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isotope effect studyy
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ABSTRACT: Carbon kinetic isotope effects (12C/13C at the carboxyl carbon of pyruvic acid) and their pH dependence
were measured for the decarboxylation reaction catalyzed by the substrateregulated yeast pyruvate decarboxylase
(PDC) and several of its site-specific variants. The active-site variants studied were E477Q, D28A and E51D; the
regulatory-site variants, each with two amino acid substitutions, were C221A/C222A, C221E/C222A and C221D/
C222A. The isotope effects for the regulatory-site variants were not significantly different from the values for the
wild-type enzyme (1.0046� 0.0003 at pH 6.0, 25 �C). For the active-site variants, the isotope effects were
1.0018� 0.0009 (E477Q), 1.0398� 0.0021 (D28A) and 1.0143� 0.0011 (E51D) at pH 6.0 and 25 �C. The results
were interpreted in terms of shifts in the rate-limiting steps and uniform binding changes in the free-energy profiles for
decarboxylation phase of the PDC reaction. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The reaction catalyzed by yeast pyruvate decarboxylase
(PDC) follows a classical decarboxylation mechanism,1

involving the coenzyme thiamine diphosphate (ThDP)
(Fig. 1). The enzyme and the essential chemical steps of
the reaction, shown in Fig. 2, have been described with
great detail in several reviews.2–4 Yeast PDC is important
as a representative member of a broad class of enzymes
that employ ThDP in their catalytic activities and as an
example of an enzyme subject to allosteric regulation by
its substrate. The PDC regulatory effect is revealed in
steady-state kinetics by sigmoidal plots of initial velocity
versus pyruvate concentration. A large body of evidence5–7

points to the locus of Cys-221, positioned 2 nm from the
C2 carbon of ThDP in the crystal structure8 of the
tetrameric enzyme, as the regulatory pyruvate binding site.

Much of the thinking about catalysis and regulation by
yeast PDC has been couched in thermodynamic and
extra-thermodynamic transition-state terms using ap-
proaches developed, explained and taught by William
Jencks.9 Renewed interest10 in the proton-transfer step,
for example, that constitutes part of the addition process
shown in Fig. 2 follows from Jencks’ appreciation of the

importance of the acid–base properties of biological
catalysts in general, and of the coenzyme in the PDC
reaction in particular.11–13 Other examples include free-
energy diagrams for the full complement of catalytic and
regulatory steps in the mechanism,3,14,15 and models for
the evolutionary progress on PDC function,16 also based
on guiding concepts from enzymic free-energy consid-
erations identified and promoted by Jencks.

We report here our own Jencks-inspired free-energy
analysis of contributions to catalysis and regulation from
a select group of yeast PDC amino acid residues. Our
analysis builds from the work already cited using carbon
kinetic isotope effects reported here for reactions cata-
lyzed by site-specific variants of the enzyme. The results
provide new insights into the general nature of PDC
action with specific emphasis on the steps in the catalytic
cycle that lead up to and include the first irreversible step,
presumably the decarboxylation event. Our measure-
ments were made using a competitive technique that
does not report on steps after decarboxylation. Recent
reports also using site-specific variants of PDC that
include analyses of Vmax effects,17 carboligase side reac-
tions18 and quantitative measurements of key reaction
intermediates19 provide information on steps in the cat-
alytic cycle beyond the decarboxylation step.

RESULTS

Active-site and regulatory-site variants of yeast PDC
were used for isotope effect measurements. The active
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site variants were all single-residue changes of one of the
three carboxyl functions shown in Fig. 3. Glu-477 and
Asp-28, located close to the C2 carbon of ThDP, were
changed to glutamine and alanine in variants identified as
E477Q and D28A. A third carboxyl function, Glu-51,
was changed to aspartic acid to produce the variant called
E51D. The choices made for the changes at the various
sites were based on the experiences of Jordan and co-
workers4,17 to produce variants with sufficient catalytic
activity to allow for carbon isotope effect measurements.
All regulatory-site PDC variants contained two substitu-
tions, at Cys-221 and Cys-222, to eliminate the possibi-
lity for functional recruitment of Cys-222 when the key
regulatory group Cys-221 is changed. The regulatory-site
variants used for carbon isotope effects studies all had

alanine substituted for Cys-222; the Cys-221 substitu-
tions were either alanine, aspartic acid or glutamic acid
(C221A/C222A, C221D/C222A and C221E/C222A).

Carbon kinetic isotope effects were determined using a
competitive method20 in which natural abundance levels
of pyruvate isotopomers were converted to acetaldehyde
and carbon dioxide by the action of yeast PDC. The
isotopic content (12C/13C) of the carbon dioxide was
determined from isotopic ratio mass spectrometry for
samples collected after complete conversion of pyruvate,
and for samples obtained from runs quenched after only a
small fraction of the pyruvate had reacted. Using a
standard equation21 for the relationship between isotopic
ratios, the fractional extent of substrate conversion, and
the kinetic isotope effect, results like the sample data in
Fig. 4 were obtained.

Competitive isotope effects on enzyme-catalyzed reac-
tions typically report on the second-order rate constant
kcat/Km. An analogous rate constant for sigmoidal steady-
state kinetics of the wild-type yeast PDC is the term kcat/B
shown in the inverted rate law of Eqn (1) used by Alvarez
et al.14 in their isotope-effect studies.
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Figure 1. Thiamine diphosphate (ThDP)

Figure 2. Chemical steps in the pyruvate decarboxylase
catalytic cycle

Figure 3. Acid–base residues in the yeast PDC active site drawn using the crystal-structure coordinates8 with the Molscript42

program

Figure 4. Sample data for isotope effects at pH 6.0 and
25 �C for wild-type PDC and three variants
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The rate law accounts for the sigmoidal feature in the
steady-state kinetics through the kcat/A term in the in-
verted form of Eqn (1), and substrate inhibition by
pyruvate is reflected in the kcatKi term. Wild-type PDC,
E4771, D28A and E51D all show the substrate activation
and substrate inhibition represented in Eqn (1). Because
the regulatory-site variants do not show steady-state
substrate activation, the carbon isotope effects in these
cases are for kcat/Km. Table 1 shows the isotope effects
measured for all of the PDC variants.

The results in Table 1 for wild-type yeast PDC are in
good agreement with previously published values:
1.0083� 0.0003 at pH 6.8 (O’Leary22); 1.0063�
0.0005 at pH 6.0 (DeNiro and Epstein23); 1.0011�
0.0011 at pH 5.0, 1.0065� 0.0016 at pH 6.0 and
1.0030� 0.0013 at pH 7.0 (Jordan et al.24). Some of
the slight variation in these results may come from small
buffer effects. We measured the carbon isotope effect on
the wild-type reaction at pH 6.0 in citrate buffer
(1.0046� 0.0003) and in a mixed buffer of Tris [tris(hy-
droxymethyl)aminomethane], acetate and MES (morpho-
linoethanesulfonic acid) (1.0080� 0.0004). For the
C221E/C222A variant, a similar small buffer effect was
observed at pH 6.0: 1.0041� 0.0004 in citrate buffer and
1.0075� 0.0002 in the mixed buffer. We also examined
the effect of a (histidine)6 tag attached to the N-terminus
of wild-type PDC to enhance purification in other work.
The ‘His-tag’ PDC gave a carbon isotope effect of
1.0043� 0.0003 at pH 6.0 in citrate buffer that was
indistinguishable from the value for PDC without the
tag, 1.0046� 0.0003. All of our isotope effects were
measured at 25 �C.

DISCUSSION

Except for D28A, the yeast PDC variants show small
carbon kinetic isotope effects that are consistent with a
process other than decarboxylation as the main rate-
limiting step. The results for the active-site variants
E477Q and E51D are close to the values observed
for wild-type PDC, while the isotope effects for the
regulatory-site cysteine variants are strikingly similar to
the wild-type values. For k/B, the choices for the step
other than decarboxylation are limited to substrate bind-
ing and reaction steps connected to the addition of ThDP
to the ketone carbon of pyruvate. As was noted above, k/B

does not report on steps after the first irreversible step
(most likely decarboxylation) in the catalytic cycle.
Alvarez et al.15 concluded in studies of wild-type yeast
PDC that for k/B, the rate-limiting step preceded the step
involving C—C bond formation in the addition process.
Given that our results do not allow us to distinguish
between the steps that occur before decarboxylation, we
will refer to this collection of steps as simply ‘addition’.

The analysis of the isotope effects in terms of rate-
limiting steps can be refined further to learn about the
energetic contributions to transition-state stabilization for
the several points in the PDC structure examined here.
The refinement is straightforward if the intrinsic isotope
effect for decarboxylation is assumed to be constant such
that any variation in the observed isotope effect arises
from changes in the rate-limiting step. An intrinsic
isotope effect of 1.05 for decarboxylation was used based
on a value of 1.051 reported24 for a non-enzymic PDC
model reaction at 45 �C, and the observation3 that many
reactions exhibit isotope effects of 1.05 when decarbox-
ylation limits the reaction rate, including cases where the
range of rates suggests that the transition-state structure
could be changing. If decarboxylation is the only step that
contributes significantly to a non-unit carbon isotope
effect, variations in the observed effect can be accounted
for with Eqn (2).

ðk=BÞ12

ðk=BÞ13

¼ wð1:05Þ þ ð1 � wÞ ð2Þ

This equation14,25 represents a model involving serial
changes in the rate-limiting step as the weighting factors
w and 1�w are adjusted. If w¼ 1, decarboxylation is
entirely rate limiting and the observed isotope effect
is 1.05; if w¼ 0, a step other than decarboxylation limits
the rate, and the observed effect becomes 1.00.

The weighting factors reflect the free-energy differ-
ences between the rate-limiting transition states as is
shown in Eqn (3).

RT lnðw=ð1 � wÞÞ ¼ G
z
decarboxylation � G

z
other ð3Þ

For the rate constant k/B, the processes in series that limit
the rate will share a common effective reactant state.
Using Eqns (2) and (3), the energetic effects on the rate-
limiting transition states were calculated for each of the

Table 1. Carbon kinetic isotope effectsa on pyruvate decarboxylase reactions at 25 �C

pH Wild type E477Q D28A E51D C221A/C222A C221E/C222A C221D/D222A

5.0 1.0062 (1)b 1.0030 (13) 1.0245 (71) 1.0067 (6) 1.0074 (3) 1.0069 (4)
6.0 1.0046 (3) 1.0018 (9) 1.0398 (21) 1.0143 (11) 1.0054 (4) 1.0041 (4) 1.0046 (3)
7.0 1.0045 (8) 1.0015 (4) 1.0255 (53) 1.0056 (3) 1.0065 1.0060 (3)

a Reaction mixtures contained 1 mM ThDP, 2 mM MgCl2, 0.1 mM EDTA, ca 20 mM sodium pyruvate and ca 5 units of the enzyme. Buffers were 0.5 M acetate
(pH 5.0), 0.5 M citrate (pH 6.0) or 0.5 M phosphate (pH 7.0).
b Confidence limits (95%) for standard deviations of means,�final digits of the isotope effect shown.

574 L. CHEN, Y. YUAN AND W. P. HUSKEY

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 572–578



PDC variants using the data from Table 1, and are shown
as the smaller energy differences in Fig. 5. Also shown in
Fig. 5 are free-energy differences that correspond to the
overall changes in k/B compared with the value for wild-
type yeast PDC, as expressed in Eqn (4).

RT ln
ðkcat=BÞWT

ðkcat=BÞX

¼ GRS;WT � GRS;X

� �
� G

z
WT � G

z
X

h i

ð4Þ

These larger energy changes are drawn on the figure
assuming that the bulk of the change comes from transi-
tion-state energy differences among the PDC variants.
The reactant-state for k/B refers to the enzyme forms that
bind the pyruvate molecules destined for decarboxyla-
tion. Because the energetic differences between these
forms of the variant PDCs could be significant, the set of
larger energy changes, as depicted on the figure, are only
qualitative indicators of how the overall activation energy
is increased for the PDC variants.

Active-site variants

A change in any of the three wild-type active site
carboxyl functions, as shown in Fig. 5, destabilizes
transition states for the addition and decarboxylation
steps, signifying stabilizing roles for Glu-477, Asp-28
and Glu-51 in both of the transition states. Positioned
above the plane of the thiazolium ring, Glu-477 is most
effective in lowering energy of the transition state for the

addition process, perhaps by stabilizing charges in a
deprotonated (or deprotonating) ring. Asp-28, located
where interactions with the pyruvate carboxylate are
possible, is better positioned for stabilizing the de-
carboxylation transition state, perhaps by lowering the
energy of a transition-state conformation with developing
p-orbitals optimally aligned to produce the enamine
intermediate.26 The pH dependence of the D28A isotope
effects (Table 1) provides additional insights into the rate-
limiting steps for this variant, as is described in the next
section.

The remaining carboxyl residue examined here, Glu-
51, has been proposed to function in the removal of the
C2-H proton from ThDP by interacting with the imino
tautomer of the pyrimidine ring at N10 (Fig. 1 shows the
amino tautomer).10,17,27–33 Our carbon isotope effects can
be made consistent with this role for Glu-51 if its
interaction with the pyrimidine ring is fairly constant
among the states surrounding the rate-limiting steps. On
changing Glu-51 to Asp (E51D), a uniform free-energy
shift would lead to no change in the carbon isotope effect.
The fact that the E51D isotope effect of 1.014 is signi-
ficantly larger than the wild-type value of 1.005 suggests
that the shift is not perfectly uniform and must include
small differential effects on transition-state stabilization,
perhaps by inducing subtle changes in the protein envir-
onment around reacting bonds. The E51D result also
lends support to the idea that the rate of the wild-type
yeast PDC is partially limited by decarboxylation. Glu-51
is comparatively far from where pyruvate is likely to
bind, yet perturbations at this amino acid site are

Figure 5. Transition-state free energy changes for wild-type and variant PDCs (kJmol�1,
25 �C, pH 6.0). The large Gibbs energy changes derive from the ratios of kcat/B for PDC variants
to that for the wild type PDC [Eqn (4)]. The smaller energy differences shown were obtained
from the carbon kinetic isotope effects of Table 1 using Eqns (2) and (3). The second-order rate
constants, kcat/B for wild-type,17 E477Q,17 E51D43 and C221D/C222A7 (kcat/Km) PDCs were
from published values. For D28A,17 least-squares fits of initial velocity data to the inverse of
Eqn (1) gave poorly determined estimates of kcat/B. Simulations showed, however, that the
rate constant must be at least 14 M

�1 s�1 to fit the observations
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sufficient to alter the relative importance of transition
states that are similar in free energy.

pH dependence of D28A carbon isotope effects

The D28A isotope effects show a strong dependence on
pH (Table 1) indicative of multiple decarboxylation paths
for k/B on this yeast PDC variant. The scheme shown in
Fig. 6 is a model that can account for the observations
using two protonation sites to define three primary reac-
tion paths. At pH 6.0, the middle path involving one
unprotonated site and one protonated site is the dominant
reaction. As the pH is decreased, the reaction for D28A
shifts to the lower, fully protonated path, and as the pH is
increased from the optimum, the reaction shifts to the
upper path. If the center path has rate-limiting decarbox-
ylation and the remaining paths both have rate-limiting
addition, the pH dependence of the isotope effect can be
explained. The shift in rate-limiting step with pH can be
justified by taking a broad view of the acid–base catalytic
needs of the addition step. As Fig. 7 shows, these needs
include acidic residues to stabilize a transition state near
the carbonyl oxygen of pyruvate and basic residues to
manage the C2-H proton of ThDP. When the pH is either
too high or too low to produce the optimal mix of acidic

and basic residues, the energy of the transition state for
the addition process increases.

The shift in pathways is governed by the net rate
constants for the three paths along with the population
of a particular enzyme protonation state at a given pH,
while the shift in rate-limiting step from decarboxylation
to addition is accounted for by the acid–base catalytic
needs of an addition transition state as described above.
To test our explanation, a fit of the D28A data was made
to a crude approximation of the model in Fig. 6. The data
were fitted to Eqns (5) and (6) using pKa values of 5.2 and
7.2 reported17 to account for the pH dependence of
steady-state parameters for D28A.

ðk=BÞ13

ðk=BÞ12

¼ w1

ðk1Þ13

ðk1Þ12

þ w2

ðk2Þ13

ðk2Þ12

þ w3

ðk3Þ13

ðk3Þ12

ð5Þ

w�1
1 ¼ 1 þ ½Hþ�

�K1

þ �½Hþ�2

�K1K2

;

w�1
2 ¼ 1 þ �K1

½Hþ� þ
�½Hþ�
K2

; w3 ¼ 1 � w1 � w2

ð6Þ

Equations (5) and (6) show the observed carbon isotope
effect as a function of isotope effects on the net rate
constants, k1, k2 and k3, for three parallel pathways [note
that the isotopic ratios in Eqn (5) are inverted]. Assuming
unit isotope effects on k1 and k3 and a value of 1.05 for the
isotope effect on k2, there are two unknowns, � (k1/k2)
and � (k3/k2). A least-squares fit to the D28A data in
Table 1 gives �¼ 0.015� 0.021 and �¼ 0.006� 0.009.
The fit demonstrates that the model can reasonably
account for the observations, even if the parameters are
poorly determined by the small three-point data set.

Our approach to justifying the pH data for D28A
isotope effects differs from our explanation in the pre-
vious section which treated only the pH 6.0 results, but
the difference lies only in the nature of the shift in rate-
limiting step. Without considering the pH effect, the
isotope effect was explained using multiple rate-limiting
steps in series featuring a decarboxylation transition state
3.4 kJ mol�1 higher in energy than an addition transition
state. The complete set of D28A isotope effects, includ-
ing the pH dependence, is readily explained with a model
for similar shift in rate-limiting step that also includes
parallel changes in pathways.

Regulatory-site variants

The isotope effects on the reactions catalyzed by the
regulatory-site cysteine variants are indistinguishable
from the wild-type results. The overall reaction rates
are diminished for all of these variants and none show
sigmoidal steady-state kinetics,6,7 yet the relative impor-
tance of the multiple rate-limiting steps does not change
from the wild-type mechanism. The net effect of altering
the regulatory cysteine is to cause uniform increases in

Figure 6. Mechanistic scheme to explain the pH depen-
dence of the D28A carbon isotope effects. The pathway in
the dotted box is the dominant, low-energy path for the
D28A reaction at pH 6, with rate-limiting decarboxylation.
The upper and lower pathways represent the limits of high
and low pH in which the addition process becomes rate
limiting

Figure 7. Likely sites for catalysis in addition of ThDP to
pyruvate. The removal of the C2 ThDP proton, perhaps in a
distinctly separate step, is included here for the overall
process of addition
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the free energies of the rate-limiting transition states. A
likely feature of yeast PDC substrate activation, triggered
at the Cys-221 site, is therefore a uniform lowering of the
free energy for all rate-limiting transition states relative
to the free-pyruvate reactant state for k/B.

It is not certain whether the cysteine variants are close
approximations to true inactivated forms of yeast PDC or
imperfect activated forms. In either case, our isotope
effects suggest that an allosteric signal originating at Cys-
221 culminates in a uniform shift of the free energies for
enzymic states after, and perhaps including, pyruvate
binding in the active site. One invariant structural feature
present in the states after pyruvate binds to the enzyme,
and not present in the free enzyme active site, is the
pyruvate methyl group. Changes in steric interactions at
the methyl group could provide a reasonable mechanism
for these uniform free-energy effects.

Several proposals, some with common elements, for
yeast PDC activation have been promoted. These have
involved active sites that open and close during the
catalytic cycle,3,15 chains of interacting amino acids
linking Cys-221 to ThDP,34 changes in the PDC tetramer
assembly35 and activation through enhanced rates of
proton transfer from C2-H of ThDP.10 Although our
results cannot eliminate any of these ideas, they are easily
seen to be consistent with models involving changes in
pyruvate access to the active site.

CONCLUSIONS

Our carbon isotope effect studies have not revealed
distinct catalytic roles for individual amino acids in yeast
PDC. Instead, we see broad and sometimes uniform shifts
in free-energies for multiple transition states when protein
sites are perturbed by amino acid substitutions. In part,
these findings arise because we can study only those
variants with catalytic activity, perhaps obtained through
functional compensation by residues near the perturbed
site. The yeast PDC active site has this character. More
generally, we expect that functionally robust enzymes,36

predisposed to uniform binding37 responses when per-
turbed, may have been selected for in the course of natural
catalyst evolution. The D28A observations also offer hints
about enzyme evolution. This crippled catalyst has multi-
ple pathways becoming significant, in contrast to the wild-
type PDC with a single, dominant, highly optimized
reaction path. At some stage in the evolution of PDC as
a catalyst, multiple paths may have been common.

EXPERIMENTAL

Overexpression and purification of pyruvate
decarboxylase variants

Recombinant yeast pyruvate decarboxylases were over-
expressed in the BL21(DE3) strain of E. coli and purified

using procedures published previously.17 The final chro-
matographic steps were different among the several
variants of the enzyme. The wild-type and C221A/
C222A enzymes were purified on DEAE and HTP
columns, the E477Q variant was purified on a Sephcryl
S-300 column and D28A, C221D/C222A, and C221D/
C222A were purified using a Q-Sepharose XK26 column
on a Pharmacia Biotech FPLC system. The purity of
enzyme preparations was qualitatively assessed using
SDS-PAGE. Total protein content was determined using
the Bradford method38 with bovine serum albumin as the
calibration standard. Lactate dehydrogenase has been a
problematic contaminant in some preparations of enzyme
variants, because it consumes pyruvate and NADH in the
usual spectrophotometric rate assays (see below) for
pyruvate decarboxylase.17 The level of lactate dehydro-
genase contamination was determined by running the rate
assay in the presence and absence of the coupling
enzyme, alcohol dehydrogenase.

Rate assays

The rate of acetaldehyde production was monitored using
a coupled-enzyme assay using horse-liver alcohol dehy-
drogenase and NADH. The loss of absorbance at 340 nm
(NADH) was monitored using either a COBAS-BIO
centrifugal UV–visible analyzer (Roche Diagnostics
Systems) or a Hewlett-Packard 8453 UV–visible diode-
array spectrophotometer. Typical conditions were 1 mM

ThDP, 2 mM MgCl2, 0.5 mM EDTA, 0.2 mM NADH
and 5 IU ml�1 of the alcohol dehydrogenase. The reac-
tions were initiated by injecting a small volume of a
pyruvate decarboxylase solution. The steady-state velo-
city was taken as the least-squares slope of the line of
absorbance vs time at early stages of the reaction. In cases
where there was a lag in the progress curve, the steady-
state velocity was determined from the linear portion of
the curve after completion of the initial lag phase.

Carbon isotope effect measurements

The methods used to prepare buffers and to collect carbon
dioxide from the PDC reactions were based on proce-
dures described by O’Leary20 and Weiss.39 Buffers were
prepared from deionized, glass-distilled water that was
subsequently boiled for 1 h to strip out dissolved air and
cooled under CO2-free nitrogen purging (99.99% N2 was
passed through an Ascarite-filled gas absorption bottle).
Buffer salts were weighed into a flask that was purged
with nitrogen and the degassed water was added by
syringe. The pH of the buffer was adjusted under a
nitrogen blow. The buffer was further purged with CO2-
free nitrogen for 15–20 min and then sealed and stored in
a desiccator containing Ascarite. PDC reaction solutions
were prepared by weighing all components except for
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enzyme into a glass vessel. The vessel was purged with
nitrogen before the buffer was added by syringe. The
glass vessel contained a side-arm that was carefully filled
with 0.6–2.5 ml (depending on the pH of the buffer) of
50% (by volume) sulfuric acid. The reaction vessels were
next placed in a 25.0� 0.2 �C water-bath and, after
reaching thermal equilibrium, the enzyme, dissolved in
1 ml of the reaction buffer, was injected by syringe into
the vessel. For low substrate conversion runs, the reaction
was allowed to run for a predetermined period and then
quenched by mixing the sulfuric acid in the side-arm with
the reaction solution. For reactions run to completion, the
reactions were run overnight (ca 18 h). After quenching
the reactions with sulfuric acid, the solutions were frozen
using liquid nitrogen and the reaction vessel was attached
to a high-vacuum line. The carbon dioxide generated in
the reaction was isolated using a series of freeze–thaw
cycles through two traps employing liquid nitrogen and
dry-ice–acetone baths, before transferring the product gas
to a glass sample tube connected to the line. Isotopic CO2

ratios were measured using the isotope ratio mass spec-
trometry service of the Geology Department at the Uni-
versity of Vermont.

The fractional conversion of pyruvate for each run was
determined using an HPLC assay using a C-18 reversed
phase column and 0.1 mM sulfuric acid as the mobile
phase. Samples from reaction mixtures were adjusted to
pH 1.0 and passed through a 0.45mm filter before injec-
tion. The area under the chromatogram peak detected at
210 nm was used to determine pyruvic acid concentra-
tions according to a linear calibration established using
standard solutions of the substrate. The average from
three injections was taken for each determination.

The general procedures described above were validated
by reproducing the carbon isotope effect on the formate
dehydrogenase reaction run at 25 �C in pH 7.8 100 mM

HEPES buffer with 20 mM sodium formate, 0.5 mM

NADH and 0.4 mg ml�1 yeast formate dehydrogenase
(Boehringer-Mannheim). The reaction mixture also con-
tained 0.05–0.08 mg ml�1 of lactate dehydrogenase
(Sigma) and 22 mM pyruvate as a coenzyme-recycling
reaction. Our isotope effect of 1.0428� 0.0010 (95%
confidence limits, seven fractions of reaction) matches
values reported by Blanchard and Cleland40 (1.0423�
0.0018) and by Hermes, et al.41 (1.0422� 0.0007).
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14. Alvarez FJ, Ermer J, Hübner G, Schellenberger A, Schowen RL.

J. Am. Chem. Soc. 1991; 113: 8402–8409.
15. Alvarez FJ, Ermer J, Hübner G, Schellenberger A, Schowen RL.

J. Am. Chem. Soc. 1995; 117: 1678–1683.
16. Huhta DW, Heckenthaler T, Alvarez FJ, Ermer J, Hübner G,
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