4398 Biochemistry1999, 38, 4398-4402

o-Secondary Tritium Kinetic Isotope Effects Indicate Hydrogen Tunneling and
Coupled Motion Occur in the Oxidation efMalate by NAD-Malic Enzymé
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ABSTRACT. The NAD-malic enzyme frorAscaris suuntatalyzes the divalent metal ion-dependent oxidative
decarboxylation of -malate to give pyruvate and GQwith NAD™ as the oxidanto-Secondary tritium

kinetic isotope effects were measured with NABr APAD" andL-malate-2-H(D) and several different
divalent metal ions. The-secondary tritium kinetic isotope effects are slightly higher than 1 with NAD
andL-malate as substrates, much larger than the expected inverse isotope effect for a hybridization change
from sp# to sp. Thea-secondary tritium kinetic isotope effects are reduced to values near 1-witllate-

2-D as the substrate, regardless of the metal ion that is used. Data suggest the presence of quantum
mechanical tunneling and coupled motion in the malic enzyme reaction whern [dA@®@malate are used

as substrates. Isotope effects were also measured using the D/T method with &AM as the
substrate pair. A SwainSchaad exponent of 2.2 (less than the value of 3.26 expected for strictly
semiclassical behavior) is estimated, suggesting the presence of other slow steps along the reaction pathway.
With APAD* and Mr#* as the substrate pair, inversesecondary tritium kinetic isotope effects are
observed, and a SwairBchaad exponent of 3.3 is estimated, consistent with rate-limiting hydride transfer
and no quantum mechanical tunneling or coupled motion. Data are discussed in terms of the malic enzyme
mechanism and the theory developed by Huskey for D/T isotope effects as an indicator of tunneling
[Huskey, W. P. (1991). Phys. Org. Chem, 361—366].

Malic enzyme catalyzes the oxidative decarboxylation of Scheme 1: Proposed Mechanism for the NAD-Malic
L-malate to pyruvate and G@sing NAD(P} as the oxidant. Enzyme
As such, it is a member of a class of pyridine nucleotide- M* 0"
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A general base, general acid chemical mechanism with
Lewis acid catalysis by the divalent metal ion has been  wap,Malat
proposed for thé\scaris suummalic enzyme, on the basis NADH, Byrovats
of the pH dependence of kinetic parameters for the malate M
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oxidative decarboxylationlj and oxalacetate decarboxyla-
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the divalent metal ion.-Malate is first oxidized to oxalac- o
etate, assisted by an enzyme general base which accepts a N
proton from thes-hydroxyl of malate. Decarboxylation of
the oxalacetate intermediate is effected by the divalent metalto pyruvate with a genera| acid donating a proton to the
ion acting as a Lewis acid. Enolpyruvate is then tautomerized 3-carbon to give pyruvate.

The sequence of chemical steps during the course of the
* This work was supported by a grant from the National Institutes OXidative decarboxylation of malate has been studied exten-

of Health (GM 36799) and a PI Research Enhancement Award from sively using the technique of multiple isotope effecs$. (

the University of Oklahoma to P.F.C. Studies of the NADP-malic enzymd)(suggested a two-

1 Abbreviations: Hepes\-(2-hydroxyethyl)piperazing¥-2-ethane- o . .
sulfonic acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic step OX|dat|0PrdecarboxyIat|on with NADP as the reactant.

acid; Mes, 2-K-morpholino)ethanesulfonic acid; Tris, tris(hydroxym-  Isotope effect data obtained for t#e suumNAD-malic
ethyl)aminomethane; MDH, malate dehydrogenase; NAD, nicotinamide enzyme by Karsten and Cook)( and confirmed in the recent

adenine dinucleotide (the positive charge is omitted for convenience); ; ; ; ; _
NADP, nicotinamide adenine dinucleotide€-ghosphate; APAD, studies of Edens et al6) with the chicken liver NADP

3-acetylpyridine adenine dinucleotide; NADH, reduced NAD; NADD, malic enzyme, indicate a c_hange froma St?pWise mechanism
NADH-4-D. for oxidative decarboxylation af-malate with NAD(P) as
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the dinucleotide substrate to a concerted mechanism withary tritium kinetic isotope effect was calculated using the

APAD(P). following expression
The role of the metal ion in the transition state for .
decarboxylation was probed ViaC isotope effects in the (VIK) = log(1 — f)/log(1 - fRIR,) 1)

enzymatic oxidative decarboxylation of malate using NADP
as the dinucleotide substrate and in the nonenzymatic metal-wheref is the fractional conversion (between 10 and 15%),
catalyzed decarboxylation of oxalacetale8). An identity R is the ratio ofH and*“C in the product NADT at fractional
in the intrinsic 3C isotope effects for these two systems conversiorf, andR, is the ratio oH and*“C in the product
suggests that the enzyme serves to properly position theafter complete conversion of NAD-4-T to product. Experi-
divalent metal ion and the substrate malate. The role of the ments were repeated usingnalate-2-D 10) to obtain the
divalent metal ion in the hydride transfer step was recently multiple primary deuterium/secondary tritium isotope effect.
investigated by obtaining multiple isotope effects with With APAD, experiments were carried out in an identical
different metal ions and dinucleotide substrat@s Pata manner. The reaction was followed by monitoring the
suggest that the positions of the metal and dinucleotide appearance of APADH(T) at 363 nnas{z; = 9100 M
substrate do not change whatever the identity of the two, cm™). Data were analyzed using eq 1, fsandR, are the
and that malate (as suggested above) is bound such that thepecific radioactivities of APADH(T) and APAD-4-T, re-
hydroxyl is in the vicinity of the metal ion. As the ionic  spectively.
radius of the divalent metal ion increases, the distance Synthesis of Labeled MalatéEhe most difficult and time-
between the hydride to be transferred and the 4-position of consuming aspect of applying the D/T methdd)(to an
the nicotinamide ring decreases; that is, the reaction coor-enzyme reaction can be the synthesis of stereospecifically
dinate is compressed. Compression of the reaction coordinatesingly and doubly labeled compounds. There are three
results in an increase in the extent of hydrogen tunneling asmolecules that must be prepared: }{C]-L.-malate, [1}C,2-
demonstrated by an increase in the estimated intrinsic °H]-L-malate, and [2H]-L-malate. The [“C]malate-labeled
deuterium isotope effect from a value near 3 for the smallest malic acid was prepared by carboxylation of'fG]pyruvate
metal ion (Mr#*) to near 30 for the largest (9. with pyruvate carboxylase to form [fC]oxalacetate, which

To further probe the possible role of hydrogen tunneling Was then reduced with NADD (NADH) by malate dehydro-
in the malic enzyme reactiom-secondary tritium kinetic ~ 9enase. The NADH or A-side NADD was prepared in situ
isotope effects and D/T kinetic isotope effects were measuredusing ethanol or ethanak with alcohol and aldehyde
for the NAD-malic enzyme. Data suggest that hydrogen dehydrc_;genases at pH 7.6._Both labeled and unlabeled
tunneling does occur and that there is a coupling of the Nucleotides were prepared using the same method to ensure
motion of the hydride that is transferred to the motion of that if minor contaminants were present, they would be in
the a-secondary hydrogen in the transition for the oxidation Poth reaction mixtures. To a solution of pyruvate (Qdol,

of L-malate. SA = 11.1 mCi/mmol) at pH 7.6 were added 50 mM Tris,
70 mM MgCh, 0.25 mM acetyl CoA, 2.5 mM ATP, 50 mM
MATERIALS AND METHODS KHCO;, 1.2 mM NADD (NADH), 50 units of malate

dehydrogenase, and 0.25 unit of pyruvate carboxylase to

Chemicals and Enzyme$yruvate carboxylase from initiate the reaction. The formation of malate was monitored
bovine liver was purchased from Sigma. Ethadok99.9 spectrophotometrically at 340 nm. The reaction was quenched
at. % D) was from CIL. Sodium [2‘C]pyruvate (11.1 mCi/  when the absorbance was at a minimum by the addition of
mmol), NaBH, (1000 mCi/mmol), glucose-1-T, an&'C]- 100 uL of CCl,, followed by vortexing to denature the
ribose NAD were purchased from NEN Dupont. The NAD- enzymes. The solution was added to 0.2 g of activated
malic enzyme was prepared as described previoly. (  charcoal, heated for 10 min in boiling water, and filtered to

o-Secondary Tritium Isotope EffecBreparation of B-side  remove nucleotides. The labeled malate was purified using
NADT was carried out according to the methods of Viola et an anion exchange resin (Dowex 1, formate form). Malate
al. (10) using glucose-1-T. Reduction of oxalacetate using was eluted usig a 0 to 4 Nformic acid gradient (200 mL).
malate dehydrogenase (A-side) gave NAD-4-T (143 000 Fractions containing malate were pooled, lyophilized, and
cpmizmol), which was mixed withfC]ribose NAD (81 000 dissolved in HO. The specific activities of the [1*C,2°H]-
cpmizmol). For experiments with APAD, the single label malate and [£4C]malate were 6.6 and 7.4 mCi/mmol,
method was used and APAD-4-T (156 000 cpmbl) was respectively. Analytical HPLC results for the labeled malates
prepared in a manner similar to that used for NAD-4-T. Full were identical. [2H]-L-Malate was prepared according to

and partial conversion reactions were carried aw il mL the method of Karsten and Cook)(with a final specific
volume, and the mixtures contained 100 mM Hepes (pH 8), activity of 0.97 mCi/mmol.

25 mM malate, 1.5 mM3H,"“C]NAD, and either 5 mM Measurement of Primary Kinetic D/T Isotope Effects.
MnSQ, or 25 mM MgSQ. The reaction was terminated by Isotope effects were measured using the competitive tech-
vortexing the reaction mixture with 100L of CCl,. The nigue as used for measurement of thhwecondary tritium

mixture was immediately applied to either a DEAE-Sephadex kinetic isotope effects above. Reactions were performed in
A25 column (1 cmx 13 cm) or a DEAE Spherilose column a 0.3 mL volume, and the reaction mixture contained 2 mM
(1 cm x 15 cm) using an ISCO liquid chromatography [®H,**C]malate, 10 mM NAD, 5 mM MnS@ 1 mM DTT,
system and eluted with a linear 25 to 600 mM (NE€Os and 100 units of lactate dehydrogenase in 100 mM Hepes
gradient at pH 8. Aliquots of fractions containing labeled (pH 7.1). The temperature was maintained at@5Aliquots
NADH(T) were counted on either a Beckman or a Packard (20 uL) were removed prior to injection of malic enzyme
Tri-Carb 2100TR liquid scintillation counter. Thesecond- for the calibration of zero time points, and the reaction was
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Table 1: a-Secondary Tritium Isotope Effects for tile suumNAD-Malic Enzymé

Mg?" and NAD Mr?* and NAD Mr?+ and APAD Cd" and NAD
L-malate-2-H

1.016

1.043

1.030

1.057 1.053

1.026 1.012

1.027 1.046

1.015 1.023 0.861

1.009 1.039 0.867 1.007

1.009 1.005 0.893 1.005
T(VIKmaatgh 1.0254+ 0.016 1.028+ 0.018 0.874+ 0.018 1.006+ 0.001
O(V/KmatadH® 1.0184+ 0.017 1.019+ 0.018 0.926+ 0.018 1.004+ 0.002

L-malate-2-D

1.015

0.990

0.995 1.001

1.007 1.002 ND 0.976
T(VIKmalatdo 1.002+ 0.01 1.0015+ 0.0005 0.976
P(V/Kmaladp? 1.001+ 0.01 1.001+ 0.0005 0.984

aEach of the values represents a result from a separate experfRénkK) is calculated fron(V/K) using the relationship of Swain et al.3).

initiated by the addition of malic enzyme. Aliquots (20)
were removed at appropriate time points (representing 15
80% fractional conversion), the reactions quenched with 4
uL of 0.4 M EDTA, and the mixtures stored a0 °C until
they were analyzed by HPLC. The remaining malate and
lactate, produced from the pyruvate product of the malic
enzyme reaction, were separated using an ionic exclusion
organic acid column (ORH-801, Alltech) by HPLC, iso-
cratically eluting with 0.005 N k5O, at a flow rate of 0.5
mL/min. Malate and lactate were well separated with
retention times of 9.6 and 12.2 min, respectively. Samples

were counted, and the isotope effect was obtained using eq

1.

RESULTS

o-Secondary Tritium Isotope Effects.Secondary tritium
kinetic isotope effects with the label at the 4-position of the
nicotinamide ring of NAD were measured using the NAD-
malic enzyme fromA. suum Data were obtained using
several divalent metal ion activators and either NAD or
APAD as the dinuclecotide substrate. Experiments were
carried out with protium-labeled malate, and witmalate-
2-D, to determine the multiple primary deuterium/secondary
tritium isotope effect. The data are summarized in Table 1.

As a control, thex-secondary tritium kinetic isotope effect
for yeast alcohol dehydrogenase was measured using 2-pro
panol as the substrate. The reported value is 1.08 for
a~D(V/K) (12). The tritium effects measured in these studies
are 1.075, 1.089, and 1.064, giving an average of 1.076 for
T(V/K2-propona)- Using the SwairSchaad relationshifig),

a value of 1.052 is obtained f6r°(V/Kz-propona), Similar to
the reported value of 1.08.

Primary Kinetic D/T Isotope Effect3he isotope effects,
T(VIK) andT(V/K)p, have been measured with kinas the
divalent metal ion and NAD as the oxidant as a function
of fractional conversion of reaction (Figure 1). With NAD
as the oxidant, duplicate experiments gag#/K), values
of 3.56+ 0.05 and 3.6Gt 0.08 (a standard error of 2.3%)
with an average value of 3.58 0.05, and"(V/K)p values
of 1.734+ 0.04 and 1.7Gt 0.04 (an error of 1.5%) with an
average value of 1.72 0.03. Using the measured value of
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Ficure 1: Isotope effects(V/K) andT(V/K)p, obtained with MA*

as the divalent metal ion and NAD as the oxidant, have been
obtained as a function of the fractional conversion of reaction. With
NADT as the oxidant, duplicate experiments yield@dK)y values

of 3.56+ 0.05 @) and 3.60+ 0.08 (O) (a standard error of 2.3%),
andT(V/K)p values of 1.73+ 0.04 @) and 1.70+ 0.04 ) (an
error of 1.5%).

1.72+ 0.03, a value of 5.8% 0.31 was calculated assuming
strictly semiclassical behavior, a value much greater than
the experimentally measured value of 3.580.052 The
experimentally obtained exponents that satisfy the relation-
ship [[(V/IK)p]®® = T(VIK)n—cac Were estimated to be 2.32
and 2.41 for the two experiments carried out, with an average
value of 2.35. A repeat of the above experiment in duplicate
with Mn?" and APAD (Figure 2) gavé(V/K)y values of
4.82+ 0.07 and 4.85 0.05 (a standard error of 1.2%) with
an average value of 4.84 0.04, and' (V/K)p values of 1.65

+ 0.04 and 1.6+ 0.06 (a standard error of 3%) with an
average value of 1.63 0.04. The value calculated fdr
(VIK)y assuming semiclassical behavior was 4492.35,

in excellent agreement with the observed values. Estimates

2The calculation of"(V/K)h—carc is based on the SwairSchaad
relationship €3): [T(V/K)p]326 = T(V/IK)u-calg errors are calculated from
the following expressior2): T (V/K)u—obs = {3.26["(V/K)p—-obd>?%} -
6T(V/K)Dfobs~
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6 and secondary hydrogens. The large secondary kinetic
isotope effect can be thought to arise from a propagation of
the tunneling of the primary position to the secondary
m B © g a® 0o0p position (L1, 21).
A consequence of the propagation of tunneling leading to
4 the large secondary kinetic isotope effects is that the effects
will be mass-dependen®(). In fact, it has been shown
experimentally in the above-mentioned dehydrogenase sys-
3] tems that deuteration of the primary position results in a
significant decrease in the measured secondary kinetic isotope
effect.
*A Cp0 A AR 0 The data obtaingd for the NAD-maIic enzyme reaction
agree very well with the predictions made above. In the
1 r ’ y ' direction of malate oxidative decarboxylation, the 4-position
° S i it = of the nicotinamide ring of NAD (labeled position) changes
E its hybridization state from $pto sp. The secondary
FiIGURE 2: Repeating the experiment whose results are depicted in €duilibrium isotope effect measured experimentally for this
Figure 1 in duplicate with APAD as the oxidant yield&Y/K)y change is 0.89 22), an inverse effect. The measured
values of 4.82+ 0.07 @) and 4.85+ 0.05 (O), and™(V/K)p values secondary tritium kinetic isotope effects (Table 1) using NAD
of 1.65+ 0.04 (#) and 1.61+ 0.06 (). as the dinucleotide substrate are nornmal), larger than
) _ _ the expected inverse effect. Repeating these effects with
of the exponents that satisfy the relationship | malate-2-D, increasing the mass at the primary position,
["(VIK)p]®® = T(VIK)n-cac are 3.14 and 3.32 for the tWo  reqylts in a decrease in the measured secondary kinetic tritium
experiments that were carried out, w_lth_ an average \(alue Ofisotope effect to a value very close to 1, with some of the
3.23. The I'atter average value is within error |dent|cal 'of measurements giving slightly inverse effects. Thus, it would
the theoretlcal exponent of 3.26 expected for semlclasszlcalappear that both tunneling and coupled motion occur in the
behavior (see below). hydride transfer step of the NAD-malic enzyme reaction.
Because of the errors in the isotope effects, it is not possible
DISCUSSION to analyze the data quantitatively. A quantitative analysis
Interpretation of a-Secondary Tritium Kinetic Isotope  will have to await more accurate isotope effect determination,
Effects. Kinetic secondary isotope effects largely reflect as will be discussed below.
differences in bending modes between ground and transition With APAD and Mr#t as reactants, however, very
states {4, 15). The frame of reference for secondary kinetic different results were observed. Inverse isotope effects were
isotope effects is the equilibrium isotope effects which reflect measured as expected for semiclassical behavid). (
differences in the bending modes between reactant andPrevious results with these dinucleotides) {ndicate a
product ground stated’, 16). In the case of a rate-limiting  concerted oxidative decarboxylation of malate with rate-
chemical step, a secondary kinetic isotope effect of 1 thus limiting chemistry. The estimated intrinsic primary deuterium
suggests the transition state resembles the reactant; that issotope effect is 2.7, which suggests, given strictly semiclas-
little or no change in hydridization has occurred at the carbon sical behavior 15), a significant amount of bond cleavage
of interest in the transition state. On the other hand, ain the transition state for oxidative decarboxylation. The
secondary kinetic isotope effect equal to the secondaryauthors interpreted results in terms of an early, not late
equilibrium isotope effect suggests the transition state transition state, for oxidative decarboxylation. A calculated
resembles the product; that is, the hydridization at the carbonsecondary deuterium kinetic isotope effect of 0.92 was
of interest is complete in the transition state. The extent of obtained for APAD and M#t, between 1 and 0.89, consistent
the hybridization change in the transition state measured withwith a change in hybridization between?smnd sp.
the kinetic isotope effect is thought to increase linearly from  Interpretation of D/T Kinetic Isotope Effectdse of the
a value of 1 to a value equal to the equilibrium effect. Swain—Schaad relationship to test for a breakdown in the
There are several reports in the literature of secondary Rule of the Geometric Mean have generally made use of
kinetic isotope effects outside the limits of 1 and the protium as a frame of reference for rates obtained with
measured secondary equilibrium isotope effé (7—19). deuterated and tritiated moleculds3). The relationship in
Isotope effects, in all but the last case, were measured forthis case is(V/K)]*44 = T(V/K), and changes in the value
reduction of aldehydes or ketones by alcohol dehydrogenaseof the exponent (1.44) are used as an indicator of hydrogen
The last example is the oxidation of formate by formate tunneling (exponent of 1.44, since hydrogen tunnels more
dehydrogenase. The large effects have been attributed to dahan deuterium and much more than tritium) or kinetic
coupling of the motion of the secondary hydrogen to that of complexity, that is, the existence of other rate-limiting steps
the hydride (primary hydrogen) that is transferred. Indeed, along the reaction pathway (exponent ofl.44). Using
Huskey and Schower2(), in modeling these “anomalous” tritium as the reference point in these experimerd) (
secondary kinetic isotope effects, were led to the conclusiongenerates a new SwaiSchaad exponent in the case where
that to generate the large values and the values observed fothe kinetic complexity or hydrogen tunneling does not exist.
the primary isotope effect in these systems, a significant Thus, [[(V/K)p]32¢ = T(V/K); kinetic complexity will tend
amount of hydrogen tunneling of the primary hydrogen is to decrease the experimentally determined exponent, while
accompanied by a coupling of the motions of the primary tunneling tends to increase its value for the reasons explained

T(V/K)
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above. However, whether the predicted breakdown in the primary position (C2 of malate) labeled with protium or
Rule of the Geometric Mean is observed will depend on the deuterium. In this way, we should be able to corroborate
isotope effect that is measured and the position that is labeledresults obtained from secondary tritium kinetic isotope effects
that is, whether the primary isotope effect is measured with concerning whether coupled motion and tunneling effects
protium or deuterium in the secondary position, or vice versa can be separated.

(24). Huskey @4) has suggested that evidence for tunneling
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