 6, 8, and 9.5 while 

primary deuterium isotope effects with NAD were obtained at pH 8 and 9.5. At all pH 

values tested, the deuterium isotope effects on V and V/K for 6-PG and the alternative 

dinucleotide are equal indicating that the kinetic mechanism is rapid equilibrium random 

regardless of the dinucleotide substrate used. The data also confirm that the kinetic 

mechanism remains pH independent regardless of the dinucleotide substrate used. Values 

for the deuterium isotope effects using alternative dinucleotides are summarized in Table 9. 
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Table 7. Structures, Redox Potentials, and Spectroscopic Data for the Dinucleotide 

Substrates Used in the Studies of 6-Phosphogluconate Dehydrogenase from Candida 

utilis3-

Dinucleotide 

Substrate 

Structure e'o (mV) T̂Tiax (NM)K e a t ^max (mM"1)13 

P-NADP Figure 4A: R j = -P03
2* -320 340 6.22 

R2 = H, R3 = -CONH2 

a-NADP Figure 4A: R j - -PO32" -320 340 6.22 

R2 = H, R3 = -CONH2 

NAD Figure 4A: Rj = H, -320 340 6.22 

R2 = H, R3 = -CONH2 

3-NADP Figure 4A: Rj =H -320 340 6.22 

R2 = -PO32" R3 = -CONH2 

e-NADP Figure 4B -320 340 6.22 

HX-NADP Figure 4C -320 340 6.22 

thio-NADP Figure 4A: R | = -P03
2~ -285 395 11.30 

R2 = H, R3 = -CSNH2 

APADP Figure 4A: R} = -P0 3
2 ' -258 363 9.10 

R2 = H, R3 = -COCH3 

a Refer to Figure 4 for the general structures of the dinucleotides. 

b These values were used to follow the appearance of the corresponding reduced 

dinucleotide. 
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Figure 4. Structures of the Various Dinucleotides Used in the 6-Phosphogluconate 

Dehydrogenase Reaction. 
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Table 8. pH Dependence of Deuterium Isotope Effects on V/KN A D P and V/K6_PG
a for 

K 
6-Phosphogluconate Dehydrogenase from Candida utilis 

pH V/KNADP 
v/K6-PG 

5.5 2.04 ±0.18 

6.0 1.75 + 0.08 1.79 ±0 .08 

6.5 1.74 ± 0.10 

7.0 1.70 ±0.09 1.75 ± 0.09 

8.0 1.57 ± 0.08 1.63 ±0 .07 

9.0 1.59 ±0.11 1.58 ±0 .07 

9.5 1.42 ±0.09 1.43 ± 0.07 

10.0 1.36 ±0.08 

a In all cases, D(V/K) for either substrate was equal to D(V). 

b Assays were measured at 25 ° C and saturating concentrations (20 Km) of one substrate 

while varying the other. 



66 

Table 9. pH Dependence of Deuterium Isotope Effects upon V/Kg P G and V / K p ^ for 

6-Phosphogluconate Dehydrogenase from Candida utilis^ 

APADP 

PH V/K d n V/K6 .p g 

6.0 5.31 ±0.13 

8.0 3.75 + 0.12 3.60 ±0.09 

9.5 3.17 ±.011 

Thio-NADP 

PH V/K d n V/K6.pG 

6.0 4.00 ±0.09 3.96 ±0.10 

8.0 2.41 ±0.12 2.53 ±0.12 

9.5 2.40 ± 0.06 2.22 

NAD 

PH V/KDN V/K^PQ 

8.0 2.36 2.26 

9.5 1.46 ±0.08 1.61 

a In all cases, D(V/K) for either substrate was equal to D(V). 

b Assays were measured at 25 ° C and saturating concentrations (20 Km) of one substrate 

while varying the other. 
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Determination of Chemical Mechanism 

In order to obtain information concerning the acid-base chemistry catalyzed by 6-

PGDH, the pH dependence of kinetic parameters was determined. First, however, it is 

necessary to ensure that the kinetic mechanism is pH independent. Initial velocity patterns 

obtained at pH 5.5 and 10 intersect to the left of the ordinate as observed at pH 7. Product 

inhibition is competitive by Ru 5-P vs. 6-PG at saturating NADP and by NADPH vs. 

NADP at saturating 6-PG consistent with a pH independent rapid equilibrium random 

kinetic mechanism. 

pH Dependence of Kinetic Parameters. The pH dependence of the kinetic 

parameters for the 6-PGDH reaction in the direction of oxidative decarboxylation are 

shown in Figure 5. The maximum velocity decreases at high and low pH giving pK values 

of 6 and 10. The V/K for NADP also decreases at both low and high pH with slopes of 1 

and -1, respectively giving pKvalues of 7.5 and 8.1. The V/K for 6-PG decreases at high 

pH with a slope of -1 giving a pK of 8.2, but with a slope of 2 at low pH giving pK values 

of 6.4 and 7.6. pH independent values of the kinetic parameters are as follows: V/Et, 

140s"1; V/KNADPE t, 1.7 * 105 M ' V 1 ; and V/K6.PGEt, 1.3 * 104 M'1 s '1 . pKvalues 

are summarized in Table 10. 

pH Dependence of the K Jor Inhibitory Analogs. Dead-end inhibitors competitive 

with the variable substrate bind to the same enzyme form as the variable substrate. Since 

addition of the variable substrate is limiting under conditions in which inhibition is 

observed, addition of the inhibitor and protonation-deprotonation of enzyme come to 

equilibrium, and thus dissociation constants are obtained, and the pH dependence of the 

dissociation constants will yield true pK values (Cleland, 1977). The pKj profile (plotted 

as log 1/Kj so that a decrease represents a decrease in affinity) for ATP-Ribose is shown in 
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Figure 5. pH dependence of kinetic parameters for the 6-PGDH reaction from Candida 

utilis. Data were obtained at 25 ° C for V (A), V/KNADP (B), and V/K6.pG 

(C). The points shown are the experimentally determined values while the 

curves are from a fit of the data using eq 24 for V and V/KNADP and eq 25 for 

v/K6.pg. 
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Table 10. pH Dependence of Kinetic Parameters for 6-Phosphogluconate Dehydrogenase 

from Candida udlis 

Acid Side Basic Side 

Parameter pK ± S.E. pK ± S.E. 

V 6.0 ± 0.2 10.0 ± 0.4 

V/K6-PG 6 , 4 ± 0 , 3 8 2 ± ° ' 2 

7.6 ± 0.2 

V/KNADp 7.5 ±0.1 8.1 ±0 .1 

PKi6.SC 7.1 ±0.1 8.5 ±0 .1 

pKi 5PRib 6 5 ± 0 4 8 ' 8 * 0 4 

pKj 5 P A r a 6.8 ± 0.3 8.8 ± 0.3 

PKi ATP-R 7 2 ± 0 3 8 0 1 0 3 



71 

Figure 6. pH dependence of the inhibitor dissociation constants for the 6-phosphogluconate 

dehydrogenase reaction from Candida utilis. Data were obtained at 25 ° C for 

ATP-Ribose (A) and 6-sulfogluconate (B). The points shown are the 

experimentally determined values while the curves are from a fit of the data using 

eq 24 in all cases. 
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Figure 6A. The value of 1/Kj decreases at low and high pH with slopes of 1 and -1, 

respectively, giving pK values of 7.2 and 8. The pH independent value for Kj ATP-Ribose 

is 8 nM. 

The pKj profile for 6-SG is shown in Figure 6B. The value of 1/Kj decreases at 

low and high pH with a slope of 1 and -1, respectively, giving pK values of 7.1 and 8.5. 

The pKj profile for 5-PRib is depicted in Figure 7A. The value of 1/Kj decreases at low 

and high pH with slopes of 1 and -1, respectively, giving pK values of 6.5 and 8.8. The 

pKj profile for 5-PAra is depicted in Figure 7B. The value of 1/Kj decreases at low and 

high pH with slopes of 1 and-1, respectively, giving pK values of 6.8 and 8.8 The pH 

independent values of K, g.sQ, Kj 5_pRib, and K; 5_PAra 2X6 3-5 raM, 3.5 mM, and 3.2 mM 

respectively. Data are summarized in Table 10. 

Substrate Analogs. Various analogs of 6-PG and Ru 5-P were tested as either 

substrates or inhibitors for the 6-PGDH reaction at pH 7 and are shown in Figure 8. As 

indicated above, 6-SG, 5-PAra, and 6-PA11 are competitve inhibitors vs. 6-PG and 5-PRib 

is competitive vs. 6-PG and Ru 5-P. 6-PMan acts as a substrate and has a Km value of 23 

mM while 6-PGal, Xu 5-P, R 5-P, and F 6-P do not act as substrates and do not inhibit the 

6-PGDH reaction up to concentrations of 30 mM. There may be a slight activation of the 

reaction by F 6-P (data not shown). Data are summarized in Table 11. 

pH Dependence of Kinetic Parameters using NAD as the Dinucleotide Substrate. 

Because of the high Kj^ for NAD, it is difficult to accurately measure the kinetic parameters 

at all pH values. From the data obtained, however, it appears that Vmax is pH independent 

above pH 8 and the V/Kg p G decreases on the basic side with a pK of about 8 (data not 

shown). 

pH Dependence of the Deuterium Isotope Effects. Primary deuterium isotope 

effects with 3-d-6-PG using NADP as the dinucleotide substrate were obtained as a 

function of pH by direct comparison of initial velocities. Values are summarized in Table 
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Figure 7. pH dependence of the inhibitor dissociation constants for the 6-PGDH reaction 

from Candida utilis. Data were obtained at 25 0 C for 5-phosphoribonate (A) 

and 5-phosphoarabonate (B). The points shown are the experimentally 

determined values while the curves are from a fit of the data using eq 24 in all 

cases. 
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Figure 8. Structures of reactants and analogs tested in the 6-phosphogluconate 

dehydrogenase reaction from Candida utilis. 
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Table 11. Comparison of Substrates and Analogs for 6-Phosphogluconate Dehydrogenase 

from Candida utilis 

A. Oxidative Decarboxylation a 

Molecule Effect K m or Kj ± S.E. 

6-Phosphogluconate Substrate 220 ± 20 jiM c 

6-Sulphogluconate Inhibitor 1.6 ± 0.2 mM c 

5-Phosphoribonate Inhibitor 2.5 ± 0.6 mM c 

6-Phosphomannonate Substrate 23 ± 5 mM d 

6-Phosphoallonate Inhibitor 4.1 ±0.5mMC 

5-Phosphoarabonate Inhibitor 3.2 ± 0.4 mMc 

Fructose 6-Phosphate Slight Activation 

Ribose 5-Phosphate None 

6-Phosphogalactonate None 

B. Reductive Carboxylation b 

Ribulose 5-Phosphate Substrate 1 m M e 

5-Phosphoribonate Inhibitor 4.9 ± 1.2 mM c 

Xylulose 5-Phosphate None 

Ribose 5-Phosphate None 

a Assays were performed at pH 7 with 1 mM NADP and 1.4 jag 6-PGDH for substrate 

determination and 1 mM NADP, 0.3 mM 6-PG, and 1.4 \xg 6-PGDH for Dixon plot 
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analysis unless otherwise stated. Refer to Figure 8 for structures of molecules. 

b Assays were performed at pH 7 with 100 |iM NADPH, 20 mM CO2 and 110 |J.g 6-

PGDH for substrate determination and 100 |iM NADPH, 1 mM Ru 5-P, 20 mM CO2, and 

110 jig 6-PGDH for Dixon plot analysis unless otherwise stated. 

c Values determined as described previously. 

d Value obtained by Lineweaver-Burk analysis. 

e Value obtained from graphical analysis as described previously. 
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8. Figure 9 shows the pH dependence of the deuterium isotope effects on V and V/K for 

both substrates. As mentioned previously, the measured isotope effects on V and V/K for 

either substrate at a given pH are equal. The isotope effect on V and V/K for both substrate 

are essentially pH independent below pH 8. The isotope effects on both V and 

V/Kdecrease to approach unity at high pH and a pK value of approximately 8.5 is obtained. 

Due to the high Km of 6-PG at extreme high (above pH 10) and low (below pH 5.5) pH, a 

quantitative analysis on the deuterium isotope effects could not accurately be performed. 

Comparison of the V and V/K pH profiles with that obtained for the pH dependence of the 

isotope effects on V and V/K indicate different profiles and suggest that the pH-dependent 

pathway does not include the isotope-dependent step. 

Primary deuterium isotope effects with 3-<i-6-PG using the alternative dinucleotide 

substrates APADP, thio-NADP, and NAD are qualitatively identical to those obtained using 

NADP as the dinucleotide substrate. In all cases, values of DV and D(V/K) for 6-PG and 

the dinucleotide substrate decrease at high pH and appear to approach a limiting value of 1. 

Values of the deuterium isotope effects are summarized in Table 9. 



CHAPTER IV 

DISCUSSION 

Kinetic Mechanism 

Initial Velocity Studies in the Absence of Added Inhibitors. In the direction of 

oxidative decarboxylation of 6-phosphogluconate, the initial velocity pattern obtained by 

varying NADP at different fixed levels of 6-PG intersects to the left of the ordinate 

suggesting a sequential kinetic mechanism. In the opposite reaction direction, a systematic 

study was carried out in which NADPH was varied at several different fixed levels of Ru 

5-P and a single fixed concentration of C0 2 and this pattern was repeated at several 

different concentrations of C02. A fit of these data to the equation for a random terreactant 

mechanism indicates that all denominator terms are present consistent with a random 

mechanism that at least approximates rapid equilibrium. The ratio of the maximum 

velocities in the directions of oxidative decarboxylation and reductive carboxylation is 

approximately 75. In addition, although the oxidized and reduced dinucleotide substrates, 

as well as 6-PG and Ru 5-P, have K m values within a factor of 4 of one another, the large 

K m value for C0 2 suggests very little role for this enzyme in the C0 2 fixation direction. 

81 



82 

Kinetic parameters are listed in Table 1. 

Product Inhibition. The competitive product inhibition exhibited by both products 

vs. the reactant ( N A D P H vs. N A D P , Ru 5 -P vs. 6 -PG, and 6 - P G vs. Ru 5 -P) , to which 

they are analogs at nonsaturating concentrations of the fixed substrate, suggests a rapid 

equilibrium mechanism. That the competitive pattern persists even under conditions of 

saturation by the fixed substrate is additionally indicative of dead-end E:NADP:Ru 5-P and 

E : N A D P H : 6 - P G complexes. Consistent with this interpretation, product inhibition 

patterns for N A D P H vs. 6 -PG, Ru 5 -P vs. N A D P , and 6 - P G vs. N A D P H at nonsaturating 

N A D P , 6 -PG, and Ru 5-P, respectively, are noncompetitive, indicative of combination of 

product to both free enzyme and the binary complex of enzyme and the variable substrate. 

For this kind of mechanism, the products behave as dead-end analogs of the variable 

substrates. Thus, the Kis obtained for N A D P H vs. N A D P at saturating 6 - P G should be 

identical to the obtained for N A D P H vs. 6 -PG once corrected for the presence of 

N A D P . The expression relating the two is appKj = Kj (1 + N A D P / K n a d p ) . With N A D P 

equal to KN A D P , the Kj is 1/2 the calculated Kj given in Table 2. Thus values of 4.2 jxM 

and 2 .4 | I M f o r E : 6 - P G : N A D P H and 310 (IM and 210 | IM fo r E : N A D P : R u 5 - P can be 

compared. Considering the low values of the Kj for N A D P H and standard errors, these 

values are in reasonable agreement. The values of K[s obtained at nonsaturating 

concentrations of the fixed substrate are also not true Kj values and must be corrected for 

the concentration of the fixed substrate. The correction term is much more complex in this 

case because the inhibitor has a choice of binding to either E or EB (if it is an analog of A 

such as N A D P H ) and the affinities need not be identical. The apparent Kjs in this case is 

equal to [(KisKiiKhVCKiaKhKii+KigKaBJltCKiaKi, + KaB)/B], but with B equal to Kb, 

this reduces to t(KisKii)/(KiaKii+KisKa)][Kia + Kb]. Using values of 8,10, and 4.2 

M-M, respectively for Ka, Kja, and Kjj, respectively, a value of 3 |J.M is calculated for 

ETNADPH. A second value for this constant can be calculated using the apparent Kj s 



83 

obtained from the noncompetitive pattern. In this case, the correction is for the presence of 

NADP and is Kjs(l + A/Kja). Applying this correction gives a value of 1.8 |iM for Kjs. 

Since true values of the dissociation constant for NADPH from E:NADPH:6-PG and 

E:NADPH are equal, it thus appears that the presence of one of the reactants does not affect 

the affinity of the product. The competitive pattern for 6-PG vs. C0 2 at saturating NADPH 

and nonsaturating Ru 5-P is also indicative of combination of 6-PG to the E:NADPH 

complex and also tends to indicate that C02 or HCO3" does have a weak binding site. In 

agreement with this, the Kj for 6-PG obtained from product inhibition vs. Ru 5-P increases 

(77 (J.M) when CO2 is increased to 20 mM compared to the value (7 |iM) measured at 5 

mM. Unfortunately, corrections for Kj values cannot be applied in the reductive car-

boxylation direction because of the inability to saturate with CO2. 

Dead-End Inhibition. The dead-end patterns obtained are qualitatively identical to 

the product inhibition patterns obtained; that is, ATP-Ribose is competitive vs. NADP at 

any level of 6-PG and noncompetitive vs. 6-PG while 6-SG is competitive vs. 6-PG at any 

level of NADP and noncompetitive vs. NADP. Moreover, the true Kj values can again be 

calculated using the same expression as those used for product inhibition. The K is 

obtained for ATP-Ribose vs. NADP at saturating 6-PG is 12 |iM and the KJJ obtained for 

ATP-Ribose vs. 6-PG is 16 |iM when corrected for the presence of NADP. In the case of 

6-SG, the Kjs obtained for 6-SG vs. 6-PG at saturating NADP is 6.1 mM and the Ky 

obtained for 6-SG vs. NADP is 6.7 mM when corrected for the presence of 6-PG. Thus, 

values of 12 (iM and 16 jiM for E:6-PG:ATP-Ribose and 6.1 mM and 6.7 mM for 

E:NADP:6-SG can be compared, and when standard errors are taken into consideration, 

these values are in excellent agreement. Likewise, values for E: ATP-Ribose can be 

calculated as for E:NADP above. Thus, true values of 4.7 (iM and 4.7 |iM are calculated 

from the measured values of 6.4 and 8.5 |iM for E:ATP-Ribose, respectively, while true 

values of 1000 and 700 |iM are calculated from measured values of 1,600 and 1,200 |J.M, 
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respectively, for E:6-SG. All of these values are in excellent agreement and argue for the 

rapid equilibrium random mechanism. Unlike the case with the products of the reaction, 

the presence of 6-PG decreases the affinity for ATP-Ribose by about three fold while the 

presence of NADP decreases the affinity for 6-SG by about six fold. These data suggest 

some differences in the binding of products compared to dead-end inhibitors. 

In the direction of reductive carboxylation, ATP-Ribose is competitive vs. NADPH 

irrespective of the concentrations of Ru 5-P and CO2 and noncompetitve vs. Ru 5-P and 

CC>2 whatever the concentration of CO2 and Ru 5-P, respectively. In the case of ATP-

Ribose, the Kis obtained for ATP-Ribose vs. NADPH at saturating Ru 5-P and high CO2 

is 46 jiM and the K- obtained for ATP-Ribose is 45 |iM when corrected for NADPH. 

These values obtained for the E:Ru 5-P:C02 complex are also in excellent agreement. The 

inhibition exhibited by 5-PRib is qualitatively similar to that exhibited by ATP-Ribose in 

that it is competitive vs. Ru 5-P irrespective of the concentrations of NADPH and CO2 and 

noncompetitive vs. NADPH irrespective of the CO2 concentration. As stated above for 

product inhibition, correction of the apparent Kj values cannot be made in the reverse 

direction. In the case of the 5-PRib vs. Ru 5-P, however, we see a consistent decrease in 

Kjs as the concentrations of NADPH and/or C0 2 decrease. These data are in agreement 

with one of two possibilities: 1) CO2 has a binding site and this interferes with the binding 

of 5-PRib or 6-PG or, more likely, 2) HCO3" binds to the phosphate site and this interferes 

with binding of the smaller 5-PRib as well as 6-PG. 

Assignment of a rapid equilibrium random mechanism to the Candida utilis 6-

PGDH allows assignment of the constant and coefficient terms of Table 1 after derivation 

of the rate equation in the direction of reductive carboxylation using the method of Cha 

(1968). The rate equation follows: 
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v = VPQR/ 

(KJRKIQ'KP + K ^ R + K ^ Q + K ^ P + KPQR +KQPR + KRPQ + PQR) (29) 

where P, Q, and R are the concentrations of C02 , Ru 5-P, and NADPH, respectively, Kp, 

Kq, and Kj. are the Michaelis constants for CO2, Ru 5-P, and NADPH, respectively, Kjq. is 

the dissociation constant for Ru 5-P from the E:NADPH:Ru 5-P ternary complex, and K^. 

is the dissociation constant for NADPH from either the EiCC^NADPH or E:Ru 5-

P:NADPH ternary complexes. The latter need not be the same but in the E:NADPH and 

E:NADPH:6-PG complexes they are identical. 

The kinetic mechanism for 6-phosphogluconate dehydrogenase from Candida utilis 

can be described by Scheme 7. 

^ E P Q - - 7 E P X 

/v \ 

ABf^EPQR)^ EPR /EQ 

>EQR ER 

Scheme 7 

where A, B, P. Q, and R represent NADP, 6-PG, CO2, Ru 5-P, and NADPH, 

respectively. The EAQ and EBR complexes are present in both reaction directions since the 

mechanism is random. The solid lines reflect reversible steps while the dotted lines indicate 

that there may be no binding site for CO2 and the latter may react directly as shown in 

Scheme 8 
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AB^EXR) 

Scheme 8 

where all terms are as defined above and X is 3-keto-6-phosphogluconate. The latter is 

generated by direct attack of the C-1 carbanion of Ru 5-P on CO2. 

Kinetic Mechanism using NAD as the Dinucleotide Substrate. In the direction of 

oxidative decarboxylation of 6-phosphogluconate using NAD as the dinucleotide, initial 

velocity patterns below pH 8 give a series of near parallel lines at low 6-PG concentrations 

with apparent substrate inhibition by 6-PG at all concentrations of NAD. A fit of the data 

obtained at pH 7 to the equation for a sequential kinetic mechanism with competititve 

substrate inhibition indicates that all terms except the constant term is not defined and thus, 

data were fitted using the equation for a ping pong kinetic mechanism with competitive 

substrate inhibition by B. All other patterns obtained below pH 8 were qualitatively 

identical to that obtained at pH 7, and quantitative data were estimated, where possible, by 

graphical analysis. 

A possible explanation for the initial velocity patterns obtained below pH 8 is that 

NAD-NAD stacking occurs at the high concentrations of NAD used resulting in a decrease 

in the effective concentration of NAD and in the appearance of substrate inhibition. This 

was ruled out since the e260 for NAD is constant over the entire concentration range used 
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in these studies (data not shown). A second and more likely possibility is that the pattern 

actually intersects to the left of the ordinate and below the abscissa, but the NAD 

concentration range used was high with respect to the K; N A D so that the pattern appears to 

be a set of parallel lines. Nonetheless, a sequential kinetic mechanism is obtained with 

substrate inhibition by 6-PG that is apparently competitive with NAD. 

To determine the class of sequential kinetic mechanism, dead-end inhibition patterns 

were measured using Ru 5-P and ATP-Ribose as analogs of 6-PG and NAD, respectively. 

The product, Ru 5-P, is for all intents and purposes a dead-end analog of 6-PG since the 

kinetic mechanism observed with NADP as the dinucleotide substrate approximates rapid 

equilibrium and NAD is a poorer substrate. At pH 7, Ru 5-P is competitive vs 6-PG and 

noncompetitive vs NAD, while ATP-Ribose is competitive vs NAD. At pH 6, ATP-

Ribose is competitive vs NAD at both saturating and nonsaturating 6-PG and non-

competitive vs 6-PG at different nonsaturating concentrations of NAD. Ru 5-P, at pH 6, is 

competitive vs 6-PG at nonsaturating NAD and noncompetitive vs NAD at nonsaturating 6-

PG. These data suggest a random mechanism. The mechanism observed with NADP is 

rapid equilibrium random and since NAD is a much slower substrate with a V/K 4*10*6 

that of NADP, the mechanism is almost certainly rapid equilibrium random with NAD. In 

agreement with this, the deuterium isotope effects on V, V/KNAD, and V/K^pQ are equal 

(Cook, 1991). 

At pH 7, the value of Kj 6_PG (dissociation constant for E:6-PG), is about 200 |iM, 

while the value for KN A D which is equal to the dissociation constant for E:NAD:6-PG is 

about 10 mM. In order to observe a near parallel pattern for a sequential kinetic 

mechanism, the lowest concentration of NAD used in these studies (1 mM) must be at least 

an order of magnitude higher than the dissociation constant for E:NAD, that is KjNAD 

must be less than or equal to 100 mM. Since Knad Kj g-po = ^6-PG NAD' ^ value 

greater than or equal to 20 mM is estimated for K6.PG. Thus, when 6-PG and NAD are at 

;;J|V 
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low concentrations, the pathway in which NAD binds first dominates. At high con-

centrations of 6-PG, the E:6-PG complex will be formed and this must result in substrate 

inhibition. Increasing the concentration of NAD thus decreases the inhibition by 6-PG by 

funneling enzyme through the partway in which NAD binds before 6-PG. The substrate 

inhibition is likely due to a difference in the binding of NAD in E:NAD and E:NAD:6-PG, 

with the latter being less productive. These data suggest that the pathway with NAD 

binding prior to 6-PG is greatly preferred. 

At or above pH 8 initial velocity patterns intersect to the left of the ordinate 

indicative of a sequential mechanism. ATP-Ribose is competitive vs NAD and non-

competitive vs 6-PG, while Ru 5-P is competitive vs 6-PG and noncompetitive vs NAD. 

These data are consistent with a rapid equilibrium random kinetic mechanism as suggested 

for NADP as a substrate. Above pH 8, the E:NAD and E:NAD:6-PG complexes are 

productive. 

The kinetic mechanism is thus random with NAD as the dinucleotide substrate at all 

pH values tested and is shown in Scheme 9. Below pH 8 there appears to be strong 

antagonism between 6-PG and NAD binding. Thus, removal of the 2-phosphate causes a 

decrease in affinity of NAD for free enzyme and a more pronounced decrease in affinity 

and productivity of binding to the E:6-PG complex. In agreement with this suggestion, the 

x-ray structure of the E:NADP complex of 6-PGDH indicates that the tightest interaction 

between enzyme and NADP is at the 2'-phosphate (M. Adams, personal communication). 

The presence of the 2-phosphate moiety of the dinucleotide is able to cause a change 

needed to obtain the enzyme's proper catalytic conformation. 

Predominance of one pathway in a random mechanism as the pH is changed is not 

unprecedented. For example, creatine kinase catalyzes the reversible phosphorylation of 

creatine by MgATP. At pH 8, the kinetic mechanism based upon initial velocity (Morrison 

& James, 1965) and isotope exchange at equilibrium (Morrison & Cleland, 1966) studies 
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Scheme 9. Kinetic mechansim of the 6-PGDH reaction using NAD as the dinucleotide 

substrate. 
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appears to approximate a rapid equilibrium random kinetic mechanism in both reaction 

directions. However, at pH 7, initial velocity studies suggest an equilibrium ordered 

kinetic mechanism for the phosphorylation of creatine such that MgATP binds prior to 

creatine (Schimerlik & Cleland, 1973). A reasonable explanation for this was proposed 

based upon the pH dependence of kinetic parameters using rabbit muscle creatine kinase in 

which the binding of creatine to give the E:creatine complex is sensitive to the protonation 

state of an active site histidine (pK~7) (Cook et al., 1981). However, when nucleotide is 

bound, creatine binding is insensitive to the protonation state of the acid-base catalyst 

(Cook et alM 1981). Isotope trapping experiments further showed that phosphocreatine is 

sticky from the ternary E:MgADP:phosphocreatine complex at pH 7 while at higher pH 

values, the stickiness of phosphocreatine is eliminated as catalysis is slowed while reactant 

release is not (Cook et al., 1981). 

Studies of dopamine p-monooxygenase by Ahn and Klinman (1983) have shown 

that the enzyme exhibits a peculiar pH dependence of the kinetic order for substrate release 

from the ternary complex such that there is preferred order of oxygen released prior to 

dopamine at pH 4.5, random release at intermediate pH values, and preferred order of 

dopamine release prior to oxygen at pH 6.6. Studies of the pH dependence of kinetic 

parameters and deuterium isotope effects at saturating fumarate concentrations have 

indicated that a pK shift of an alkaline residue (pK = 5.6-5.8) occurs such that the enzyme 

remains protonated and optimally active over a wider pH range (Ahn & Klinman, 1983). 

Futhermore, there is a pH dependent decrease in the rate of catecholamine dissociation that 

results in the switch of kinetic order at pH 6.6 from a preferred release of dopamine in the 

absence of fumarate to a preferred release of oxygen in the presence of fumarate (Ahn & 

Klinman, 1983). 

Interpretation of Dinucleotide Substrate Analog Studies. Initial velocity patterns in 

the absence of products were obtained for a number of dinucleotide analogs. All of the 
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analogs tested with the exception of a-NADP are substrates for 6-PGDH. The latter is a 

competitive inhibitor. For most of the substrate analogs tested, initial velocity patterns 

intersect to the left of the ordinate indicative of a sequential mechanism. Analogs with 

apperently non-intersecting patterns are NAD which has been discussed above and 3-

NADP, which exhibits a near parallel pattern as for NAD below pH 8. In fact, only small 

changes are observed in V or V/K for either substrate whatever dinucleotide is used as a 

substrate as long as a 2'-phosphate is present on the adenosine ribose. These data suggest 

that the 2-phosphate is very important for binding and proper orientation of the 

dinucleotide as suggested above for NAD. That the pK for ionization of the 2-phosphate 

is not observed in the pH dependence of V/KNADp or pKj ATP-Ribose m u s t indicate that the 

hydrogen-bonds from enzyme residues to the 2'-phosphate can be accomodated whether or 

not a proton is present. The lower V/Et values measured with NAD, 3'-NADP, APADP 

and thio-NADP are likely a result of some nonproductive binding of the dinucleotide in the 

ternary E:Dinucleotide:6-PG complex, while the very low V/K values measured with NAD 

and 3-NADP must additionally reflect a decrease in the ability of the dinucleotide to trigger 

the change needed to obtain the catalytic conformation, i.e. a low binding energy. Thus, 

data suggest that NADP likely triggers a conformational change in 6-PGDH similar to those 

seen for the NAD-malic enzyme (Rajapaska et al., 1993). The only other change that 

results in a dramatic effect is a change in the anomeric configuration at the nicotinamide 

ribose. If the enzyme is able to bind both of the bases, i.e. nicotinamide and adenine, as is 

likely, these data suggest an important role for the dinucleotide ribose. 

Deuterium Isotope Effects. The change in the expression of isotope effects with 

changing concentration of reactants can be used in distiguishing between kinetic 

mechanisms. Northrop (1975,1977) proposed that a distinction between ordered and 

random addition of substrates can be established by examining the apparent isotope effect 

on V/K as a function of the concentration of the second substrate. Not only does 
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comparison of the isotope effects on V and V/K allow one to deduce the kinetic mechanism 

of a given enzymatic reaction, but it also allows one to obtain quantitative information on 

the relative rates at which substrates dissociate from the enzyme as opposed to undergoing 

reaction to product. 

For purposes of determining the order of addition of reactants in a bireactant 

mechanism, the following equation is used. 

kiA 

'AB 

k9 k n 

AB ->EQ — >E (31) 

in which kg is the only isotope sensitive step. For simplicity, all steps that the initially 

formed EAB complex undergoes, up to and including the release of the first product are 

contained in k9. The constant k ^ then includes release of the first product and any other 

steps (such as isomerization of EQ) which limit V, but not V/K for either substrate. Since 

the internal partition ratios in the part of the mechanism represented by kg will not depend 

on the levels of the substrates, however, the apparent isotope effect on k9 will also not vary 

with substrate levels. In the above equation, the isotope effect on V will be given by 

»V = °k 9 + (k9/kj i) / 1 + (kg/ki x) (32) 

where kg/kjj corresponds to Cyf, the forward commitment to catalysis, and this equation is 

true regardless of the order or randomness of substrate addition. 

The isotope effect on V/K^ and V/Kb will, however, depend on the kinetic 
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mechanism. When A is varied, the net rate constant for its release from EAB is IC5 + 

k2k4/(k2 + k3B), while when B is varied, the net rate constant for its release is k4 + 

k5k7/(k7 + k6A). Thus, when A is varied 

Cf = k9/[k5 + k2k4/ (k2 + k3B)] (33) 

and when B is varied 

cf = k9/[k4 + k5k7/(k7 + kg A)] (34) 

In an ordered mechanism, saturation of the enzyme by high concentrations of the 

second substrate drives the forward commitment to catalysis of the first substrate to infinity 

and abolishes the V/K isotope effect. Thus, in the case of an ordered mechanism, the value 

of V/K for the first substrate is isotope insensitive and is equal to a value of 1. In a random 

mechanism, the commitment to catalysis becomes finite due to two pathways for substrate 

binding, and the V/K effect is reduced but not abolished. Thus, isotope effects on V/K for 

each substrate are finite but greater than 1. Distinguishing the types of random mechanisms 

involves inspection of equation 31. In the case of a rapid equilibrium random kinetic 

mechanism, catalysis is the slowest step along the reaction pathway such that substrate 

binding and dissociation to the binary enzyme complexes are much faster than catalysis (k2, 

k4, k5, and k7 » V/Et). Because all substrates are released from the enzyme much faster 

than V/Et, all commitments are zero, and all V/K isotope effects are equal to Dk9 regardless 

of the level of nonvaried substrate. In the case of a steady-state random mechanism, k2, 

IC4, k5, and k7 are less than or not much larger than V/Et. When A is varied, Cf varies from 

k<}/k5 at infinite B to kg/(k4 + k5) at near zero B, so the apparent V/K isotope effect will 

stay the same as B is lowered if A is not sticky (k5 » k9) or if B is very sticky (k4 « kg). 
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If A is sticky and B is not, however, the isotope effect increases as B is lowered and 

reaches Dk9 at low B. When B is varied, Cf varies from at infinite A to k^/(k4 + k5) at 

near zero A, and the isotope effect does not change as A is lowered if B is not sticky, or if 

A is very sticky. The isotope effect increases to Dk9 at low A, however, if B is sticky and 

A is not. Thus, the isotope effect for the stickiest substrate shows the greatest dependence 

on the level of the other substrate. 

Data obtained for 6-PGDH from Candida utilis indicate that the primary deuterium 

isotope effects on V and V/K for NADP and 6-PG are equal. Finite isotope effects on the 

substrate V/Ks indicates a random mechanism. Since the isotope effcts are equal, this 

indicates that the kinetic mechanism is rapid-equilibrium random. Data obtained using the 

dinucleotide analogs, APADP, thio-NADP, and NAD, indicate that the primary deuterium 

isotope effects on V and V/K for 6-PG and each dinucleotide are finite and equal. These 

data again indicate that the kinetic mechanism is rapid equilibrium random regardless of the 

dinuleotide substrate used. 

Chemical Mechanism 

Interpretation of pH Dependence of Kinetic Parameters. V/K profiles are obtained 

at saturating levels of one substrate while varying the other. In the case of the V / K ^ ^ p 

profile, the predominant enzyme form is E:6-PG while E:NADP is the predominant enzyme 

form in the case of the V/Kg.pQ profile. The V/K for NADP yields pK values of 7.5 and 

8.1. Since only the 2-phosphate of NADP (6.1, Dawson et al., 1979) is included in the 

range covered, it is likely that these pKs must reflect enzyme residues. The V/K for 6-PG 
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yields pK values of 6.4,7.6, and 8.2, respectively. The pK of 6.4 most likely reflects the 

6-phosphate group of 6-PG. The 6-phosphate of glucose-6-phosphate has a pK value of 

approximately 6.1 (Dawson et al., 1979) and there should be little difference between it and 

6-PG. The pK values of 7.6 and 8.2 are nearly identical to those obtained in the V/Knadp 

profile and these pK values most likely reflect enzyme residues. The pH dependence of the 

V profile will be discussed below. 

Interpretation of the pK[ Profiles As stated above, pKj profiles give intrinsic pK 

values (Cleland, 1977). Since the kinetic mechanism appears to be rapid equilibrium 

random, true pK values are also expected from the V/K profiles. To test this hypothesis, 

pKj profiles were obtained for inhibitors competitive against NADP and 6-PG. The pKj 

profile for ATP-Ribose, a competitive inhibitor of NADP, gives pKs of 7.2 and 8, 

respectively. These values are identical within error to those obtained in the V/K profile for 

NADP, and these are consistent with true pK values being observed for the latter. Small 

commitment factors could still be present for this system with values equal to the antilog of 

the largest error on the pK values compared, i.e. from V/K and pKj profiles. The pKj 

profile for 6-SG gives pK values of 7.1 and 8.5, lower and higher, respectively, than the 

pKs observed in the V/K5.PG profile, but again, identical within error. The agreement is 

not as good in this case but if substrates were sticky, the pKs observed in the V/K profile 

would be lower and higher than the low and high pKs observed in the pKj profile (Cleland, 

1977). This is not the case and the lack of agreement must be a result of experimental 

error. The pKj profile for 5-PRib gives pK values of 6.5 and 8.8, respectively. The basic 

pK again agrees with that seen in the V/Kg_pq profile (see above). Thus, the pK of the 

group seen on the acid side of the profile is 7.1-7.6 and that of the group seen on the basic 

side is 8-8.5. The pK values of 6.5 and 6.8 determined using 5-PRib and 5-PAra most 

likely reflect the pK value of the 5-phosphate group and agree within error with the pK 

value of 6.4 observed in the V/Kg.p<3 profile. The pK of 7.1-7.6 is thus not observed in 



97 

the pKj 5_PRJB profile. As seen below, the group with a pK of 7.1-7.6 is proposed to be a 

general base and will be located in the vicinity of the 3-hydroxyl and hydrogen-bonded to 

it. There is also an acidic group in the vicinity of the 2-hydroxyl that will donate its proton 

to the enol intermediate after decarboxylation. 5-PRib is one carbon smaller than 6-PG so 

that if the 5-phosphate anchors 5-PRib in a manner similar to 6-PG, the C-l and C-2 

positions of the former correspond to C-2 and C-3 of the latter. Thus, the general acid 

likely hydrogen bonds the C-l carboxyl of 5-PRib while the general base should hydrogen 

bond the C-2 hydroxyl. The stereochemistry at C-3 of 6-PG is S and that of 5-PRib and 5-

PAra at C-2 are R and S, respectively. Thus, the site can apparently accomodate both 

stereochemistries at C-2 of the 5-carbon analogs. In addition, since there is no longer any 

effect of protonating the general base on the affinity of these two analogs, the general base 

likely can also donate a hydrogen-bond to the 1-carbonyl. 

Interpretation of the pH Dependence ofV. Examination of the V profile indicates 

two pKs with values of 6 and 10. These pKs likely reflect the same groups as those in the 

V/KNADP profile and the enzyme groups in the V/K^PQ profile, but perturbed to lower (6 

compared to 7.5 and 7.6) and higher (10 compared to 8.1 and 8.2) pH, respectively. 

There are several possibilities for the perturbation in the pK to lower and higher pH. 1) A 

slow step could be present that is not included in the rate expression for V/K such as an 

isomerization of E, EA or EB, or slow release of the last product. 2) A change to a more 

hydrophobic enviroment around the ionizable residues could occur (it could also be the 

opposite but it is unlikely that as the site closes into its catalytic conformation, the 

enviroment would become more hydrophilic). 3) Hydrogen-bonding of the enzyme 

residues to the reactant 6-PG could occur. The first explanation is unlikely since the kinetic 

mechanism for 6-PGDH is rapid equilibrium random. A change to a more hydrophobic 

enviroment is also unlikely given the proposed function of the groups with pK values of 

7.5 and 8 as general base and general acid, respectively. In order that the pK for the 

general base be perturbed to low pH as a result of the hydrophobic enviroment, it would 



98 

have to be a cationic acid such as histidine or lysine, while the general acid would have to 

be a neutral acid such as aspartate, glutamate, or cysteine. This would require that the 

group with a pK of 8 be the neutral acid, while the group with a pK of 7.5 be the cationic 

acid, an unlikely possibility. The most likely cause of the perturbation is that the catalytic 

groups hydrogen-bond to the reactant 6-PG. However, the pK values are for all intents 

and purposes identical in the V/KN A D P (E:6-PG) and V/K^PQ (E:NADP) profiles 

suggesting that hydrogen-bonding, if it occurs, takes place only in the ternary complex 

once the active site has closed to its catalytic conformation. 

Interpretation of Substrate Analog Data. Various analogs of 6-PG and Ru 5-P 

were used in the 6-PGDH reaction to determine their roles as possible substrates or 

inhibitors based upon structural similarities to the natural substrate. The chemical 

structures of these molecules are shown in Figure 8. In all cases, it is assumed that the 

phosphate (or sulfate) anchors the to-carbon in the same position on enzyme. The analog 

6-PMan is an alternative substrate for 6-PGDH in the direction of oxidative 

decarboxylation, yielding the same product, Ru 5-P, as does the natural substrate 6-PG. 

The V/K for 6-PMan is 105-fold lower than 6-PG and the V is 10^-fold lower, giving a K m 

that is 100 fold higher than 6-PG. The 100-fold decrease in the affinity likely reflects a 

loss of interaction at the 2-hydroxyl group. (There may also be a change in the interactions 

at C-l and C-3 resulting from steric considerations.) These results are consistent with the 

data obtained with 2-deoxy-6-phosphogluconate using the enzyme from Candida utilis 

(Rippa et. al., 1973). The Km for 2-deoxy-6-phosphogluconate is 10-fold higher than that 

of 6-PG while the Vm a x is approximately 75 times slower, giving a V/K 750-times slower 

than that with 6-PG. The absence of the C-2 hydroxyl in the case of 2-deoxy-6-PG as 

opposed to a change in stereochemistry at C-2 as in the case of 6-PMan provides a better 

substrate suggesting that there may be some steric interference with the 6-PMan analog. A 

change in the stereochemistry at C-4, as seen in the case of 6-PGal, results in a complete 



99 

loss of binding indicating an absolute requirement for the S configuration at this position. 

In agreement with this, the equivalent 3 epimer of Ru 5-P, xyulose 5-phosphate (Xu 5-P), 

also does not bind. A change in the stereochemistry at C-3, as seen in 6-PA11, gives a 

competitive inhibition with a Kj about 20 fold higher than Kg_pQ. The site will thus 

accomodate changes in the stereochemistry at C-2 and C-3 to S and R but the correct 

stereochemistry is greatly preferred. The structurally similar 6-sulfogluconate is a 

competitive inhibitor of 6-PG. The substitution of sulfate for phosphate results in a 7-fold 

decrease in the affinity compared to 6-PG (as the Km for 6-PG is equal to its dissociation 

constant since the kinetic mechanism is rapid equilibrium random) likely due to the the loss 

of a negative charge. In addition, however, the binding of 6-SG must be nonproductive 

since it does not act as a substrate. The 5-carbon analogs, 5-PRib and 5-PAra, are 

competitive inhibitors of 6-PG. In both cases, there is a 10 and 20 fold decrease in the 

affinity, likely as a result of the C-l carboxyl taking the place of C-2 in 6-PG. The lack of 

inhibition by F 6-P is likely a result of the loss of a combination of effects. The 

predominant structure of F 6-P is the furanose and it additionally has no negative charge at 

C-l. This also likely explains the the lack of inhibition by R 5-P. (The slight activation 

observed by F 6-P is unexplainable at this time.) Although these studies are limited with 

respect to the number of analogs tested, they do provide information on the requirements 

for productive binding of 6-PG. It can be seen that the phosphate group at the co-carbon 

and the S stereochemistry at C-4 are required for binding, and R stereochemistry at C-2 is 

greatly preferred for activity. 

Chemical Mechanism. A chemical mechanism for the 6-PGDH reaction consistent 

with the pH dependence of the V/K profiles is shown in Scheme 10. In this mechanism, 

an enzyme general base (pK~7.5) accepts the proton from the 3-hydroxyl group of 6-PG 

concomitant with hydride transfer to NADP to form a (3-keto-acid intermediate (3-keto-6-

phosphogluconate) and NADPH. The 3-keto-6-phosphogluconate is then decarboxylated 
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Scheme 10. Proposed acid-base chemical mechanism of 6-phosphogluconate 

dehydrogenase from Candida utilis. 
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to form the 1,2 enediol intermediate with the general base donating the proton abstracted in 

the first step to the keto oxygen. The enediol tautomerizes to give Ru 5-P with a proton 

donated by an enzymatic general acid (pK~8) to C-l, while the general base (pK~7.5) 

again abstracts the proton from C-2. 

pH Dependence of Kinetic Parameters using NAD as the Dinucleotide Substrate. 

The pH dependence of kinetic parameters for the 6-PGDH reaction using NAD as the 

dinucleotide were obtained. Because of the high for NAD, it is difficult to accurately 

measure the kinetic parameters at all pH values. The V/K for 6-PG decreases on the basic 

side with a pK of about 8. This value corresponds nicely to the pK value of 8.2 obtained 

using NADP as the dinucleotide and most likely reflects the general acid. Vmax is pH 

independent above pH 8 but not well defined below pH 8. These data agree reasonably 

well with those obtained using NADP and suggest that no dramatic changes in the acid-

base chemistry occur with changes in dinucleotide substrate. However, the inability of 

NAD to bind adequately at low pH suggests that the protonation state of the general base 

with a pK of about 7 has an effect on NAD. binding either directly or via a pH dependent 

conformational change (Rajapaksa et al., 1993). 

pH Dependence of Deuterium Isotope Effects. The general theory of the pH 

dependence of isotope effects for the case in which the pH and isotope dependent steps are 

not the same has been developed using equation 35 shown below. 

In equation 35, k^ , k ^ and k]9, k2o represent the isotope-dependent step for two 

pH-dependent pathways which need not have equal rate constants. The rate constants ku 

and kj2 represent the transfer of a proton between the reactant and an enzyme group. The 

pathways referred to above are generated depending on whether the pH is above or below 

the pK value of the group on enzyme represented by pKj, pK^, PK3, and PK4. The 

equilibrium constants K,a and K j ^ / k j are the dissociation constants for EA and EHA, 

respectively, whileK;p and Kip are the respective dissociation constants for EHP and EP, 



103 

respectively. The reactants are represented by A and P while X represents the intermediate 

generated by proton transfer to an enzyme group. Reactant binding and protonation steps 

(except the interconversion of EA and EHX) are assumed to be at equilibrium. Although 

the interconversion of EA and EHX are not assumed to be at equilibrium, it is not the actual 

proton transfer that is thought to limit this step, but a conformational change that 

accompanies proton transfer. 

K-U,K2/K1 

EHP-c 

. KlpK^K, EX 

Kt/H (35) 

The overall equilibrium and the interconversion of EA and EHX are pH-dependent 

in equation 35. The limiting value for the case in which the isotope dependent step preceds 

the pH-dependent step is unity while that for the case in which the isotope dependent step 

follows the pH-dependent step is DKeq. At a pH above the pK for V/Ka but below the pK 

for the V/Kp profile, the expressions for the isotope effects on V/Ka and V/Kp will be 

( ° k l 3 + k13/k12)/(l + k3/k12) and (Dk14 + a)/(l + k13/k12), respectively. 
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Both effects will be finite as long as kj-j/k^ is not large. The commitment to catalysis will 

become infinite, however, as the pH is increased, and the isotope effect will become unity 

in the direction of P production and DKgq in the direction of A production. This is a direct 

result of the reactant being committed to form products as a result of equilibrium being in 

favor of protonated enzyme group (or equilibration with solvent) of the proton removed 

from A in the direction of P production. In the direction of A production, the slow 

protonation of the intermediate by the largely unprotonated, enzymic general acid results in 

equilibration on the bond-breaking step. The behavior of the V effects is more complex 

and will not be discussed in detail. 

In the above mechanism, the step represented by and k j j is the loss of a proton 

but could easily be pictured as addition of hydroxide to A, protonation of A by an enzyme 

group, or loss of hydroxide by A. For all of the above, V/Ka decreases at low pH as a 

result of protonation of the EA complex and V/Kp decreases at high pH, but the isotope 

effcets are differentially expressed at the pH extremes. Addition of hydroxide results in a 

commitment of the reaction at high pH because of the higher concentration of OH*. As a 

result, the isotope effects on V/Ka and V/Kp will be observed at low pH but be equal to 

unity and DKeq, respectively, at high pH. Uptake of a proton or loss of hydroxide by A 

results in commitment at low pH because of the conversion of EA to central complex by 

protonation of A or hydroxide. Isotope effects on V/Ka and V/Kp will be observed at high 

pH but will be equal to unity and respectively, at low pH. 

In the case of 6-phosphogluconate dehydrogenase from Candida utilis, the isotope 

effect on V/K for 6-PG was measured at several pH values. Examination of the data 

indicate that the isotope effect on V/Kg_pQ is constant at low pH with a value of about 1.8 

and decreases to a value approaching 1 at high pH. Thus, a pK value of about 8.5 is 

obtained. The V/K for 6-PG was measured at several pH values as discussed previously, 

yielding pK values of 6.4,7.6, and 8.2, respectively. These data adhere to the mechanism 
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Scheme 12. Proposed alkoxide mechanism of 6-phosphogluconate dehydrogenase from 

Candida utilis. 
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discussed above and indicate that a pH-dependent step procedes hydride transfer from 6-

PG to NADP. Data are suggestive of a mechanism in which the hydroxyl at C-3 may be 

deprotonated prior to the hydride transfer that presumably produces the 3-keto intermediate 

as shown in Scheme 11. This type of mechanism is extremely interesting since there is no 

divalent metal ion requirement for catalysis. It is still possible that a monovalent metal ion 

is involved in catalysis, but this has yet to be established. 

Data obtained for 6-phosphogluconate dehydrogenase from Leuconostoc mes-

enteroides also support the above alkoxide mechanism (Rendina et al., 1984). The V/K 

for 6 PG was measured at three pH values (5.9, 8, and 9), suggesting a decrease at low 

and high pH with pK values in the range of 5.5 to 6 at low pH and in the range of 7.5 to 8 

at high pH. The isotope effect of V/K^pg is constant at low pH with a value of 2.5 and 

decreases to a value approaching 1 at pH 9. 

A similar mechanism has been proposed for the equine liver alcohol dehydro-

genase (Cook & Cleland, 198 lb). The equine liver alcohol dehydrogenase with the cyclic 

secondary alcohol cyclohexanol as a- substrate has very complex pH profiles as a result of 

substrate activation by the alcohol substrate. The V and V/K^yci^g^Qj pH profiles 

decrease at low pH, giving pK values of 6.2 and 7.1, respectively. In the direction of 

ketone reduction, V decreases above a single pK of 8.4, while the V/Kcyciohgxanong 

decreases with a limiting slope of -2 at high pH, giving pK values of 8.8 and 9.7, 

respectively. The deuterium isotope effects obtained with cyclohexanol-l-rf is 2.5 and pH 

independent at pH values below 8.5 but decreases to a value of 1 at high pH. The pK 

values obtained from the isotope effect data is equal to 9.4. The isotope effects on V in 

both reaction directions decrease from a value of 1.15 at pH 8 to a value of 1 at high pH. 

This indicates that a pH-dependent step precedes hydride transfer from alcohol to NAD. 

This has been taken as evidence that the dehydrogenase proceeds via an alkoxide 

mechanism in which an inner-sphere coordination to the active site Zn2+ allows abstraction 
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of the alcoholic proton by an active-site proton relay consisting of a serine and histidine. 

Overall Discussion and Conclusions. Comparision of the kinetic mechanism of 6-

phosphogluconate dehydrogenase from Candida utilis and that of the NAD-malic enzyme 

from Ascaris suum yields interesting similarities and differences. As stated before, both 

enzymes catalyze similar reactions in that both yield a ketone, CO2, and a reduced 

dinucleotide as products. However, malic enzyme is reported to have a pseudo-Ter-Quad 

random kinetic mechanism in which Mg2+ acts as a pseudoreactant (Mallick et al., 1991) 

while 6-PGDH has a Bi-Ter random kinetic mechanism with no divalent metal ion required 

for activity. Although both enzymes have random mechanisms, malic enzyme has a steady 

state mechanism in which catalysis is not the only slow step (Mallick et al., 1991) while 6-

PGDH has a rapid equilibrium mechanism in which the pathway that contains the catalytic 

step(s), i.e. interconversion of the central complexes is slow for the overall reaction or a 

steady state random mechanism that closely approximates rapid equilibrium. There is no 

evidence from the data presented with NADP as the dinucleotide substrate for & slow 

conformational change in the 6-PGDH reaction as is the case with the E:NAD complex for 

malic enzyme (Rajapaksa et al., 1993). However, data presented using NAD as an 

alternative substrate are consistent with a conformational change upon dinucleotide binding. 

Both enzymes have dead-end product complexes of the type E:NAD(P):Ketone and 

E:NAD(P)H: Alcohol, but with malic enzyme, the metal ion must additionally be bound 

prior to the addition of malate or pyruvate. If the metal ion is not present, dead-end 

substrate or product complexes such as E:NAD:malate and E:NADH:pyruvate are 

observed. Neither malic enzyme (Mallick et al., 1991) nor 6-PGDH appear to have a 

binding site for CO2 (although this has not been conclusively ruled out for 6-PGDH). As a 

result, it is likely that CO2 reacts directly with an enzyme:enol intermediate for both 

enzymes (enol of oxalacetate for malic enzyme and that of 3-keto-6-phosphogluconate for 

6-PGDH). 
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That 6-phosphogluconate dehydrogenase from Candida utilis has the ability to 

utilize either NADP or NAD presents several important mechanistic and structural insights 

into the mechanism of action of this enzyme. Dehydrogenases able to function with either 

NAD(H) or NADP(H) in catalysis might possess distinct structural features that allow dual 

coenzyme binding. NAD is a ubiquitous coenzyme in biological oxidations. In the 

presence of the substrate and the relevant enzyme it undergoes reduction, its nicotiamide 

ring accepting a proton and two electrons (equivalent to a hydride ion) to yield the 

dihydropyridine form (NADH). The subsequent oxidation of NADH by the cytochromes 

of the electron transport chain constitutes the principal source of ATP in aerobic organisms. 

Another similar and ubiquitous coenzyme, NADP, differs structurally from NAD only by 

the presence of an additional phosphate group esterified to the 2'-hydroxyl group of its 

AMP moiety. The reduced coenzyme, NADPI-I, is confined, with few exceptions to the 

reactions of reductive biosynthesis. It is the possession of the 2'-phosphate group of 

NADP(H) that allows the biosynthetic enzymes to make this distinction. 

The nicotinamide nucleoiide-dependent dehydrogenases of eubacterial and 

eukaryolic organisms are characteristically specific for either NAD or NADP, and it is 

uncommon to find such enzymes which are catalytically active with both cofactors. 

Eukaryotes possess both an NAD- and an NADP-specific isocitrate dehydrogenase. The 

NAD-specific enzyme (E.C. 1.1.1.41) is present only in the mitochondria and is 

allosterically regulated in a manner consistent with a controlling role in the energy-yielding 

function of the citric acid cycle (Colman, 1983). The NADP-specific enzyme (E.C. 

1.1.1.42) is present in both cytoplasm and mitochondria, but unlike the NAD-specific 

enzyme, is not subject to allosteric control (Colman, 1983). A variety of eubacterial 

species, including Acetobacter peroxydans, Xanthomonas pruni, and Hydrogenomonas 

eutropha, contain isocitrate dehydrogenases that use either NAD or NADP as the reducing 

equivalent (Weitzman, 1981). Isocitrate dehydrogenase from Sulfolobus acidocaldarius 
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has been shown to possess both NAD- and NADP-dependent activities. The Michaelis 

constants for the two cofactors differ considerably; the Km for NADP is 30 (iM while that 

for NAD is 3.4 mM. However, the Michaelis constants for isocitrate as well as the 

maximal velocity using either coenzyme remain the same. Isocitrate dehydrogenase from 

Rhodomicrobrium vannielli has the ability to use either NAD or NADP in the oxidative 

decarboxlation of isocitrate. Michaelis constants for NADP and NAD are 2.5 and 770 jxM, 

repectively, and values for k^/K^ using NADP and NAD are 9.8* 105 and 2.5* 103, 

respectively (Kelly & Leyland, 1991). 

Dual-coenzyme specificity for several other archaebacterial dehydrogenases, 

including those acting on glucose, malate, and isocitrate have been demonstrated. A small 

number of dehydrogenases that utilize both NAD and NADP to variable extents have been 

identified in a wide range of eubacteria and eukaryotes, e.g. glucose-6-phosphate 

dehygrogenase (Levy, 1988), aldehyde dehydrogenase (Tsai & Senior, 1990), alcohol 

dehydrogenase (Al-Kassim & Tsai, 1990) and glutamate dehydrogenase (Smith et al., 

1970). One of the more interesting enzymes is glucose dehydrogenase from Sulfolobus 

solfataricus. With NAD as the coenzyme and in the presence of divalent metal ion, only 

D-glucose, D-idose, and D-xylose were the few of many monosaccharides tested that were 

oxidized at a high rate (Giardina et al., 1986). It was proposed that the dehydrogenase 

specifically oxidizes sugars presenting equitorial orientation of hydroxyl groups at C-2, C-

3, and C-4. However, a broader substrate specificity was found using NADP as the 

dinucleotide substrate although all of the substrates were oxidized at a lower rate than that 

of D-glucose in the presence of NAD. The Km for NADP is reported to be 40 times lower 

than that of NAD and the Km value for glucose using NADP as the dinucleotide substrate is 

20-fold lower than with NAD. 

The interaction of NAD and NADP with nicotinamide-adenine-dinucleotide-

dependent enzymes has been extensively investigated by numerous techniques. Recent 
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work has identified distinct structural motifs for NAD or NADP within the coenzyme 

binding region (Hoi et al., 1985; Perham et al., 1990) and this is thought to allow 

discrimination between the two coenzymes. Crystallographic studies of the NADPH-

specific glutathione reductase have shown that in the presence of phosphate, NADH can 

bind to the enzyme because inorganic phosphate ions occupy the 2'-phosphate site, thus 

allowing NADH to mimic NADPH (Schulz et al., 1988). However, in the case of 6-

PGDH from Candida utilis and isocitrate dehydrogenase from Rhodomicrobrium 

vannielli, phosphate ions have no effect on NAD binding and thus argue against this 

possibility. NADH binds to human glutathione reductase with a Michaelis constant 

approximately 60 times higher than that of NADPH, and this is most probably due to the 

lack of interaction of the 2'-phosphate group of the latter. The binding site for the 2'-

phosphate group includes three prominent positively charged residues, Arg 218, His 219, 

and Arg 224 (Schulz et al., 1988). S ubstitution of either arginine residue causes a large 

increase (~25-fold) in Km for NADPH and a slight decrease in k ^ while substitution of 

both arginine residues causes no further change in Km for NADPH but a dramatic decrease 

in k^t as compared to wild type. Estimation of the steady-state kinetic parameters for 

mutant and wild-type glutathione reductase using NADH as the dinucleotide substrate 

indicates no significant change in k ^ and only a 3- to 4- fold decrease in the Michaelis 

constant for NADH. Thus, it is reasonable to infer that replacement of the two Arg 

residues will contribute to the rejection of NADPH as the substrate, but it does not 

predispose the enzyme to bind NADH. Therefore, some other structural feature must also 

account for the discrimination of NADPH and NADH. 

Common to the NAD-binding domains of many enzymes is a (3ap-fold centered 

around a highly conserved sequence, Gly-X-X-Gly-X-X-Gly (where X is any amino acid) 

that constitutes a tight turn at the end of the first strand of a P-sheet and marks the 

beginning of the succeeding a-helix (Hoi et al., 1985). The helix dipole contributes 

significantly to the binding of the coenzyme by interacting favorably with the pyro-
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phosphate moeity (Hoi et al., 1985). Other conserved features of this fingerprint region are 

(1) a hydrophobic residue at the N terminus of the first p-strand with an unknown 

function, (2) a hydrophobic core composed of six small residues, and (3) a negatively 

charged residue at the C-terminus of the second (3-strand which forms a hydrogen bond 

with the 2'-hydroxyl group of the adenine ribose of NAD (Hoi et al., 1985). The number 

of tertiary structures for NADP-binding domains is much smaller than that of NAD-binding 

domains. However, in several instances the same fingerprint region can be identified 

although with some significant differences. First the negatively charged residue at the C-

terminal end of the second p-strand is replaced, presumably to accommodate the T -

phosphate group on the coenzyme (Hoi et al., 1985). Secondly, the third Gly residue of 

the conserved trio is replaced by Ala. It is important to note that some NADPH-requiring 

enzymes do not fit this pattern and their NADPH-binding sites cannot incorporate the same 

compact (5aP-fold. 

6-PGDH, NAD-malic enzyme, and isocitrate dehydrogenase all catalyze similar 

reactions, oxidative decarboxylation of a p-hydroxyl acid using NAD(P) as a hydride 

acceptor yielding a ketone, CO2, and NAD(P)H as products. 6-PGDH differs from the 

aforementioned enzymes in that it appears to require no metal or cofactors for activity. pH 

studies (Kiick et al., 1986) and multiple isotope effects (Wiess et al., 1991) for the NAD-

malic enzyme from the Ascaris suum suggest the requirement for a general base (pK~4.9) 

and a general acid (pK~9) with the same general function as those proposed for the 6-

PGDH reaction. The divalent metal ion, Mg2+, has been proposed to act as a Lewis acid 

polarizing the carbonyl of the keto intermediate oxalacetate in the decarboxylation step. 

This function may be carried out by some other Lewis acid in 6-PGDH, eg. either the 

positively charged side chain of an amino acid residue or the positive dipole of an a helix 

or the acid-base catalysis is sufficient. In agreement with the proposed mechanism for 

malic enzyme, keto acids bind with higher affinity with the general base protonated (Park et 
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al., 1986). The position of the general acid in malic enzyme was shown to be near C-3 

based on the pH dependence of the inhibition constant for tartronate and oxalate (Kiick et 

al., 1986). The V profile for malic enzyme gives a pK of 4.8 as a result of slowing down a 

step thought to be the release of NADH. 

The NADP-isocitrate dehydrogenase also apparently has a similar divalent metal 

dependent mechanism based on pH (Cook & Cleland, 1981) and intermediate isotope 

partitioning (Grissom & Cleland, 1988) studies. The V profile shows behavior similar to 

that of malic enzyme with a decrease only at low pH apparently for the same reason as 

shown by recent pre-steady state studies (Kumosinski et al., 1990). The V/K profile 

(Cook & Cleland, 1981) reflects the third pK of isocitrate (pK~6.7), a general acid 

(pK~9.5), and an additional pK at low pH (< 5). The latter pK is that of the general base 

perturbed to low pH as a result of the slow dissociation of isocitrate relative to catalysis 

(Grissom & Cleland, 1988). The true pK for this general base is 5.7. The metal ion again 

acts as a Lewis acid to polarize the carbonyl of the oxalosuccinate intermediate in the 

decarboxylation step. 

It thus appears that all three of the pyridine nuleotide linked dehydrogenases have a 

stepwise chemical mechanism with general acid/general base catalysis. The 

decarboxylation step is catalyzed by a Lewis acid in the malic enzyme and isocitrate 

dehydrogenase reaction, while there is no evidence for a Lewis acid in the 6-PGDH 

reaction. However, the malic enzyme and isocitrate dehydrogenase reactions involve an 

enol intermediate while the 6-PGDH reaction involves an enediol intermediate. Thus, metal 

ion coordination is required for the former enzymes since it is difficult to form an enolate, 

while acid-base catalysis is likely sufficient for the facilitated formation of an enediolate as 

with 6-PGDH. Consistent with this suggestion, Rippa et al. (1973) have shown that the 

decarboxylation of 2-deoxy-6-phosphogluconate is slow enough to allow the majority of 

the 3-keto intermediate to dissociate from enzyme with very little of the 1-deoxyribulose 5-
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phosphate being formed. 

The oxidative decarboxylation of prephenate to 4-hydroxyphenylpyruvate catalyzed 

by prephenate dehydrogenase (E.C. 1.3.1.12) in the presence of NAD is similar to the 6-

phosphogluconate reaction in that it is dinucleotide-linked and has no divalent metal ion 

requirement. However, there are several important differences in the reaction and the 

reaction mechanism itself. The reaction catalyzed by prephenate dehydrogenase is totally 

irreversible unlike the 6-PGDH reaction. Initial velocity studies in the absence and 

presence of product and dead-end inhibitors are consistent with a rapid equilibrium random 

kinetic mechanism with dead-end E:NADH:prephenate and E:NAD:hydroxyphenylpyruvate 

complexes (Sampathkumar & Morrison, 1982). Unequal but finite deuterium isotope 

effects were obtained for the reaction catalyzed by prephenate dehydrogenase using 

deoxoprephenate as the substrate again indicating that the kinetic mechanism is random 

(Hermes et al., 1984). The stepwise and concerted mechanisms for the oxidative 

decarboxylation of prephenate catalyzed by prephenate dehydrogenase are easily 

distinguished by the use of multiple isotope effects. By determining the isotope effect 

on V/K with a deuterated and unlabelled substrate and the deuterium isotope effect on V/K, 

it is possible to tell whether the ^C-sensitive and deuterium-sensitive steps are the same or 

not and, if they are different, to determine which comes first in the mechanism (Hermes et 

al., 1982). Deoxoprephenate was used in these studies since it is easier to prepare 

deuterated sample and this analog is similar to the natural substrate and has comparable 

kinetic parameters. The 13C isotope effect was less with unlabelled than with deuterated 

deoxoprephenate indicating that both the 13C and the deuterium isotope effects are on the 

same step and thus the mechanism is concerted. If the mechanism had been stepwise, the 

13C isotope effect would have been less with the deuterated substrate since deuteration 

would slow down a step other than the ^C-sensitive one. These studies indicate that the 

reaction that proceeds with hydride transfer and decarboxylation occur in the same step 
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with no keto acid intermediate. The product of the reaction is a phenol rather than an 

enolate and metal ion stabilization is most probably not needed since the driving force 

associated with the formation of an aromatic compound is most likely sufficient so that 

decarboxylation can be concerted with hydride transfer. The carbon isotope effect on the 

reaction is small indicating that the transition state may be quite early. 

The pH dependence of V for the prephenate dehydrogenase reaction shows that the 

enzyme possesses a single ionizing group with a pK of 6.5 that must be unprotonated for 

catalysis (Morrison et al., 1991). The same group is observed in both V/K profiles for 

NAD and prephenate. The V/K profile for prephenate also exhibits a second ionizable 

group with a pK of 8.4 that roust be protonated for binding of prephenate to the enzyme. 

The pH variation of V and V/K for deoxoprephenate is interesting in view of the concerted 

mechanism. The decrease in both V and V/K below pH 6.7 is indicative of a catalytic 

group (Cleland, 1977). Apparently, even though the proton is never fully transferred to 

this base from the hydroxyl group of prephenate, the polarization of the O-H bond is 

necessary for hydride abstraction by NAD to begin. The absence of a solvent perturbation 

on this pK by 20% dimethyl sulfoxide and the low enthalpy of ionization (~6 kcal/mol) 

imply that the catalytic group is the imazidole of a histidine residue. At high pH, a decrease 

is seen in the V/K profile but not in the V profile. This behavior is indicative of an enzyme 

group involved in substrate binding. A possible acid-base chemical mechanism has been 

proposed in Scheme 12. In this mechanism, a protonated amino acid residue is important 

for binding through its interaction with one of the negatively charged groups of prephenate. 

The group with a pK of 6.2 might well be the imizadole moiety of a histidine residue and 

may play an important role in catalysis. The formation of a hydrogen bond between the 

lone pair of electrons of this residue and the 4-hydroxyl group of prephenate would 

facilitate hydride transfer to NAD and the concomitant decarboxylation to yield 

hydroxyphenylpyruvate. 
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Scheme 12. Proposed acid-base chemical mechanism for prephenate dehydrogenase. 
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Tartrate dehydrogenase has been demonstrated to catalyze three different NAD-

dependent reactions that are both monovalent and divalent metai ion dependent (Kohn et 

al., 1968). Tartrate dehydrogenase catalyzes the oxidation of (+)-tartrate to form 

oxaloglycolate and the oxidative decarboxylation of D-malate to pyruvate and CO2. The 

third reaction catalzes the conversion of meso-tartrate to D-glycerate and CO2 v/ith no net 

oxidation or reduction. These reactions are shown in Scheme 13. Steady-state kinetic 

studies have been performed on the reactions catalyzed by tartrate dehydrogenase (Tipton & 

Peisach, 1990). When (+)-tartrate is varied at several fixed concentrations of NAD at a 

single fixed concentration of Mn^+, a pattern that intersects to the left of the ordinate is 

obtained indicating a sequential mechanism with respect to (+)-tartrate and NAD binding. 

When either (+)-tartrate or NAD is varied at several fixed concentrations of metal ion, a 

pattern that intersects on the ordinate is obtained, indicating a rapid equilibrium ordered 

meachanism in which metal binds prior to either NAD or (+)-tartrate. NADH is a 

competitive inhibitor versus NAD and a noncompetitive inhibitor versus (+)--tartrate. 

Oxaloacetate is a competitive inhibitor versus (+)-tartrate and an uncompetitive inhibitor 

versus NAD. The data suggest that NAD binds after Mn2+ but prior to (+)-tartrate. The 

kinetic mechanism is shown in Scheme 14. 

Initial velocity data obtained for the oxidative decarboxylation of D-malate indicate 

that the kinetic mechanism is similar to that of (+)-tartrate oxidation (Tipton & Peisach, 

1990). When D-malate is varied at several fixed concentrations of Mn^+, a pattern that 

intersects on the ordinate is obtained, indicating that the metal ion adds in rapid equilibrium 

prior to the addition of D-malate. When D-malate is varied at several fixed concentrations 

of NAD, a pattern that intersects to the left of the ordinate is obtained indicating that the 

addition of both substrates is sequential. NADH is competitive versus NAD while 

pyruvate is noncompetitive versus D-malate. Inhibition by CO2 appears to be qualitatively 

noncompetitive suggesting that the release of pyruvate and CO2 is random. The kinetic 
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Scheme 13. Reactions catalyzed by tartrate dehydrogenase. 
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Scheme 14. Kinetic mechanism of tartrate dehydrogenase using (+)-tartrate. 
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mechanism of tartrate dehydrogenase using D-malate as the substrate is depicted in Scheme 

15. 

The pH dependence for the tartrate dehydrogenase catalyzed oxidation of (+)-

tartrate and D-malate was examined (Tipton & Peisach, 1'990). For both reactions, the 

velocity decreases at decreasing pH yielding pK values of 6.6 and 6.8 for (+)-tartrate and 

D-malate, respectively. Similarly, the V/K for each substrate decreases at low pH, yielding 

pK values of 6.5 and 6.8 for (+)-tartrate and D-malate, respectively. Thus, catalysis of 

(+)-tartrate and D-malate oxidation appear to require an ionizable group with a pK of about 

6.7 to be unprotonated. Because NAD, (+)-tartrate, and D-malate do not have pK values in 

this region, the ionizable group is likely a residue on enzyme. Consideration of a chemical 

mechanism for the catalytic reaction suggests that this residue functions as a base to remove 

the proton from the C-2 hydroxyl during oxidation. Although the tartrate dehydrogenase 

catalyzed oxidative decarboxylation of D-malate is the same as that catalyzed by malic 

enzyme, there is no evidence for the ionization of a group at high pH as seen with malic 

enzyme (pK~8). 

As previously staled, tartrate dehydrogenase catalyzes the Mn2+- and K+-dependent 

oxidation of (+)-tartrate to oxaloglycolate. There is no obvious chemical need for a divalent 

metal ion for the NAD-dependent oxidation of tartrate, it remains possible that Mn2+ 

functions solely to facilitate binding. Since tartrate dehydrogenase catalyzes the 

decarboxylation of D-malate and meso-tartrate, it seem likely that the divalent metal ion 

functions as an electron sink to facilitate the decarboxylation of the (5-keto acid formed as 

an enzyme-bound intermediate. The finding that oxidation of (+)-tartrate by tartrate 

dehydrogenase requires a divalent metal ion also suggests that it may play a role in 

substrate binding as well. 

The overall goal of this research endeavor was to elucidate the mechanism of action, 

both kinetically and chemically, of 6-phosphogluconate dehydrogenase and how these 
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Scheme 15. Kinetic mechanism of tartrate dehydrogenase using D-malate. 
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aspects compares to enzymes catalyzing similar reactions. The kinetic mechanism of the 

NAD:malic enzyme, isocitrate dehydrogenase, and 6-phosphogluconate dehydrogenase are 

similar in that substrate binding is random. Slight differences among the three are evident 

with respect to divalent metal ion requirement and the overall rate of catalysis. 6-Phospho-

gluconate dehydrogenase does not require a divalent metal ion and catalysis is one of the 

overall rate limiting steps along the reaction pathway. The kinetic mechanism of prephenate 

dehydrogenase and tartrate dehydrogenase have been poorly characterized to date. 

However, tartrate dehydrogenase appears to be substantially different in terms of kinetic 

mechanism as compared to the NADrmalic enzyme and 6-phosphogluconate dehydro-

genase. The difference in kinetic mechanism most surely has implications for the catalytic 

mechanism of tartrate dehydrogenase reactions. 

In terms of chemical mechanism, the reactions catalyzed by 6-phosphogluconate 

dehydrogenase, the NAD:malic enzyme, and isocitrate dehydrogenase should proceed via a 

similar mechanism, and in fact, this is the case. Each enzyme involves a general 

acid/general base mechanism. Both the NAD:malic enzyme and isocitrate. dehydrogenase 

involve enolate intermediates that are stabilized by metal ion coordination. In the case of 6-

phosphogluconate dehydrogenase, the reaction proceeds via an enediol intermediate and 

thus metal ion coordination is not required possibly due to the the relative ease of enediol 

formation as opposed to enolate formation. In the case of prephenate dehydrogenase, there 

is no divalent metal ion requirement either. However, in this case, the aromatic nature of 

the product drives the decarboxylation reaction such that metal ion coordination is not 

necessary. The chemical mechanism of tartrate dehydrogenase has been poorly 

characterized to date. It is apparent, however, that the mechanism proceeds in a similar 

fashion to the NAD:malic enzyme. Metal ion coordination is proposed to be required for 

oxidative decarboxylation of D-malate and the decarboxylation of (+)-tartrate. However, it 

is apparent in these three enzyme-catalyzed reactions that the nature of the substrate itself 
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plays an integral role in catalysis. This is most likely not the overall driving force in 

catalysis. With respect to 6-phosphogluconate dehydrogenase, it is highly possible that a 

Lewis acid is required for catalysis, and this may be present in the form of a monovalent 

metal ion or the positive dipole of an a-helix. Further characterization of the 6-phospho-

glucaonate dehydrogenase reaction is obviously required to further establish the mechanism 

of catalysis and also to establish trends in oxidative decarboxylation reactions involving (5-

hydroxy acids. 



128 

BIBLIOGRAPHY 

Al-Kassim, L. S. & Tsai, C. S. (1990) Biochem. Cell Biol. 68, 751. 

Ahn, N. & Klinman, J. (1983) Biochemistry 22, 3096. 

Anderson, B. M., Anderson, C. D., & Yoon, H. (1989) Biochim. Biophys. Acta 

994, 75. 

Bellini, T., Dallocchio, F., & Matteuzzi, M. (1985) Biochem. J. 227, 

305. 

Cha, S. (1968) J. Biol. Chem. 243, 820. 

Cleland, W. W. (1963) Biochim. Biophys. Acta. 67, 103. 

Cleland, W. W. (1967a) Adv. Enzymol. 29, 1. 

Cleland, W. W. (1967b) Ann. Rev. Biochem. 36, 77. 

Cleland, W. W. (1970) in The Enzymes 3rd ed. (Boyer, B. D., Ed.) vol. 2, p.l, Academic 

Press, New York. 

Cleland, W. W. (1975a) Acc. Chem. Res. 8, 145. 

Cleland, W. W. (1975b) Biochemistry 14, 3220. 

Cleland, W. W. (1977) Adv. Enzymol. Relat. Areas Mol. Biol. 45, 273. 

Cleland, W. W. (1979) Methods Enzymol. 63, 103. 

Cleland, W. W. (1982a) CRC Crit. Rev. Biochem. 13, 385. 

Cleland, W. W. (1982b) Methods in Enzymol. 87, 625. 

Colman, R. F. (1983) Pept. Protein Rev. 1, 41. 

Cook, P. F. (1991) in Enzyme Mechanism from Isotope Effects (Cook, P. F., Ed) CRC 



129 

Press, Inc. Boca Raton, 1991. 

Cook, P. F. & Cleland W. W. (1981a) Biochemistry 20, 1797. 

Cook, P. F. & Cleland, W. W. (1981b) Biochemistry 20, 1805. 

Cook, P. F., Kenyon, G., & Cleland, W. W. (1981) Biochemistry 20, 1205. 

Dalziel, K. & Topham, C. M. (1986) Eur. J. Biochem. 156, 555. 

Danson, M. J. & Wood, P. A. (1984) FEBS Letters 172, 289. 

Dawson, R. M. C., Elliott, D. C., Elliott, W. H., & Jones, K. M. (1979) D m .for 

Biochemical Research 2nd Edition, Claredon Press, Oxford. 

Gawa, S.R., Harris, B. G., Weiss, P. M., & Cook, P. F. (1991) Biochemistry 30, 

5764. 

Giardina, P., DeBiasi, M-G., DeRosa, M., Gambacorta, A., & Buonocore, V. (1986) 

Biochem. J. 239, 517. 

Grissom, C. B. & Cleland, W. W. (1985) Biochemistry 24,944. 

Grissom, C. B. & Cleland, W. W. (1988) Biochemistry 27, 2934. 

Hansen, W. H., D'Orazio, R. E., & Dyson, J. E. D. (1973) Arch. Biochem. Biophys. 

154, 623. 

Hermes, J. D., Roeske, C. H., O'Leary, M. H., & Cleland, W. W. (1982) Biochemistry 

21, 5106. 

Hermes, J. D., Tipton, P. A., Fischer, M. A., O'Leary, M. H., Morrison, J. F., & 

Cleland, W. W. (1984) Biochemistry 23, 6263. 

Hoi, W. G. J., De Maeyer, M. C. H„ & Wierenga, R. K. (1985) Biochemistry 24, 

1347. 

Holten, D. & Procsal, D. (1972) Biochemistry 11, 1310. 

Horecker, B. L.(1957) Methods Enzymol. 3, 172. 

Hsu, R. Y. & Lardy, H. A. (1967) J. Biol. Chem. 242, 520. 

Hsu, R. Y., Lardy, H. A., & Cleland, W. W. (1967) J. Biol. Chem. 242, 5315. 



130 

Hsu, R. Y. (1982) Mol. Cell. Biochem. 43, 3. 

Hurley, J. A., Dean, A. M., Koshland, D. E.,Jr., & Stroud, R. M. (1991) Biochemistry 

30, 8671. 

Kelly, D. J. & Leyland.M. L. (1991) Eur. J. Biochem. 202, 85. 

Kelly, J. H. & Plaut, G. W. E. (1981b) J. Biol. Chem. 256, 335. 

Kiick, D. M., Harris, B. G., & Cook, P. F. (1986) Biochemistry 25, 227. 

Kohn, L. D., Packman, P. M., Allen, R. H., & Jakoby, W. B. (1968) J. Biol. Chem. 

243, 2479. 

Kumosinski, T. F., Farrell, H. M., Deeney, J. T., & Hild, E. K. (1990) / . Biol. Chem. 

265, 17637. 

Lai, C. J., Harris, B. G., & Cook, P. F. (1992) Arch. Biochem. Biophys. 299, 214. 

Landsperger, W. J., Fodge, D. W., & Harris, B. G. (1978) J. Biol. Chem. 253, 1868. 

Levy, H. R. (1988) Biochem. Soc. Trans. 17, 313. 

Lienhard, G. E. & Rose, I. E. (1964) Biochemistry 3, 185. 

Machado, A., Fabregat, I., & Ayala, A. (1990) Mol. Cell. Biochem. 105,1. 

Mallick, S. M., Harris, B. G., & Cook, P. F. (1991) J. Biol. Chem. 266, 2732. 

Martell, A. E. & Smith, R. M. (1979) Critical Stability Constants. Vol.3 Plenum 

Publishing Corp., New York. 

Morrison, J. F. & Cleland, W. W. (1966) J. Biol. Chem. 241, 673. 

Morrison, J. F. & James, E. (1965) Biochem. J. 122, 727. 

Morrison, J. F., Cleland, W. W., & Turnbull, J. (1991) Biochemistry 30, 7777. 

Northrop, D. B. & Cleland, W. W. (1974) J. Biol. Chem. 249, 2928. 

Northrop, D. B. (1977) in Isotope Effects on Enzvme-Catalvzed Reactions (Cleland, W. 

W., O'Leary, M. H., & Northrop, D. B., Eds.) p. 122, University Park Press, 

Baltimore. 

O'Leary. M. H. & Limberg, J. A. (1977) Biochemistry 16, 1129. 



131 

Park, S.-H., Kiick, D. M., Harris, B. G., & Cook, P. F. (1984) Biochemistry 23, 5446. 

Park, S.-H., Harris, B. G., & Cook, P. F. (1986) Biochemistry 25, 3752. 

Perham, R. N., Berry, A., & Scrutton, N. S. (1990) Nature 343, 38. 

Pontremoli S., de Flora, A., Grazi, E., Mangiarotti, G., Bonsignore, A., & Horecker, 

B. L. (1961) J. Biol. Chem. 236, 2975. 

Rajapaska, R., Abu-Soud, H., Rauschel, F. M., Harris, B. G., & Cook, P. F. (1993) 

Biochemistry In press. 

Rippa, M., Signorini, M., & Dallocchio, F. (1973) J. Biol. Chem. 248, 4920. 

Rendina, A. R., Hermes, J. D., & Cleland, W. W. (1984) Biochemistry 23, 6257. 

Rose, Z. B. (1960) J. Biol. Chem. 235, 928. 

Rutter, W. J. & Lardy, H. A. (1958) J. Biol. Chem. 233, 374. 

Sampathkumar, P. & Morrison, J. F. (1982) Biochim. Biophys. Acta. 702, 212. 

Saz, H. J. & Hubbard, J. A. (1957) J. Biol. Chem. 225, 921. 

Schimerlik, M. I. & Cleland, W. W. (1973) J. Biol. Chem. 248, 8418. 

Schimerlik, M. I. & Cleland, W. W. (1977) Biochemistry 16, 565. 

Schulz, G. E., Karplus, P. A., & Pai, E. F. (1988) Biochemistry 27, 4465. 

Siebert, G., Carsiotis, M., & Plaut, G. W. E. (1957) J. Biol. Chem. 226, 977. 

Smith, E. L., Austen, B. M., Blumenthal, K. M., & Nyc, J. F. (1970) in The Enzymes 

(Boyer, P. D., ed.) vol. l i p . 294., Academic Press, New York. 

Steinberger, R. & Westheimer, F. H. (1951) J. Am. Chem. Soc. 73, 429. 

Tipton, P. A. & Peisach, J. (1990) Biochemistry 29, 1749. 

Topham, C. M. & Dalziel, K. (1986) Biochem. J. 234, 671. 

Tsai, C. S. & Senior, D. J. (1990) Biochem. Cell Biol. 68, 751. 

Uhr, M. L., Thompson, V. W., & Cleland, W. W. (1974) J. Biol. Chem. 249, 2920. 

Villafranca, J. J. & Colman, R. F. (1972) J. Biol. Chem. 247, 209. 

Villafranca, J. J. & Colman, R. F. (1974) Biochemistry 13, 1152. 



132 

Villet, R. H. & Dalziel K. (1972) Eur. J. Biochem. 27, 244. 

Viola, R. E. & Cleland, W. W. (1982) Methods Enzymol. 87, 353. 

Weiss, P. M., Gavva, S. R„ Harris, B. G., Urbauer, J. L„ Cleland, W. W., & Cook, P. 

F.(1991) Biochemistry 30, 5755. 

Weitzman, P. P. J. (1981) Adv. in Mic. Phys. 22, 185. 


