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Determination of the Chemical Mechanism of Malic Enzyme by Isotope Effects
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ABSTRACT. Carbon-13 isotope effects have been determined for all four carbansiefate as a substrate

for chicken liver malic enzyme, using either NADP or acetylpyriditNADP as the other substrate. The

effect of deuteration at C2 of malate was then used to tell whether the chemical mechanism of this oxidative
decarboxylation was stepwise, with oxaloacetate as an intermediate, or concerted. With NABE, the
isotope effects at C3 and C4 both decrease with deuteration of malate, showing a stepwise mechanism,
as previously determined [Hermes, J. D., Roeske, C. A., O'Leary, M. H., & Cleland, W. W. (1982)
Biochemistry 215106-5114]. With acetylpyridine NADP, however, thé3C isotope effects at both C3

and C4 increase with deuteration of malate. While the increase at C4 could be explained by a secondary
13C isotope effect on hydride transfer, the increase at C3 proves that the chemical mechanism has changed
to a concerted one, presumably because hydride transfer is more rate-limiting and the overall equilibrium
constant is more favorable by 2 orders of magnitude. The transition state for this concerted reaction is
asynchronous, however, with an intrinsic deuterium isotope effestcofind a*C isotope effect of only
1.010-1.015. Equilibrium'C isotope effects for conversion of carbons 2, 3, and 4 of malate to pyruvate

or CQ, are 1.010, 1.011, and 0.988, respectively. Measti@dsotope effects at C2 of malate are slightly
inverse, but no explanation for this is obvious. With NADP, deuterium isotope effects at C3 of 1.17 and
1.08 for di- and monodeuteration and an increase if¥gésotope effect at C4 upon dideuteration at C3

are consistent with a stepwise mechanism with the deuterium isotope effect at C3 being only on the
decarboxylation step. Smaller deuterium isotope effects of-11034 from dideuteration at C3 with
acetylpyridine-NADP are consistent with a concerted but asynchronous mechanism whérel€avage

is not far advanced in the transition state.

Malic enzyme, which is found in all plants, animals, and stepwise mechanism in which decarboxylation precedes
bacteria, catalyzes the biologically important reaction hydride transfer has no chemical precedent.

NADPH + CO,

OH n t OH
. =0 |
c=ctch 00C—C=CH, ===

There are two plausible chemical mechanisms for the 0 IH’ ’

conversion of malate to pyruvate catalyzed by malic enzyme.

The first is a stepwise mechanism in which hydride transfer NADP*

precedes decarboxylation via the intermediate oxaloacetate, 0

as shown in reaction 2. ‘00C—C- CH, ®)

L-malate+ NADP* =£== CO, + pyruvate+ NADPH (1)

, co, . .
H H NADP*  NADPH 0 H ; The multiple isotope effect method was employed by

-ooc—<::—(::-coo- _— -ooc—g—clg- Ccoo Hermes et al. (1982) to distinguish between the two plausible
HO H H chemical mechanisms. In this technique the deuterium
kinetic isotope effect is measured for the hydrogen that
OH 0 participates in hydride transfer, while th isotope effect
“00C—C=CH, < 00C-C~CH, @ is measured for the carbon of the carboxyl leaving group. If
neither hydride transfer nor decarboxylation is completely
This mechanism is supported by the fact that oxaloacetaterate-limiting, a stepwise mechanism can be differentiated
has been shown to partition between malate and pyruvatefrom a concerted mechanism by measuring*i@isotope
with all the dinucleotide substrates tested thus far (Grissom effect with both protiated and deuterated malate. Deuteration
& Cleland, 1988). The second plausible mechanism is a makes the hydride transfer more rate-limiting so that in a
concerted one in which hydride transfer occurs simulta- stepwise mechanism thBC kinetic isotope effect with
neously with decarboxylation, as shown in reaction 3. A deuterated malate will decrease relative to that with unlabeled
malate. In a concerted mechanism, however, substitution
t Supported by NIH Grant GM 18938. of deuterium for protium will slow the chemical step of the
U fAuthtor A}\c/)ewrll/cl);?j i;:g;re\?vp:oggfgge should be addressed at 1710 reactipn w!th respect to the binding and gonformational steps,
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NY 14260. decarboxylation is not totally rate-limiting and no change if
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Multiple isotope effect studies with NADP as the substrate C3 to C4 bond order so that no second&y isotope effect
have indicated that both the hydride transfer and decarbox-on hydride transfer is expected.
ylation are partially rate-limiting and that malic enzyme It was the goal of the present work to determine if the
catalyzes the malate to pyruvate reaction by a stepwisechemical mechanism of malic enzyme changes from stepwise
mechanism. A decrease from 1.03820.0005 to 1.0250  to concerted when NADP is replaced by alternative dinucleo-
+ 0.0007 in the**C isotope effect at C4 was found when tides by measuringC isotope effects at C3 with deuterated
malate-2el was used as the substrate in place of unlabeled and unlabeled malate. We also report the deuterium isotope
malate (Hermes et al., 1982). However, later studies using effects at C3 and the effect of deuteration at C3 on'#ie
alternative dinucleotide substrates suggested a concertedsotope effect at C4.
mechanism. An increase in thi isotope effect at C4 was
found when malate-#-was used as the substrate in place EXPERIMENTAL PROCEDURES
of malate for reactions using thionicotinamide adenine . - .
dinucleotide (thio-NAD; from 1.0102- 0.0002 to 1.0180  Materials. Malate, oxidized glutathione, reduced gluta-
+ 0.0003), 3-acetylpyridine adenine dinucleotide (APAD; thione, dithiothreitol, oxaloacetate, chicken liver malic
from 1.0070+ 0.0001 to 1.0120+ 0.0002), and 3-pyri-  ENZYme, glutathione reductase, alcohol dehydrogenase, NAD,
dinealdehyde adenine dinucleotide (PAAD; from 1.0628 NADP, APADP, and NADP_H were from Sigma. O_ctane
0.0002 to 1.0053 0.0004) (Weiss et al., 1991). Later work 2"d ethanotls were from Aldrich. DO was from Cambridge
by Karsten and Cook (1994) and Karsten et al. (1995) also Isotope Labs.**C sodium bicarbonaté?C sodium bicarbon-
supported a change from a stepwise mechanism with NAD(P) ate, and_ ZJFC]pyruvate were from .lSOtECh' MaIateeZNgs
to a concerted one with alternate nucleotide substrates.  SYNthesized with the method of Viola et al. (1979) using 50

There is another possible explanation besides a concertedm'tS/mL of malic and alco_hol dehydrogenases. Malate-3-
mechanism for the data observed with the alternative %2 WS prepared by reduction of oxalacetate deuterated by

dinucleotide substrates. If the mechanism is stepwise, thereexchange in B0 in the presence of malate dehydrogenase

may be ap-secondary®*C isotope effect on the hydride (Cook et al., 1989)' Malate-£)-d was synthesized from
transfer step (Weiss et al., 1991). Tifissecondary effect fumarate and D in the presence of fumarase.

would be the result of a hyperconjugation-like effect on the ~ 2:4-[°CzlMalate. 100 mL of 15 mM 2-}*Clpyruvate, 1
B-carboxyl group of malate as the transition state for hydride MM NADPH, 1 mM MgCk, 15 mM reduced glutathione,
transfer is approached. The electrons that would normally 50 MM dithiothreitol, and 100 mM potassium phosphate were
form the carbonyl group would be to a large extent held on SParged fo2 h at pH 3. The pH wathen quickly raised to
the oxygen by the coordinated metal ion. The developing 7 with saturated sodium hyd_rOX|de. . A dry addition apparatus
positive charge at C2 as the hydride is removed could beWas then used to add sodiurtfC]bicarbonate so that the
satisfied by borrowing electron density from the -G34 final concentration was 20 mM. 20 units of malic enzyme

bond, as shown in resonance forms 4. This decrease in thénd 200 units of glutathione reductase were then used to
start the reaction, which was allowed to proceed over night.

— . The reaction was quenched with the addition of 6M HCI

I'\,,s* I{ﬁ to pH 3 and the enzyme was removed by filtering with an

N o an. L Amicon filter. The reaction mixture was then titrated back

L ’ L to pH 7 and loaded on a Dowex 1-X8 ion exchange column.

o. B mx 0, Hy M @) The malate was eluted with a 500 mL gradient from O to 6

e e R e o M formic acid. The column was then rinsed with another

gty B H H B 250 mL of 6 M formic acid. The fractions containing malate
o>g~\»o O;S»O were located using a malic enzyme assay that consisted of

B | 2.38 mL of 50 mM phosphate buffer, pH 7, 300 of 10

mM MgCl,, 300uL of 5 mM NADP, 1 unit of malic enzyme,

C3—C4 bond order could not be matched by increased®C and 20uL of sample. These fractions were then evaporated
bond order in the carboxyl group because the geometry ofto dryness, dissolved in 100 mL of water and evaporated to
that group would still be trigonal (€O bond order can  dryness again. The residue was dissolved in 50 mL of water
increase only when the three atoms are collinear). As a resultand evaporated to a thick solution which was stored in the
there would be a decrease in the fractionation factor of C4 freezer.
accompanying hydride transfer. 4-[*?C]Malate. The reaction conditions and purification
This secondary3C isotope effect would not be seen with were similar to the synthesis of the 24¢;Jmalate except
NADP as the substrate, since decarboxylation is much morethat pyruvate and*fClbicarbonate replaced 23C]pyruvate
rate-limiting than hydride transfer, and thus i€ isotope and [*Clbicarbonate. Because more of this compound was
effect on decarboxylation dominates the observed isotopeneeded, the reaction was also scaled up to 5 times the size
effect. With the alternate nucleotide substrates, however, of the 2,4-[*C;Jmalate preparation.
hydride transfer is the major rate-limiting step, and thus the  Data Analysis. Isotopic ratios were determined with a
secondary’*C isotope effect on this step would make up Finnigan MAT Delta isotope ratio mass spectrometer.
most of the observed isotope effect. Kinetic isotope effects were calculated using the isotopic
While the possibility of hyperconjugation causes some ratios from the product at partial reactid,( and the isotopic
ambiguity in interpreting thé3C isotope effects at C4, there ratio in the starting materiaRp). The latter was determined
would be no such problem with thH€C isotope effects at by complete conversion of substrate to product. Equation 5
C3, since any hyperconjugation effect would increase the was used to calculate the observed isotope effect from the
C2 to C3 bond order to the same extent that it decreases thasotopic ratios of the product and starting material at known
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fractions of reactionf. The reactions were then removed from the sealed flasks,
and the following procedure was used to isolate and purify
the acetate. The pH of the reaction mixtures was checked
to make sure that it was below 2.5. The reaction mixtures
Kinetic Deuterium Isotope EffectsAll kinetic deuterium were addedd 1 L flasks with 600 mL of distilled octane
isotope effects were determined by direct comparison of and boiling chips and then were distilled until the vapor
initial velocities of malic enzyme enzyme catalysis with temperature reached 124C for 5 min. Ten drops of
malates varying in deuterium composition at a defined saturated NaOH were then added to the receiving flasks,
position in the molecule. The reactions were performed at followed by vigorous stirring for 1 min. The aqueous layers
25°C, with absorbance changes followed at 340 nm (NADP) in the receiving flasks were separated from the octane layers,
or 363 nm (APADP). Final concentrations were 1.0 mM 3 g of activated charcoal was added to each aqueous layer,
NADP or APADP, 5.0 mM Mg", 200 mM Hepes, and 100 and the resulting mixtures were stirred for 10 min. The
mM dithiothreitol, pH 7.25. The concentration of malate charcoal was filtered with 0.2 micron syringe top filters, and
was varied from 0.1 to 1.0 mM. the solutions were adjusted to pH 7.2 withS®,. They
The data for the deuterium isotope effects were fitted to were placed in sealed flasks and sparged with gds
equations describing an isotope effect dronly, on V/K overnight and then evaporated to dryness. The resultant
only, equal isotope effects dnandV/K, or different isotope powders were stored in sealed flasks in a desiccator flushed
effects onV andV/K (Cleland, 1979). The reported values with N, gas.
are those from the best fit as judged by the valuer &fs The purified acetate from each reaction was then divided
well as the standard errors of the fitted parameters. into two portions; one portion for combustion to give the
Degradation of Malate.For determination of the isotopic  isotopic composition of both C2 and C3 and the other portion
content of each carbon of malate two separate sets offor the acetate degradation system to give methane from C3.
reactions were used. The following reaction conditions were  For combustion, 4&mol samples of the purified acetate
used for the first set of reactions: 2@@nol of malate, 0.5  were placed inside 2.5 cm long quartz boats with 6 and 4
mM NADP, 250umol of oxidized glutathione, 1 mM Mngl mm outer and inner diameters, respectively. These boats
1 mM dithiothreitol, 1 unit of malic enzyme, and 10 units were then placed inside 25 cm long, 2 mm thick quartz tubes
of glutathione reductase in 20 mL of 25 mM potassium with an inner diameter of 7 mm. Layers of diatomaceous
phosphate buffer titrated to pH 7.0 with KOH. earth (0.5 g), CuO (10 g), and silver (0.2 g), in that order,
The first set of these reactions was carried out in sealedwere then placed inside the quartz tube on top of the boat.
flasks that were sparged with nitrogen overnight prior to The tubes were evacuated, sealed, and heated t6C7 &y
addition of enzymes. Once the enzymes were added the2 h. The quartz boats and diatomaceous earth were needed
reactions were allowed to run for 14 h for total conversion so the salts that precipitated along with the acetate would
of reactants to products. The reactions were quenched bynot react with the walls of the quartz tube and cause it to
injecting 1 mL d 5 N H,SQ,, and the CQ@ from C4 was explode during heating. After the combustion the tubes were
isolated by a freezethaw distillation. The flasks and their  cracked and the resulting G@as distilled through two dry
contents were frozen in liquid nitrogen and then evacuated ice—isopropyl alcohol traps and collected in a liquid nitrogen
on the vacuum lines. The flasks were then warmed with trap. The collected gas was then analyzed with the isotope
room temperature water until their contents melted. The ratio mass spectrometer.
flasks were then refrozen in dry ieésopropyl alcohol baths. For the acetate degradation system (Canellas & Cleland,
The gaseous contents of the flask were distilled through two 1991), 60umol of purified acetate and 0.3 g of NaOH were
dry ice—isopropyl alcohol traps and into a liquid nitrogen heated in an evacuated vessel to 2Q0for 30 min. This
trap. The flasks were then thawed, frozen, and distilled heating was performed in the presence of two dry-ice
again. This process was repeated three times. isopropyl alcohol traps to collect water from the NaOH. An
The freeze-thaw method was used to prevent any of the additional liquid N trap was then added to the vacuum line,
pyruvate from distilling into the dry iceisopropyl alcohol and the acetate and NaOH were heated to #DGor 15
traps. The collected CQvas analyzed with the isotope ratio min. At this temperature pyrolysis occurs, producing,CO
mass spectrometer to determine the isotopic composition atand methane from the C2 and C3 positions, respectively.
the C4 position. Any CO; liberated was collected in the liquid,Nrap, and
The reactions were then put on ice and stirred as 1 mL of the methane, which is not condensable, was collected using
a saturated NaOH solution was added. Upon addition of molecular sieves cooled with liquid nitrogen. The methane
the saturated NaOH solution the reaction mixtures slowly was then allowed to equilibrate for 15 min into a specially
turned light brown. Balloons flushed with nitrogen were then designed combustion tube containing 20 g of CuO by heating
used as vents for the flasks as 3 mL of 30% hydrogen the sieves to 200C. The lower portion of tld 1 m long
peroxide was added to oxidize pyruvate to acetate ang CO combustion tube was composed of 30 cm of quartz, the
The vent was then removed from the reactions, and the middle 30 cm was a quartz to glass gradient, and the top 40
reactions were stirred overnight. The pH of the reactions cm was glass with a ground glass stopcock and a ground

isotope effect=log(1 — f)/log(1 - f (R/Ry)) (5)

was then lowered by adding 5 mL of 18 N$O, and the
reactions were subjected to the freetlieaw procedure again.
This time the freezethaw method was used to prevent any
acetate from distilling into the dry ieesopropyl alco-
hol traps. The collected CQvas analyzed by isotope ratio

glass joint for connection to the vacuum line. The outer and
inner diameters of this tube were 9 and 7 mm, respectively.
Once the methane was equilibrated into the combustion tube
the stopcock was closed, the tube was disconnected from
the vacuum line and the quartz portion of the tube (containing

mass spectrometry to determine the isotopic composition of the CuQO) was placed in an oven and heated to “®or

C1.

12 h. Approximately 80% of the methane gas produced
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could be collected in this manner. The resulting.Qfas yield an observed isotope effect which is the product of the
from combustion was distilled and analyzed in the same kinetic isotope effect at C4 and of the kinetic isotope effect
manner as the gas produced from the acetate combustiorat C2. The observed effects from these experiments were
samples. The isotopic composition of C2 was then calculated corrected for the kinetic isotope effect at C4 to determine
from the ratios determined for C3 and C2 plus C3 by using the kinetic isotope effect at C2.
eq 6, Equilibrium Isotope Effects on Malic EnzymeThe
equilibrium isotope effects at the C2, C3, and C4 positions
Re2 = (Reaca X 2) = Reg (6) of malate were determined in two different ways. The first
way was to begin the reaction with only malate present and
whereRc: is the calculated isotopic ratio for the C2 position, allow the reaction to come to equilibrium. The second way
Res is the measured isotopic ratio for the C3 position, and was to start the reaction with pyruvate and bicarbonate. The
Recacs is the measured isotopic ratio from the acetate conditions for starting with malate were as follows: 200
combustion. umol of malate, 1 mM NADP, 1 mM MnG] 1 uM
To ensure that no fractionation was occurring in the acetate dithiothreitol, and 3.5 units of malic enzyme at room
due to the distillation of C@in determining the C1 and C4  temperature in 50 mL of 50 mM potassium phosphate buffer
mass ratios, separate control reactions were run. Thesaijtrated to pH 7.0 with KOH. The conditions for starting
reactions were run under the same conditions as listed abovewith pyruvate were similar, with 20@mol of pyruvate and
except that the COwas not isolated so that none of the 100umol of sodium bicarbonate replacing malate and 1 mM
pyruvate or acetate could possibly be lost during the freeze  NADPH replacing NADP.
thaw procedure. After running overnight the malic enzyme  Both sets of reactions were allowed to sit for 2 days to
reactions were quenched by the addition of the saturatedensyre sufficient time to come to isotopic equilibrium. The
NaOH solution and the 30% hydrogen peroxide for the reactions were then quenched with acid and the €@m
conversion of pyruvate to acetate. Results from the acetatethe reactions was distilled on vacuum lines by freezing and
collected in this procedure did not differ from those where thawing the reaction mixtures so that no residual malate
the acetate was purified after the freezkaw procedure.  would be lost. The gas was then analyzed with the isotope
The reactions for the determination of the isotopic ratio mass spectrometer. The solution containing the residual
composition of malate after partial conversion with malic malate and pyruvate was titrated to pH 7 and loaded on a
enzyme were similar to those for the total conversion, except oG 1-X8 200-400 mesh ion exchange column. The malate
that 400umol of malate and 30@mol of oxidized gluta-  and pyruvate were then eluted from the column with a 500
thione were used. Reaction progress was monitored bym| gradient from 0 ® 6 M formic acid. The fractions
removing aliquots and assaying for the amount of reduced containing malate were located using a malic enzyme assay
glutathione produced with Ellman’s reagent (extinction ag detailed above. The fractions containing pyruvate were

coefficient at 412 nm= 1.14 x 10 L/mol cm). The  |ocated using a pyruvate decarboxylase assay that consisted
reactions were stopped between 30% and 60% conversionyf 2 68 mL of 50 mM phosphate buffer, pH 6, 300 of 10
by adding 1 mL 65 N H>SQ.. mM MgCls, 1 unit of pyruvate decarboxylase, and200f

The CQ from all four carbon positions was collected and  sample. The isotopic composition of the C2 and C3 positions
analyzed in the same manner as in the total conversionof pyruvate and the C2, C3, and C4 of malate were

reactions. The control to check for fractionation in the getermined using the same techniques described in the
acetate was also run with the partial conversions. As a final previous section.

control for this procedure, a sample of malate was combusted The observed value for the C4 equilibrium isotope effect

and its isotopic composition was analyzed with the iSotope 1t he corrected for the equilibrium between bicarbonate
ratio mass spectrometer. The combined ratio of the total ;4 free CG, since the reactions were run at pH 7 and

conversion samples was calculated using equation 7, bicarbonate has aKa of 6.37. The'3C isotope effect for
. the conversion of bicarbonate to free £© 1.009 (Mook

Reomb = 0-25Rc; + Rea T Res T Red) (7) et al., 1974) or, when adjusted for the pH, 1.007. This value

was subtracted from the observed value at C4 to give the

whereRc1, Reo, Res, andRes are thel3CA2C ratios for total adjusted value for COas the reactant.

conversions at carbons 1, 2, 3, and-434.355,—24.651,
—29.987, and-30.507, respectively, ié notation) andRcomp RESULTS AND DISCUSSION
is therefore the calculated value of tHE€/A%C ratio of the
malate used in these experiments. The isotopic ratio of the ~Kinetic Isotope EffectsThe*3C isotope effects on malic
malate combustion sample-29.875) was then compared enzyme were determined at all four carbon positions of
to the Reomp Value of —30.132. malate (Table 1). The kinetic isotope effect at the C1
The isotope effects with malatee2-and APADP as position of malate with NADP was 1.0011, which indicates
substrates were determined in a similar manner to thatVvery little change in bond order over the course of the
described above by simply using the desired alternative reaction at that position. The kinetic isotope effect of 1.0009
substrate. with malate and APADP at the C1 position shows that little
Remote Label Isotope Effects on Malic Enzyrige 2,4- change in bond order was occurring even when the chemistry
[13C;Jmalate and 4%C]malate were mixed to have ap- Of the hydride transfer was made more rate-limiting.
proximately 196°C and 99%32C at the C4 position. Effects The kinetic isotope effect at the C4 position with malate
at the C2 position could then be measured by isolating theand NADP" was 1.0324. When this isotope effect was
C4 carbon from both total and partial conversions, using the determined with malate-8-and NADP, the value dropped
techniques described above. The remote label experimentdo 1.0243, which suggests that the mechanism is stepwise



Chemical Mechanism of Malic Enzyme by Isotope Effects Biochemistry, Vol. 36, No. 5, 19971145

Table 1: 13C Kinetic Isotope Effects [
carbon malate+ NADP malate-2d + NADP B
position BVIK)y B(VIK)p |
c1 1.0011+ 0.0004
c2 0.9871+ 0.0021 0.9892+ 0.0013 -
C3 1.0210+ 0.0005 1.013@: 0.0006
c4 1.0324+ 0.0003 1.0243 0.0004 -
carbon malate+ APADP malate-2d + APADP 8|
position 1B3V/K)4 1B3(V/K)p 2
c1 1.0009+ 0.0007 e r
c2 0.9941+ 0.0008 0.9961 0.0004 w *E-NADPH-
C3 1.0067+ 0.0003 1.0125 0.0002 B Pyruvate-C0Op
C4 1.0056+ 0.0005 1.0082% 0.0007
. . , , - *E-NADP-Malate
with hydride transfer preceding decarboxylation. These data or ' *E-APADPH-
agree with those previously obtained by Hermes et al. (1982). r *E-APADP-Malate Pyruvate-CO2
When the alternative dinucleotide APADP was substituted

into this reaction, however, the C4 kinetic isotope effects Reaction Coordinate

for ma[ate and .mglate-d-be-came 1'0,056 and 1'0087_’ FiIGURE 1: Free energy profiles for the enzymatic reaction of malate
respectively. This increase in the C4 isotope effect with to pyruvate and COWith NADP or APADP as the dinucleotide.
malate-2d suggests a concerted mechanism with the alterna-*E—NADP—malate and *E-APADP—malate represent the acti-
tive dinucleotide, APADP. The trend of these isotope effects vated enzymesubstrate complex, *I is the ENADPH—oxal-

i nsistent with th revi | v Wei t g|. cetate intermediate fo_r the ste_pwise reaction with NADP;-*E
S consiste ose previously observed by Weiss et a NADPH—Pyruvate-CQ; is the activated enzymeproduct complex

(1991). As stated earlier there are two reasonable explanazy, the reaction with N ADP, and *EAPADPH—Pyruvate-CO,
tions for this outcome. First, malic enzyme may change its s the activated enzymeproduct complex for the reaction with
chemical mechanism with the alternative substrate. Second APADP.

there may be @#-secondary kineti¢*C isotope effect on the
hydride transfer step as the result of a hyperconjugation-

like effect on the C3-C4 bond order as the transition state APADP reaction. Grissom and Cleland (1985) showed that

for hy.drlde transf'e r'was approached, .. with NADPH present malic enzyme will convert oxaloacetate
If this hypothesis is correct the amount of electron density  1,qth enzyme bound malate and pyruvate, in a ratio of
borrowed from the C3C4 bond would be transferred to the approximately 10 to 1. This means that the energy barrier

C2-C3 bond and therefore the net change in bond order aty, yecarhoxylation is larger than that for hydride transfer,
the C3 position would be close to zero. Thus¥@kinetic 5 shown by the solid line in Figure 1. While the relative
Isotope effgct at the C3 position shoulld be free of the heights of these barriers are known, the level of the well
sgcondary 'SOtOPe effect. 'If the mechanism were S'[Ep"‘”secorresponding to the intermediate is not. It is conceivable
with the alternative substrate, the change from malate 0,5 it one were to substantially raise the barrier to hydride

rkr?ala_te-_Zd shoul?f shom; ?] decrerz]ise_ in the obser\}gfd o, Tansfer while lowering the energy level of the final products,
Inetic isotope effect. If the mechanism is concerted, then o anergy well normally found for oxaloacetate could

malate-2¢l should cause an increase in the isotope effect. collapse, as shown by the dashed line in Figure 1. Since
The kinetic isotope effect at the C3 position with malate the equilibrium constant for the reaction is 2 orders of
and NADP was 1.0210. This is smaller than the effect magnitude more favorable when APADP is the dinucleotide
observed at the C4 position, as expected because C3(E°'pH7 = —0.258 V vs—0.32 V for NADP), this could
undergoes less movement than C4 upon bond cleavageexplain the switch from a stepwise to a concerted mechanism.
When C4 is released from malate its geometry changes from  The 13C kinetic isotope effects at the C2 position with
trigonal to linear and the carbon undergoes most of the NADP as the dinucleotide and malate or malaté-@s the
motion, as it is connected to two oxygens which are more sypstrates are 0.9871 and 0.9892, respectively. This was
massive than itis. However, at the C3 position there is only ynexpected, as the C2 position is where the hydride transfer
a slight bond shortening as a double bond is formed with occurs. Since hydride transfer is a bond breaking process,
C2. When malate-2-was used with NADP, the C3 kinetic 3 normal isotope effect would be expected. It is interesting
isotope effect dropped to 1.0130, which parallels the trend that when the hydride transfer is slowed down with malate-
at the C4 position. This confirms the stepwise mechanism 2 the effect becomes less inverse. This suggests that an
with NADP. With APADP as the dinucleotide and malate aspect of the chemistry other than the hydride transfer is
as substrate the kinetic isotope effect at the C3 position wasdominating these C2 effects, and when hydride transfer is
1.0067. When malate--was used with APADP the C3  made more rate-limiting the normal effect due to the bond
kinetic iSOtOpe effect became 1.0125. This was nearly double breaking begins to become expressed_ When APADP is used
the effect seen with normal malate and confirms the changeas the dinucleotidé3C kinetic isotope effects of 0.9941 and
to a concerted chemical mechanism with APADP, in 0.9961 are observed for malate and malatg-&spectively.
agreement with Karsten and Cook (1994). Again the isotope effect is inverse and again as the hydride
This change in mechanism with APADP is most likely transfer is slowed down the effect moves closer to being a
due to combination of a higher energy barrier for hydride normal effect. It was conceivable that these effects were
transfer and lower overall free energy levels of products. incorrect due to a flaw in the technique for determining the

Figure 1 shows two plausible energy level diagrams, one
for the malate-NADP reaction and one for the malate-
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Table 2: Deuterium Kinetic Isotope Effeéts Table 3: 13C Isotope Effects As a Function of Deuteration
NADP APADP NADP? thio-NADP? APADP®
C2D(V/K) 1.47+0.02 1.98+ 0.05 B(VIK)4 1.0339+ 0.0003 1.0089: 0.0001 1.005% 0.0002
C3DAVIK) 1.17+0.01 1.03+ 0.02 B(VIK)cop  1.02924+ 0.0001 1.0142 0.000F 1.0084+ 0.000F
CERIDV/K) 1.0764+ 0.009 B¥(VIK)csp2 1.03544+ 0.0001 1.0087 0.0005 1.0053- 0.0001
P3(V/K) 1.65+ 0.02 2.07+ 0.07 : . : : :
C2(V/K)cap2 148+ 008 202+ 0.06 aThe isotope effects with NADP were determined in a single

o experiment? Values for3(V/K)y and3(V/K)capz with thio-NADP and

SPAVIK)c20 1.15+0.02 1.04+0.02 APF:ADP were determine&j in)a singlé ex)periménThese values are
aSince malate was the varied substrate, all isotope effects are onfrom Weiss et al. (1991).

VIKmaiate In every case equal isotope effects were see andV/K.

Most values represent three or four replicate experiments. The leading

superscripts indicate the number and location of deuteriums producing Table 4: Equilibrium Isotope Effects for the Conversion of Malate

the isotope effect, while the trailing subscripts indicate deuteration to Pyruvate and C®

present in both molecules being compared. initial reactants c2 c3 4

malate 1.0114- 0.0001 1.011H 0.0001 0.994H 0.0001
isotopic ratio. When the acetate is degraded, the methanepyruvatet+ 1.0099+ 0.0001 1.0115- 0.0001 0.9949- 0.0009

generated is solely from the C3 position. However, when bi%afzonate 0102 0.0001 10114 0.0001 0.994% 0.0003
the acetate is combusted any source of carbon could caus&'®'9"e 1.0102:0.0001 1.0113 0.0001 0.9943- 0.

O o . SLE average 0.9888 0.0003
contamination. This is unlikely in view of the controls

. . : . 2The value is thé3C/*2C ratio in malate divided by that in pyruvate
described in the methods section, but as a check against thact)r CQ.. " The observed value at pH 7 for the equilibrium mixture of

possibility the remote |al??| method was e,mlf?loyed- USiNg o, and bicarbonate, except as note@he value corrected to GO
C4 as the indicator position the C2 kinetic isotope effect alone.

was redetermined. An isotope effect of 0.98880.0006
was observed for the C2 position with the remote label ated is consistent with the expected decrease in rate of
method when NADP was the substrate. This confirms the gecarboxylation relative to hydride transfer caused by
inverse kinetic isotope effect observed earlier at the C2 deyteration at C3. On the other hand, the insignificant effect
position. of deuteration at C3 on tH€C isotope effect in the reactions
Deuterium Isotope Effects at C3 and Their Effect on the with thio-NADP or APADP is consistent with asynchronous
13C Isotope Effect at C4.Table 2 shows the effects of concerted reactions with little-©C cleavage in the transition
deuteration on the reaction with NADP or APADP. With state.
NADP the secondary isotope effect resulting from deuteration  Equilibrium Isotope EffectsBecause we thought that an
at C3 is 17% normal for two deuteriums and 8% for one, so internal equilibrium isotope effect might be inverse and
the isotope effects are not different in tRandS positions. dominate the observed kinetic isotope effect at C2, equilib-
One expects an isotope effect at this position only on the rium 13C isotope effects were determined for conversion of
decarboxylation step, since there should be little hyper- C2, C3, and C4 of malate to pyruvate or £(Jable 4).
conjugation with the carbonyl group of an oxalactate Mechanism 8 was used to explore this possibility.
intermediate after hydride transfer because C4 must be out
of plane for decarboxylation, and thus the hydrogens at C3 transfer decarboxylation
are nearly in plane in the intermediate. The equilibrium K ks
isotope effect for decarboxylation at C3 to give enolpyruvate EAB _‘k_: EAB* ke EC* 8
can be estimated as 1.26 for mono- and 1.58 for dideuteration
(Cleland, 1980). If one uses the commitments estimated by In mechanism 8 EAB is the initial enzym& ADP—malate
Grissom and Cleland (1985) to correct the observed isotopecomplex, EAB* is the activated enzym& ADP—malate
effect to an intrinsic one on decarboxylation, one gets 1.22 complex, and EC* is the activated enzymexaloacetate
£ 0.03 for dideuteration. We are thus observing 38% of complex. From mechanism 8, eq 9 can be derived.
the equilibrium isotope effect, which may provide an estimate
of the degree of decarboxylation in the transition state.  *(V/K)c, = ["Kqa Ks + (keko)/k, + (Kgks)/ (KoK,
With APADP as the nucleotide, the deuterium isotope [1 + ke/k, + (KsKs)/(KKp)] (9)
effect at C3 of malate is only-34%, and hardly significantly
different from unity. After correction for an average forward Grissom and Cleland (1985) determined tkgtks = 0.1
commitment of 1.0 (Table 5), the intrinsic isotope effect of andky/k, = 3.3. Assuming®s = 1.00, %; = 1.01, and
6—8% is consistent with a concerted reaction showing 10 that 13 g3 is between 0.99 and 0.98, the calculated value
14% of the equilibrium isotope effect in the transition state. for 13(V/K)c2 ranges from 0.9937 to 0.9867. Thus an inverse
These data thus support our conclusion and that of Karstenequilibrium effect could explain the inverse kinetic effect
and Cook (1994) that the reaction with APADP is asyn- found experimentally with NADP as substrate. When the
chronous with G-C cleavage less advanced than-i€ equilibrium isotope effect at C2 was measured, however, it
cleavage in the transition state. was found to be 1.0102. This value is a measure of the
Table 3 show&3C isotope effects at C4 for three nucleotide equilibrium from malate to pyruvate and must be corrected
substrates with malates deuterated at C2 or C3. The decreast yield a value for oxaloacetate. Replacing H with C on a
due to deuteration at C2 with NADP, but increases with thio- carbon next to the carbon of interest raises'f@fraction-
NADP or APADP, confirm the observations of previous ation factor by 1.004 (Cleland, 1980), and applying this rule
workers and the results in Table 1. The increases in thegives 1.006 for the equilibrium isotope effect at C2 for
observed=C isotope effect with NADP when C3 is deuter- conversion of malate to oxaloacetate. There must be

hydride
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ConSideraple stiffening of vibrational ques invo"_/ing (,:2 Table 5: Intrinsic Isotope Effects for the Concerted Mechanism
upon binding of malate to the enzyme if the fractionation with APADP

factor of this carbon is to be raised by the additional factor
of 1.025 needed to match the experimental results. Freezing

calculated fromt*C isotope effects at

the rotation of theg-carboxyl group will elevate the torsional ca c3
force constants involving C2, but it is difficult to believe kefko %iz %-;4
that this effect can be this large. The invet$€ isotope 13|K;C 1012 1018

effects at C2 remain a puzzle. ik IS the | g iment and should be th h
. . . > is the forward commitment and should be the same when
The equ'“b”um Isotope effects at the C3 and C4 positions determined from values at C4 and &3ntrinsic isotope effect resulting

Wer_eld?termined to be 1.0113 and 0.9880, r.eSp.eCtiVely- Thefrom deuteration at C2; should be the same when determined from
equilibrium isotope effect at the C4 position is slightly more values at C4 and C3.Intrinsic isotope effects fror#’C substitution at
inverse than predicted by calculations based on the equilib-C4 or C3; the values need not be the same.

rium isotope effect observed with isocitrate dehydrogena.sedetermined and the value determined earlier by Hermes et
by O’Leary and Yapp (1978). The calculated value for malic 5" 19g2)  The differences in values calculated in Table 5

enzyme was repqrted to be 0'999. by Herr_neg etal. (1982)'from C4 and C33C isotope effects can be accounted for by
The fact that the isotope effect is inverse indicates that C4 the error in the isotope effects used for the calculations. The

is mc;][e “9“"%/ bfqund in .(l;t;Q"[han.when it i?fin malate. Tge 13C jsotope effects at C2 are not sufficiently different from
C3 effect is the first equilibrium isotope effect measured on i or each other to permit a useful calculation.

a decarboxylation reaction for the carbon that is involved in The values forPks above 3, with comparatively small

thbe bong breaki||'1g an'l('jb i.S not f:he Ieavir?g 8?”‘)' .'.I'he values for the twdk; isotope effects at C4 and C3, indicate

observed normal equilibrium efiect at the _POSItON 44t the concerted mechanism is asynchronous with decar-
indicates that this carbon is bound more tightly in malate 1), ation less advanced than hydride transfer in the
thaln when it is in pyruvate. This |s_tL1e expe(k:)ted Ir esult of o nsition state. The results of deuteration at C3 agree with
replacing a proton in pyruvate with a carboxyl group s conclusion. There is precedent for this type of asyn-

(Clela_nd_, 1980). S chronous mechanism in prephenate dehydrogenase (Hermes
Intrinsic Isotope Effects.The intrinsic isotope effects at et al., 1984).

C2, C3, and C4 for a concerted mechanism with APADP as |, conclusion, the work reported here shows that malic

the dinucleotide can be calculated. Mechanism 10 showsgp,,yme does change its chemical mechanism from stepwise
the rate constants involved. to concerted when the alternative dinucleotide APADP is
K ke ke ysed as a substrate. However, the ynexpected invétse
EAB Y *EAB < *EPQR— EPQ (20) ?Qtope effect at the C2 position continues to be a puzzle at
this time.
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