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ABSTRACT: The NAD-malic enzyme catalyzes the divalent metal-ion-dependent oxidative decarboxylation
of L-malate to yield CO,, pyruvate, and the reduced dinucleotide. With Mg?* as the divalent metal ion
activator, primary deuterium and tritium isotope effects have been obtained with several different alternative
dinucleotide substrates. The partitioningratio of oxalacetate to malate and pyruvate has also been determined
with either NAD or 3-acetylpyridine adenine dinucleotide (3-APAD). Thesedata have been used to calculate
estimates of commitment factors and intrinsic isotope effects for the NAD-malic enzyme reaction. The
calculated values of the intrinsic 13C and deuterium isotope effects with NADP are similar to the previously
determined values for the chicken liver malic enzyme (Grissom, C. B., & Cleland, W. W. (1988) Biochemistry
27, 2927) and suggest that the transition-state structures are similar for the Ascaris NAD- and chicken
liver NADP-malic enzymes. With NAD or NADP as the dinucleotide substrate, the data are all consistent
with a stepwise chemical mechanism with oxidation of L-malate at C2 preceding decarboxylation of the
bound oxalacetate intermediate. However, none of the data with the alternative dinucleotide substrates,
3-acetylpyridine adenine dinucleotide and 3-pyridine aldehyde adenine dinucleotide (PAAD), can be fit
with satisfaction to the various criteria that support a stepwise mechanism with NAD(P). The mechanism
with 3-APAD and PAAD is likely concerted. The most likely explanation for a change in the mechanism
for oxidative decarboxylation from stepwise with NAD(P) to concerted with alternative dinucleotide substrates
such as 3-APAD and PAAD is a difference in the configuration of bound malate when the different

dinucleotide substrates are used.

The mitochondrial NAD!-malicenzyme (EC 1.1.1.39) from
Ascaris suum catalyzes the divalent metal-ion-dependent
oxidative decarboxylation of L-malate to yield pyruvate, CO;,
and the reduced dinucleotide. The kinetic mechanism is
steady-state random with the requirement that the divalent
metal ion must bind prior to L-malate or pyruvate in order to
form a catalytically competent complex (Park et al., 1984;
Chen et al., 1988; Mallick et al., 1991). In the oxidative
decarboxylation direction, pH-dependent changes in kinetic
parameters indicate a requirement for enzymatic groups to
be protonated and unprotonated for enzymatic activity (Kiick
et al., 1986; Park et al., 1986). The unprotonated group is
proposed to accept a proton from the hydroxyl group of
L-malate, facilitating hydride transfer, the first stepin a three-
step chemical mechanism. Oxidation of L-malate would lead
to an enzyme-bound oxalacetate intermediate which could
then decarboxylate assisted by the divalent metal ion activator
acting as a Lewis acid coordinated to the carbonyl oxygen.
Decarboxylation of the oxalacetate intermediate would form
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the products CO; and enolpyruvate which would be protonated
by an enzymatic general acid to form pyruvate.

The multiple isotope effect studies of Weiss et al. (1992)
support a two-step mechanism for the oxidative decarboxyl-
ation of L-malate for the A. suum NAD-malic enzyme with
the hydride-transfer step preceding decarboxylation with the
dinucleotides NAD or NADP. Similar studies performed
with alternative dinucleotide substrates yielded results con-
sistent with a concerted chemical mechanism. However, with
these alternative dinucleotide substrates, a two-step mechanism
was supported by an increase in the observed deuterium isotope
effect with a concomitant decrease in the observed 13C isotope
effect as the dinucleotide substrate is changed from NAD to
3-APAD. Thedeuterium and 3C isotope effect data suggest
that there is a concomitant loss of rate limitation of the
decarboxylation step as hydride transfer becomes more rate
limiting. In addition, the observation that oxalacetate par-
tifions between malate and pyruvate with the alternative
dinucleotides and that a substantial deuterium isotope effect
is seen on the partition ratio (Grissom & Cleland, 1988) is
also consistent with a two-step mechanism. The above
apparently contradictory results, that is, concerted mechanism
from multiple isotope effect studies but a stepwise mechanism
from other considerations, were rationalized by Weiss et al.
(1992) by proposing that there is expression of a 8-secondary
13C isotope effect on the hydride-transfer step. The hydride
to be transferred was suggested to be trans to the -carboxyl
group with both out of the C1-C2-C3 plane of L-malate when
bound to the enzyme. Since much of the electron density of
the hydroxyl-group oxygen is delocalized by coordination to
the divalent metal ion, electron density must be borrowed
from the C3-C4 bond as the transition state for hydride
transfer is approached. The enzyme enforces the out-
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of-plane configuration at the C4 carboxyl group, leading to
hyperconjugation with the concomitant bond-order decrease
at C3—-C4 and the 8-secondary '*C isotope effect on hydride
transfer. If the measured 13C isotope effect on V/Kmaiate
observed with the alternative dinucleotides is predominantly
an expression of a B-secondary isotope effect on hydride
transfer rather than a primary effect, then the multiple isotope
effect results could be explained since the observed 1*C isotope
effect occurs in the same step as hydride transfer.

Values for the intrinsic isotope effects and commitment
factors have been determined for the NADP-malic enzyme
from chicken liver (Schimerlik et al., 1977; Hermes et al.,
1984; Grissom & Cleland, 1985). With NADP and Mg?* as
the divalent metal ion activator, the intrinsic deuterium and
3Cisotope effects are reported to be 5.6 and 1.049, respectively
(Grissom & Cleland, 1988).

In the present study, with Mg2* as the divalent metal ion
activator, the deuterium isotope effect on ¥and V/Kpajare has
been redetermined to within narrow limits by takingan average
of multiple independent determinations. The tritium isotope
effect on V/ Kmajate has been determined with NAD and several
different alternative dinucleotide substrates. In addition,
oxalacetate-partitioning experiments have been performed
with NAD and 3-APAD. The combination of these data with
the previously determined 13C isotope effects (Weiss et al.,
1991) has suggested that although the mechanism for oxidative
decarboxylation is stepwise with NAD(P), it changes to
concerted with alternative dinucleotides such as 3-APAD.

MATERIALS AND METHODS

Chemicals. NAD, NADP, and NADH were purchased
from Sigma or Boehringer-Mannheim. Dinucleotide analogs,
chicken liver malic enzyme, and horse liver alcohol dehy-
drogenase were purchased from Sigma. Thedyeligand matrix
gels were purchased from Amicon, and the ethanol-dg (99
atom % D) was from either Merck or ICN. Cyclohexanone
was purchased from MCB, and the NaB?H, (9.5 Ci/mmol)
was purchased from Amersham. All other reagents were
obtained commercially and were of the highest quality
available.

Enzyme. Malic enzyme was purified from A. suum by the
method of Allen and Harris (1981) or by a modification of
this purification procedure. In the modified procedure, the
initial two purification steps in the Allen and Harris procedure
are retained but the remaining two steps are replaced by a
tandem-column-affinity-chromatography step on Blue-B aga-
rose and Orange-A agarose. An abbreviated purification
protocol is as follows. The enzyme, which was previously
taken through an ammonium-sulfate-fractionation step and
a batch-DEAE-anion-exchange-purification step according
to Allen and Harris (1981), was dialyzed overnight against
two 1-L volumes of buffer containing 20 mM Mes, pH 6.8,
10 mM B-mercaptoethanol,and 0.5 mM EDTA. Theenzyme
was loaded onto a 2.5- X 16-cm Blue-B agarose column
preequilibrated with buffer containing 20 mM Mes, pH 6.8,
5 mM B-mercaptoethanol, and 20 mM MgSO,. The eluant
from the Blue-B agarose column was directly applied toa 2.5-
X 11-cm Orange-A agarose column. The tandem columns
were washed with equilibration buffer until the absorbance
at 280 nm of the column eluant was zero. The columns were
then separated, and the malic enzyme was eluted from the
Orange-A agarose column with equilibration buffer containing
500 mM NaCl. The active fractions were pooled and solid
ammonium sulfate was added to 80% saturation. The
precipitated protein was pelleted by centrifugation at 10000g
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for 25 min and, after removing the supernatant, was dissolved
in a minimal volume of buffer containing 20 mM Hepes, pH
7.0, 2% glycerol (v/v), 5 mM B-mercaptoethanol, and 0.5
mM EDTA. The enzyme was dialyzed overnight against the
same buffer and stored at —20 °C.

Preparationof Isotopically Labeled Substrates. 1L-Malate-
2-d and A-side NADD or 3-APADD were prepared by the
method of Viola et al. (1979). L-Malate-2-f was synthesized
enzymatically from tritiated cyclohexanol in a 10-mL total
volume containing 50 units of liver alcohol dehydrogenase, 50
units of malate dehydrogenase, 10 mM tritiated cyclohexanol,
1 mM NAD, 10 mM oxalacetate, and 10 mM Hepes, pH 8.0.
After incubation at 25 °C for 7 h, additional oxalacetate was
added to the reaction mixture to a final concentration of 5
mM. After storing overnight, the proteins were precipitated
with CCly and removed by filtration. The reaction mixture
was applied to a 3- X 27-cm Dowex AG1-X8 column in the
formate form. Malate-2-¢ was eluted from the column with
a 300-mL linear gradient of formic acid from 0 to 4 N,
Fractions containing L-malate-2-¢ were determined enzymat-
ically. Malate-containing fractions were concentrated by
rotary evaporation,

The tritiated cyclohexanol was prepared by NaB3H,
reduction of cyclohexanone. In a fume hood, 2 mL of
cyclohexanone was added to 8 mL of H,O on ice followed by
slow addition of 1.5 g of NaBH, and 0.4 mg of NaB3H, until
the reaction was complete as indicated by the mixture becoming
cloudy. The solution was allowed to stand for 15 min at room
temperature. The remaining NaB3H, was removed by adding
1 N HCI, and the cyclohexanol was then distilled on a
condensing column.

Deuterium Isotope Effects. Enzyme assays were performed
on a Gilford 260 spectrophotometer equipped with thermo-
spacers connected to a circulating water bath to maintain a
constant temperature of 25 °C. Assays were conducted in
1-cm light path cuvettes in a total volume of 1 mL. The rates
of the reactions were followed by monitoring the absorbance
change associated with the appearance of the reduced
dinucleotide at 340 nm for NAD and NADP (€349, 6.22 mM-!
cm1), 363 nm for 3-APAD (€363, 9.1 mM-! cm!), or 358 nm
for PAAD (€353, 9.3 mM~! cm-1). Deuterium isotope effects
were determined at pH 7.0 in 100 mM Hepes buffer by direct
comparison of initial velocities varying L-malate-A(d) at a
fixed saturating concentration of the free dinucleotide substrate
(20K},) and 20 mM free magnesium. A. suurm NAD-malic
enzyme utilizes the unliganded metal and reactants and not
the chelate complexed form, and consequently, correction for
the metal—chelate complex was made according to Park et al.
(1984). The following dissociation constants were used, Mg—
malate, 25.1 mM, and Mg-NAD, 19.1 mM (Martell & Smith,
1979). The dissociation constants for the alternative dinu-
cleotides were assumed to be the same as those for Mg-NAD.
Stock solutions of L-malate were calibrated by enzymatic end-
point assays using 2 units of chicken liver malic enzyme, 1
mM NADP, 2 mM MgSO,, and 0.2 mM DTT at pH 9.0
according to the method of Cook et al. (1980).

Tritium Isotope Effects. Tritium isotope effects were
determined after the method of Schimerlik et al. (1977). Assays
were performed in a 1-mL total volume containing 100 mM
Hepes, pH 7.0, 10 mM dinucleotide substrate, 2 mM tritiated
malate (1.35 X 106 cpm/umol), and 50 mM MgSO,. The
reaction was monitored at the appropriate wavelength for the
dinucleotide used and typically run to 10% of reaction
completion. The reactions were stopped by adding 100 L of
CCly followed immediately by vigorous vortexing. The
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tritiated reduced dinucleotide was separated from the other
reaction components on a DEAE-Sephadex-A25 column (1
X 18 cm) equilibrated with 25 mM Tris, pH 8.7. Thereduced
dinucleotide was eluted with a linear gradient of 0-250 mM
NaCl in the same buffer, with the exception of NADPH(T)
which was eluted with a linear gradient from 0-350 mM NaCL
Radioactivity was determined by liquid scintillation counting
in a Beckman LS 7500 by adding 50- or 100-xL aliquots to
10 mL of scintillation cocktail. Those fractions containing
constant specific radioactivities were used to determine the
tritium isotope effects. Samples run to a percent completion
other than 10% (8-19%) yielded isotope effects identical to
the 10% conversion samples. Several complete conversion
reactions were run, and the isolated reduced dinucleotide was
found to have a specific radioactivity identical to malate-2-z.
Therefore, the malate-2-¢ specific activity was used in
subsequent calculations of the tritium isotope effects. As a
test of our method, the tritium isotope effect was redetermined
for the chicken liver malic enzyme which had been reported
previously to be about 2.0 (Schimerlik et al., 1977; Grissom
& Cleland, 1988). On the basis of three separate determi-
nations, we calculated an average value of 2.02.
Oxalacetate Partitioning. Oxalacetate-partitioning ex-
periments were performed according to the method of Grissom
and Cleland (1985) with several modifications. In their
procedure, Grissom and Cleland used glutamate—pyruvate
transaminase to remove the pyruvate produced to prevent
spurious absorbance at 282 nm as a result of Mg—pyruvate.
In the present procedure, the glutamate—pyruvate transam-
inase was excluded since inclusion resulted in unreasonably
high partitioning ratios. No significant 4s; resulted from
the pyruvate produced. Assays were carried outina Hewlett-
Packard 8452A diode array spectrophotometer in a total
volume of 1 mL in 0.5-cm path length cuvettes. An effective
extinction coefficient for oxalacetate was determined at 282
nm (€283, 0.562 mM-1 cm! with 4 mM oxalacetate and 5 mM
Mg2?*) under the exact partitioning conditions for each
experiment. The concentrations of oxalacetate solutions were
determined by enzyme end-point assays using malate dehy-
drogenase and NADH. In the partitioning experiments,
changes in oxalacetate concentration were followed at 282
nm, the isosbestic point for conversion of NAD to NADH or
3-APAD to3-APADH as determined by Grissom and Cleland
(1985).2 Partitioning reaction mixtures contained, ina 1-mL
total volume, 100 mM Hepes, pH 7.0, 0.4 mM reduced
dinucleotide (NADH or 3-APADH), 4 mM oxalacetate, 2 or
5 mM MgSOy, and 1-5 units of NAD-malic enzyme. A
control reaction mixture containing the same components with
the exception of enzyme was used to monitor the background
nonenzymatic rate of metal-ion-catalyzed degradation of
oxalacetate. At higher concentrations of enzyme and with
NADH as substrate, it was necessary to correct for a back-
ground rate due to a slight amount of contaminating malate
dehydrogenase activity in the malic enzyme preparations.
These control reactions were identical to the partitioning
reactions with the omission of MgSQO, and inclusion of 2.5
mM EDTA. Typical partitioning reactions were followed for
20 min, over which time the reaction rates were linear. The
disappearance of oxalacetate was monitored at 282 nm while
the formation of malate was followed by the decrease in
absorbance at 340 nm (363 nm for 3-APADH) associated

2The actual isosbestic point for conversion of NAD to NADH
determined by Grissom and Cleland (1985) is 281.5 nm. A value of 282
nm was used in this work due to the technical limitations of the diode
array spectrophotometer used in these studies.
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with the disappearance of reduced dinucleotide. After
subtraction of appropriate background control rates, the
partitioning ratio (ry) expressed as pyruvate/malate was
calculated from:

(d[oxalacetate] /df)~(d[NADH]/dr) = d[pyruvate]/ d(tl)

(d[pyruvate] /dt) /(d[NADH]/df) = ry 2)

The partitioning experiments using reduced dinucleotides
deuterated in the pro-R position were performed in a manner
identical to those with unlabeled dinucleotides.

Data Processing. Data were fit using BASIC versions of
the Fortran computer programs of Cleland (1979). The data
for deuterium isotope effects were fit using

v=VA/[K(1+ FEy) + A(1 + FEy)] 3)

where Vis the maximum velocity, K is the Michaelis constant
for A, Aisthevariable substrate concentration, F;is the fraction
of deuterium in the labeled compound, and Ey/k and Ey are
the isotope effects minus 1 on V/K and V.

Tritium isotope effects were determined according to

T(V/K) =log(1 - /)/log(1 - fR,/R,) 4

where fis the fraction of reaction, R, is the specific radioactivity
of malate-2-¢, and R, is the specific radioactivity of the reduced
dinucleotide at ffractional conversion of substrate to product.
The isotope effect nomenclature of Northrop (1977) as
modified by Cook and Cleland (1981) and Hermes et al. (1982)
is used in this paper where a leading superscript (D,T,13)
indicating the type of isotope effect precedes the kinetic
parameter (P(V/K), T(V/K), and 13(V/K), etc.) and a
following subscript refers to the constant isotopic species in
a multiple isotope effect experiment, for example, 3(V/K)y
reflects a 13C isotope effect on ¥/K with malate-2-h.
Calculation of Intrinsic Isotope Effects and Commitment
Factors. Thekinetic mechanism of the 4. suum malic enzyme
is steady-state random but with the requirement that the
divalent metal ion must bind to the enzyme prior to malate
or pyruvatein order to form a catalytically competent complex.
Under the conditions employed in the present work, the kinetic
mechanism may be described as in Scheme 1 where M is
Mg?*, A is oxidized dinucleotide, B is malate, X is the enzyme-
bound oxalacetateintermediate, and R isreduced dinucleotide.

Scheme 1
ks k7 kg K11
EMA + B == EMAB —— (EMAB) — (EMXR) —
ke kg k10

The rate constants ks and kg are for the malate-binding and
-release steps, and the rate constants k; and kg represent any
precatalytic conformational change leading toa complex poised
for catalysis. Therate constants kgand kjgrepresent hydride-
transfer and reverse-hydride-transfer steps, respectively. The
rate constant k;; represents the decarboxylation step. The
affinity of the enzyme for CO, is low (K, = 50 mM), and the
initial velocity studies of Mallick et al. (1991) suggest that
CO;, reacts upon collision with enol pyruvate, indicating there
is no binding site for CO,. These results indicate that the
release of CO; is likely very fast making the decarboxylation
step irreversible. For this mechanism, the equations for the
isotope effects are as follows:

PV/K) = [Phe + c;+ PK ()l [1 + e+ ¢] ()
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TV/K) = [Phs" + ¢+ PR/ + ¢+ ] (6)

13(V/K)H = [Bkn + (kyy k) (1 + ¢l /11 +
(kn/klo)(l + cf)] Q)

BV/K)p =[Pk + (knDk9/DKeqk1o)(1 +¢;/Pkg)] /11 +
(kuDk9/DKeqk10)(1 +¢;/"kg)] (8)

where the forward commitment to catalysis, cf, is (ko/ks)(1
+ k3/ks), the reverse commitment to catalysis, ¢, is k10/ k11,
Dks is the intrinsic primary deuterium isotope effect, 13k;; is
the intrinsic primary !*C isotope effect, and PK,, is the
deuterium isotope effect on the equilibrium constant which
has been determined by Cook et al. (1980) to be 1.18. There
are four equations and four unknowns (cy, ¢;, 1k, and Pk), and
itis therefore possible to calculate an exact solution. However,
the value of 13k, can be accurately calculated using egs 13
and 14 (see Results), and thus, the value of 13k, was fixed,
decreasing the number of unknowns in eqs 5-8 to three. A
computer program was written to make these calculations,
and the results are presented in Table 4.

When the dinucleotide used in the malic enzyme reaction
has a redox potential more positive than NAD or NADP, the
13C isotope effect on V/K increases when malate-2-4 is used
as a substrate (Table 2). Although this result is consistent
with a concerted chemical mechanism, it was proposed by
Weiss et al. (1991) that this result could be explained if there
was an expression of a 8-secondary 13C isotope effect on the
hydride-transfer step rather than a change to a concerted
chemical mechanism with these alternative dinucleotides.
These authors chose this mechanism to be more consistent
with the trend in deuterium and !3C isotope effects (Table 2)
and the oxalacetate-partitioning data (Grissom & Cleland,
1988). If a B-secondary 13C isotope effect is included on the
rate constants kg and ko of Scheme 1, eqs 5 and 6 will remain
unchanged but eqs 7 and 8 will be modified in the following
manner;

Bv/Kg = (Pky + o+ PK Ckpe) /(U + e+ e)  (9)

13(V/K)D = (13k9/ + Cf/Dkg + 13Keq/ 13k11DKeqcr/Dk9)/(l +
¢t/ kg + PK c./Pks) (10)

where 12ky’ is the 8-secondary 3C isotope effect and 13K,y is
the 8-secondary 13C equilibrium isotope effect. The other
parameters are as described previously. With eqs 9 and 10,
four equations are again available, but two new unknowns for
the secondary isotope effects have been added (3ky’and 3K y).
As a result, an exact solution cannot be estimated.
Twoadditional experimentally determined parameters may
be determined from oxalacetate-partitioning experiments.
Grissom and Cleland (1985) have shown the utility of directly
observing the partitioning of oxalacetate to malate and
pyruvate and using these data to calculate intrinsic deuterium
and 13C isotope effects. The equations for oxalacetate
partitioning, based on Scheme 1, are the following:

ry = (kg k) (1 + ¢ an
rp = (ki1 / ki) Pko + ¢) /PK,, (12)
where ry is the partitioning ratio [pyruvate]/[malate] with

unlabeled reduced dinucleotide and rp is the partitioning ratio
if determined using A-side-deuterated reduced dinucleotide.
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Although an exact solution is not possible when a §-sec-
ondary 13C isotope effect is included, with the use of egs 5,
6, and 9-12, it is possible to calculate estimates for the
commitment factors and the intrinsic isotope effects. The
method employed to calculate the unknown parameters is
described. The commitment factors and the intrinsic deu-
terium isotope effects were calculated using eqs 5, 6, 11, and
12 by the method described in Grissom and Cleland (1985).
These calculated parameters were then used to determine
values for the intrinsic 13C isotope effects using eqs 9 and 10
by stepping through different entered values of the -secondary
13C equilibrium isotope effect and calculating 3k, and 3kg’.
The criterion employed for choosing the correctly calculated
values for 13K’ and 13k¢” with NAD was convergence of the
primary !3C intrinsic isotope effect at a value of 1.052, the
average value calculated for this parameter from eqs 13 and
14. Sincefor 3-APAD eqs 13and 14 donot provide agreement
for estimates of 13ky;, a different criterion was employed for
choosing correctly calculated values for 13ky’ and 13k;;. For
3-APAD, the criterion for choosing the correctly calculated
values for 13ky’ and '3k;; was convergence of 1*K.q’ to a value
of 1.0. 13K,y is likely to be small and nearly equal to 1.0, and
if the same criterion is employed with NAD, as 13K converges
to a value of 1.0, 13k;; converges to a value of 1.052. A
computer program has been written to make these calculations,
and the calculated values are reported in Table 5.

If Scheme 1 is modified to reflect a concerted mechanism,
then kg will represent both the deuterium- and !3C-isotope-
sensitive steps, while k;o will be zero since decarboxylation is
irreversible and &;; will no longer be present; thus, there will
be no reverse commitment, and the forward commitment will
remain unchanged. Thereare now three unknown parameters,
Dk, 13k, and ¢r. Usingeqs 5-8, modified toreflect a concerted
mechanism, an absolute solution is possible. A computer
program has been written to make these calculations, and the
calculated values are reported in Table 6.

RESULTS

Purification. When A. suum malic enzyme is isolated by
the purification procedure of Allen and Harris (1982), the
resulting enzyme typically contains 0.5-1% contaminating
malate dehydrogenase activity. For the great majority of
kinetic studies, this level of contaminant poses no problem.
The oxalacetate-partitioning experiments reported here, how-
ever, require large amounts of malic enzyme in the assay mix
(1-5 units), and consequently, even a 0.5% contamination
with malate dehydrogenase activity interferes with these
experiments. Therefore,a new purification scheme was needed
that eliminated or greatly reduced the MDH activity. The
dyeligand affinity gels from Amicon (Green-A, Red-A, Blue-
B, Blue-A, and Orange-A agarose) were screened for their
ability to bind 4. suum MDH and malic enzyme. Both
enzymes bound toeach dye ligand gel tested with the exception
of Blue-B which displayed no apparent affinity for malic
enzyme yet bound a significant fraction of the MDH activity
in the samples tested. A Blue-B-Orange-A-tandem-column-
chromatography step was subsequently incorporated into a
purification procedure for malic enzyme simpler and faster
than the previously used method of Allen and Harris (1982).
The resulting purified enzyme has a specificactivity equivalent
to the enzyme purified by the older procedure and appears to
be >90% pure based on visual inspection of Coomassie blue
stained polyacrylamide gels. The purified enzyme does still
typically contain about 0.2% MDH activity, but this can be
reduced by one or two additional passes through the Blue-B
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Table 1: Purification of Mitochondrial NAD-Malic Enzyme from
A. suum?®

total total specific  yield
units protein® (mg) activity* (%)
crude extract 386 2817 0.14 100
ammonium sulfate 368 694 0.53 95
fractionation (30-50%)
DEAE—cellulose 307 151 2.03 80
Blue-B-Orange-A 193 6 32 50
agarose tandem
chromatography

2 Starting with 100 g of A. suum. ® Protein concentrations are
determined by the method of Bradford (1976). ¢ umol/min/mg of protein.
Assay conditions: 100 mM Hepes, pH 7, 50 mM L-malate, 0.5 mM
NAD, and 5§ mM MnSO,.

agarose column to a level of less than 0.01% of the malic
enzyme activity, and that level is suitable for the partitioning
experiments. The purification procedure is summarized in
Table 1.

Isotope Effects. In Table 2 are presented the deuterium
and tritium isotope effect data. The individual values for PV
and P(V/K) reported in Table 2 are the mean averages of at
least six separate determinations. The deuterium isotope
effects on ¥/Kmalates ¥/ Kdinucleotides aNd Vax for the NAD-
malic enzyme have been reported to be finite and equal within
experimental error with Mg?* as the divalent metal ion
activator (Weiss et al., 1991). The values reported in this
study show that PVis apparently slightly greater than or equal
t0 P(V/ Kmalate), dependent on which dinucleotide substrate is
used. The differences in the V and ¥/ Kmalate isotope effects
are average values based on multiple determinations. The
larger value of PV compared to P(V/Knaiate), in those cases
where it is observed, may be real and not the result of a
contaminant in the L-malate-2-d preparations. If the latter
were true, there would be a larger PV than P(¥/Kmalate) With
all dinucleotide reactants used, and this is not the case as seen
in Table 2. In all cases, however, the values are within error
equal to those measured previously (Weiss et al., 1991).
Consistent with the findings in this study is the deuterium
isotope effect of about 2 on V determined with NAD by
Rajapaksa et al. (1993) during the course of pre-steady-state
kinetic studies on the 4. suum malic enzyme. The greater
isotope effect on ¥ compared to that on V/Kmalate is still
consistent with a steady-state random kinetic mechanism for
the NAD-malic enzyme but one in which malate release from
the central E:NAD:Mg:malate complex is slower than
isomerization of the E:NAD complex (Rajapaksa etal., 1993).
A tritium isotope effect of about 2.5 is observed with NAD
or NADP and increases to about twice this value with 3-PAAD
or 3-APAD.

Oxalacetate Partitioning. The partitioning data obtained
with NADH or 3-APADH are summarized in Table 3. The
partitioning ratio with NADH as the dinucleotide substrate
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is 0.4 and increases to 2.6 with 3-APADH. The ratio of
pyruvate to malate increases when a deuterated dinucleotide
is used in these experiments, the result of slowing down the
reverse-hydride-transfer step. The deuterium isotope effect
on the partitioning ratio ry4/rp is 0.4 for NADH(D) and 0.25
for 3-APADH(D). The primary intrinsic 13C isotope effect
may be calculated using the partitioning ratios (Grissom &
Cleland, 1985) and eqs 13 and 14 to obtain two separate
values.

By = BBy + rg(CBg -1 (13)
Pk = BV/K)p + rp(P(V/K)p - 1) (14)

With the values reported in Tables 2 and 3, eqs 13 and 14 give
respectively 1’k; = 1.049 and 13k, = 1.055 for NAD. There
is reasonable agreement between these calculated values for
13k, with an average value equal to 1.052. Incontrast, if egs
13 and 14 are used to calculate 3k;; with 3-APAD,
significantly different values of 3k;; = 1.0252 and 3k, =
1.1368 are obtained, with the latter being unreasonably high.

DISCUSSION

Mechanism with NAD(P) as the Dinucleotide Substrate.
A stepwise chemical mechanism as depicted in Scheme 1 in
which hydride transfer precedes decarboxylation haslong been
assumed for malic enzyme (Viega Salles & Ochoa, 1950;
Hsu, 1970; Tang & Hsu, 1973). With NAD(P) as dinucle-
otide substrate in the NAD-malic enzyme reaction, several
criteria may be used to support this assumption. (1) The
multiple isotope effects reported by Weiss et al. (1991) and
reproduced in Table 1 show that 13(V/ Kpgjate) decreases when
malate-2-d is used as the substrate compared to unlabeled
malate. This result suggests that as the hydride-transfer step
is slowed down by deuterium substitution, there is a con-
comitant increase in the forward commitment factor and a
resulting decrease in the observed value of 13(V/Kmajate). (2)
Equations 13 and 14, which may be used to calculate primary
intrinsic 13C isotope effects from partitioning ratios, were
derived on the basis of a stepwise mechanism with hydride
transfer preceding decarboxylation. These equations should
give agreement between the calculated values of 13k, with
NADH or NADD, and this is what is observed with the NAD-
malic enzyme. (3) If hydride transfer precedes decarboxyl-
ation, Hermes et al. (1982) showed that the following equality
should be satisfied.

(la(V/Kmalate)H - 1)/(13(V/Kmalate)b - 1) =
D( V/Kmalate)/DKeq (15)

With the values reported in Table 2 for the 1*C and deuterium
isotope effects and a value of 1.18 for PKq (Cook et al., 1980),

Table 2: Primary Deuterium, Tritium, and !3C Isotope Effects for the 4. suum NAD-Malic Enzyme with Mg+ as the Divalent Metal Ion

Activator?
parameter NAD - NADP PAAD 3-APAD
E (volts) -0.32 -0.32 i -0.262 -0.258
by 2.02 £ 0.07 2.11£0.33 3.37£0.70 2.832@0.48
V/K) 1.57 £ 0.07 1.70 £ 0.22 2.69 £ 0.52 2.56 £0.44
T(V/K) 2.55+£0.23 2.54 @ 0.06 522 % 0.55 4.54 £ 0.53
BW/K)ut 1.0342 (0.0002)° 1.0399 (0.0007) 1.0028 (0.0002) 1.007 (0.0001)
B¥(V/K)p 1.0252 (0.0001) 1.0279 (0.0004) 1.0053 (0.0004) 1.0120 (0.0002)

@ Allassays were carried out as described in Materialsand Methods. Thedeuterium isotope effects are an average of at least six separate determinations,
and the tritium isotope effects are an average of at least five separate determinations. ® The 13C isotope effects are from Weiss et al. (1991). ¢ Values

in parentheses are % standard error for the 13C effects.
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Table 3: Pyruvate/Malate Partition Ratios for Oxalacetate
Partitioning for the NAD-Malic Enzyme from A. suum®

dinucleotide ra rp ru/ro
NADH(D) 04£02 1.2+£0.2 04 %02
3-APADH(D) 26%=04 104£04 0.25 £ 0.04

¢ Partition ratios are the mean average of at least three separate
determinations for 3-APADH(D) and at least eight separate determi-
nations for NADH(D).

Table 4: Commitment Factors and Intrinsic Isotope Effects for
NAD-Malic Enzyme with NAD(P) and Mg2* as the Divalent Metal
Ion Activator®

dinucleotide o Cr Dko By
NAD 6.6 14.3 10.8 1.052
NADP 0.9 6.2 5.6 1.052

@ The value of 13k, is an average value calculated from eqs 13 and 14.
The other parameters were calculated on the basis of setting 13k, =
1.052.

Table 5: Commitment Factors and Intrinsic Isotope Effects for the
NAD-Malic Enzyme from A. suum

dinucleotide ¢t ¢ Dk UK 13ky 1Bk,

NAD 58 13 10.9 1.0 1.0009  1.052
3-APAD 0.9 0.5 5.0 1.0 1.0152  1.0034

Table 6: Commitment Factors and Intrinsic Isotope Effects for
NAD-Malic Enzyme Assuming a Concerted Chemical Mechanism

dinucleotide’ ot Dkg kg
3-APAD 1.49 4.9 1.0175
PAAD 2.20 6.4 1.0089

the equality gives 1.36 = 1.33 when NAD is the dinucleotide
substrateand 1.43 = 1.44 when NADP is used. These results
are consistent with a two-step chemical mechanism with
hydride transfer preceding decarboxylation. The errors on
the experimentally determined 13(V/Kpalate) values are small
and indicate that these values are well determined. Since the
equality expressed in eq 15 is well satisfied using the average
D(V/Kmalate) Value, this serves to strongly suggest that the
average values for the deuterium isotope effects are also very
well determined. These results all support a stepwise chemical
mechanism for the NAD-malic enzyme when NAD(P) is the
dinucleotide substrate.

Estimates of intrinsicisotope effects and commitment factors
calculated according to the stepwise mechanism of Scheme
1 for NAD(P) are shown in Tables 4 and 5, while those
calculated according to the concerted mechanism (see above)
are shown in Table 6. Commitment factors are reduced
significantly as the redox potential of the dinucleotide substrate
becomes more positive. The reverse commitment decreases
fromabout 14 with NAD to a value below 1, while the forward
commitment also decreases from a value of around 6 to about
1. Theintrinsic deuteriumisotope effect is determined within
relatively narrow limits for each dinucleotide. The Pk value
isaround 5.6 with NADP, increases toabout 6.5 with 3-PAAD,
and then decreases to 4.9 with 3-APAD. The value of the
intrinsic deuterium isotope effect of about 5.6 with NADP is
essentially identical to the value of 5.6 reported by Grissom
and Cleland (1988) for the chicken liver NADP-malic enzyme
using NADP and Mg?*. The larger value of about 11
determined for Pk with NAD will be discussed below.

The calculated intrinsic deuterium isotope effects may be
compared to the values determined for the chicken liver
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NADP-malic enzyme. With Mg2* as the divalent metal ion
activator, Grissom and Cleland (1988) determined an intrinsic
deuterium isotope effect of 5.6 with NADP as the dinucleotide
substrate. This value is the same as the intrinsic isotope effect
of 5.6 with NADP calculated for the NAD-malic enzyme
from A. suum and suggests similar transition-state structures
for both of these enzymes as suggested previously (Weiss et
al., 1991). Incontrast, an intrinsic isotope effect of about 11
is calculated for the NAD-malic enzyme with the dinucleotide
substrate NAD. Given the errors on the experimentally
determined parameters and the extreme sensitivity of the
calculated value of Pkg on the precision of the experimental
parameters resulting from the exponential relationship between
the tritium and deuterium isotope effects, it is not possible to
state with confidence that this value is really different from
the value determined with NADP. However, if there is a real
difference in Pky with NAD compared to with NADP, it
suggests that there is a significant tunneling contribution to
the reaction with NAD since a value for Pkg of 11 is greater
than the semiclassical limit for a deuterium isotope effect.
The difference in the intrinsic isotope effects could not be
explained on the basis of redox potential differences, and
therefore, the most likely explanation would be a difference
in the mode of binding of NAD to the enzyme compared to
that of NADP. The difference in binding of the dinucleotides
may be reflecting in the nearly 10-fold increase in Knapp
compared to Knap (Weiss et al., 1991).3

The average value of the primary 13C intrinsic isotope effect
is 1,052 with NAD and is essentially equal to the value of
1.049 reported previously (Grissom & Cleland, 1988) for the
NADP-malic enzyme from chicken liver. The agreement
between these two values for the intrinsic *C isotope effect
suggests that both enzymes catalyze the decarboxylation
reaction in a very similar manner. The !13C isotope effect
value reported for the nonenzymatic Mg?*-ion-catalyzed
decarboxylation of oxalacetate is 1.049 (Grissom & Cleland,
1986). These results suggest similar transition states for
decarboxylation of oxalacetate catalyzed by NAD- and
NADP-malic enzymes and the nonenzymatic reaction. It
has been postulated, on the basis of these similar isotope effects,
that the role of the enzyme in decarboxylation is to position
the metal ion near the carbonyl of the enzyme-bound
oxalacetate and to stabilize the oxalacetate intermediate
(Grissom & Cleland, 1988).

Stepwise Oxidative Decarboxylation Mechanism with
Alternative Dinucleotide Substrates. With alternative di-
nucleotide substrates, Weiss et al. (1991) observed that the
multiple isotope effect results did not conform to a stepwise
oxidative decarboxylation mechanism but were more consistent
with a concerted mechanism. Rather than proposing a change
in chemical mechanism from stepwise to concerted, they
proposed, based on considerations discussed above, the
existence of a 8-secondary !3C effect on the hydride-transfer
step. The data obtained with 3-APAD presented here have
been fit using a model (eqs 5, 6, 9, and 10) that includes a
B-secondary 13C isotope effect on the hydride-transfer step
(Table 5). Data obtained with NAD fit using the same model
are included for comparison.

Calculated values of the intrinsic 8-secondary 13C isotope
effect are about 1-2% with 3-APAD as the dinucleotide

3 A tunneling correction may also be present with NADP as the
dinucleotide substrate; there may simply be a difference in the degree of
tunneling that is involved in the hydride-transfer reactions catalyzed with
NAD or NADP.
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substrate.* From ab initio and semiempirical calculations,
model studies suggest that no more than a 20% reduction in
bond order between C3 and C4 is required to produce a
secondary isotope effect of about 1% (Weiss et al., 1991). The
calculated value of 1.0152 with 3-APAD would requirea larger
reduction in the bond order. The most likely reason for the
larger value of P(¥/ Kmajate) obtained with 3-APAD compared
to that obtained with NAD is a result of a decrease in the ¢;
term as reverse hydride transfer becomes less favored as the
thermodynamics favor oxidation. In agreement, a larger
oxalacetate partitioning ratio (2.6) is observed with 3-APAD,
that is, pyruvate formation is favored, and this would explain
the low observed value of 13k,;. However, the small calculated
intrinsic 13C isotope effect (1.0034) with 3-APAD, which
perhaps actually could be 1.0, suggests there is little bond
breaking in the transition state for decarboxylation. If the
stepwise model holds, the 13C isotope effect measured on
V/Kinaiate Would most likely predominantly be an expression
of the 8-secondary 13C isotope effect on the hydride-transfer
stepasargued by Weissetal. (1991) rather than an expression
of the primary 13C isotope effect on the decarboxylation step.
The latter does not, however, explain the dramatic reduction
in the intrinsic 13C isotope effect. In a stepwise mechanism,
decarboxylation of the oxalacetate intermediate will occur in
a step discrete from the hydride-transfer step. The very small
calculated value for the primary intrinsic 13C isotope effect
with 3-APAD assuming a stepwise mechanism is very small
compared to the value of 5.2% with NAD, suggesting that the
identity of the dinucleotide substrate can have a significant
influence on the transition state for decarboxylation. This
does not seem very reasonable. Taken together, these results
suggest that, at the very least, there is a significant change
in transition-state structure as the dinucleotide is changed
from NAD to 3-APAD. A mechanism more consistent with
these data obtained with 3-APAD and PAAD is a concerted
oxidative decarboxylation.

Concerted Oxidative Decarboxylation Mechanism with
Alternative Dinucleotide Substrates. Values for Pko, 13k,
and ¢f were calculated using eqs 5-8 modified to reflect a
concerted oxidative decarboxylation reaction (see Materials
and Methods), Table 6, for 3-APAD and PAAD. A change
in the dinucleotide substrate to one with a greater thermo-
dynamicdriving force should lead to an earlier transition state
for hydride transfer (Hermes et al., 1984; Scharschmidt et
al., 1984; Grissom & Cleland, 1988). The trend in the
calculated intrinsic isotope effects for the various dinucleotide
substrates suggests that this may be the case with the value
of 6.4 (Table 6) estimated for PAAD (¢, =262 mV) greater
than the value of 5.5 estimated for NAD(P) (Table 4) (%,
—-320 mV) and the value of 4.9 estimated for 3-APAD (Table
6) (¢’,-258 mV). Thevalue of the intrinsic deuterium isotope
effect is expected to be maximal for a symmetric transition
state and decrease from the maximal value as the transition
state becomes early or late (Westheimer, 1961). However,
an earlier transition state for hydride transfer would not seem
to provide a better driving force for C3—C4 bond cleavage. A
possible explanation for the switch from a stepwise to a
concerted mechanism is a change in the binding of malate
allowed as a result of the conformational change induced by
the different dinucleotide substrates, that is, NAD(P) may
provide a conformation such that malate binds with C4 in the
C2-C3 plane, a configuration not amenable to decarboxylation

4 The calculated value of the 8-secondary intrinsic 13C isotope effect
with NAD is small (1.0009) and, therefore, would not contribute
significantly to the measured value of 3(¥/Kmaate)-

Karsten and Cook

concomitant with oxidation. Once oxidation has occurred,
the oxalacetate intermediate is bound with C4 out of the C2-
C3 plane, facilitating decarboxylation. With 3-APAD,
however, malate may be bound with C4 out of the C2-C3
plane and trans to the hydride to be transferred to C4 of the
nicotinamide ring of the dinucleotide substrate, allowing a
concerted oxidative decarboxylation. The above suggestion
requires distinctly different active site conformations induced
by the different dinucleotide substrates. This aspect is
currently being tested using CD and fluorescence spectro-
photometry.

There is a significant decrease in the estimated value of the
intrinsic 13C isotope effect as the dinucleotide substrate is
changed, going from a value of about 1.05 with NAD(P) to
values of about 1.018 with 3-APAD and 1.009 with PAAD.

~The decrease in the value of the intrinsic !3C isotope effect

would not appear to be consistent with the change in the redox
potential of the dinucleotide substrate which should give less
of adecreasein the electron density at C3—C4 in the transition
state. The latter should give a late, not early, transition state.
Thus, if the mechanism is truly concerted with respect to the
oxidative decarboxylation of malate as it appears, cleavage of
the C3-C4 bond may lag behind cleavage of the C2-H bond,
that s, the transition state may be concerted but asynchronous.

Two lines of reasoning had been used to suggest that there
is an expression of a 8-secondary 13C isotope effect in a two-
step chemical mechanism with 3-APAD rather than a switch
from a stepwise to a concerted mechanism. First, as the
observed deuterium isotope effect increases, there is a
concomitant decrease in the 13C isotope effect. However, this
observation could simply be a reflection of the difference in
the relative magnitudes of the two isotope effects in a two-
step chemical mechanism compared to in a concerted mech-
anism as discussed above. The second line of reasoning in
support of a two-step mechanism with 3-APAD is the
observation that oxalacetate still partitions to malate and
pyruvate with thisdinucleotide. However, in this case, if malic
enzyme is incubated with Mg2*, oxalacetate, and 3-APADH,
the enzyme is essentially being forced to do something with
oxalacetate. As long as oxalacetate can bind to the enzyme
in a productive mode, partitioning to malate and pyruvate
could occur even if it is not along the reaction pathway for
the overall reaction. Consequently, a concerted chemical
mechanism is a possibility with 3-APAD and, also, with the
other alternative dinucleotides with redox potentials more
positive than NAD(P).

Are there other indications that a change from a stepwise
to a concerted oxidative decarboxylation of malate occurs
with malic enzyme? A thiol group in or near the malate-
binding site of the Ascaris malic enzyme may be modified to
form an active thiocyanate enzyme (Gavva et al., 1991). The
major effect of this modification on the kinetic parameters is
an approximately 10-fold increase in Kpaate, that is, malate
binds differently to the modified than to the native enzyme
even when NAD(P) is the dinucleotide substrate. For the
thiocyanate enzyme, with Mg2* and NAD as the dinucleotide
substrate, the equality of eq 8 is not satisfied and suggests
that the reaction does not proceed in a stepwise fashion. In
addition, the multiple isotope effect results lead to only a
small decrease in *(V/Kmante) Of less than 0.2% when
deuterated malate is the substrate (!3(V/Kmalate)u = 1.0191;
B3(V/Kmalate)p = 1.0172). Thiscan be compared totheaverage
change of about 1% observed in these values for the unmodified
malic enzyme from A. suum or the chicken liver enzyme with
NAD(P) (Weiss et al., 1991). The nearly equal multiple 13C
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isotope effects and the inability to satisfy eq 8 are consistent
with a change from a stepwise mechanism with the unmodified
malic enzyme to a concerted mechanism with the thiocyanate
enzyme. Sincethe major effect of the thiocyanate modification
is on the binding interactions of malate with enzyme, data
suggest that the binding interactions that the enzyme uses to
enforce a stepwise chemical mechanism are lost in the
thiocyanate enzyme as a result of the difference in binding
and that this change leads to a switch from a stepwise to a
concerted mechanism.

It seems likely that with the unmodified malic enzyme a
change occurs from a stepwise oxidative decarboxylation with
NAD(P) to a concerted mechanism when 3-APAD or PAAD
is the dinucleotide substrate. A change in configuration of
bound malate with these alternative dinucleotides compared
to that with NAD(P) may be the reason for the change in
chemical mechanism from stepwise to concerted. The same
changeis apparently observed when the thiocyanate-modified
malic enzyme is used with NAD(P).
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