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Proper Positioning of the Nicotinamide Ring Is Crucial for the
Ascaris suunMalic Enzyme Reaction
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ABSTRACT:. The mitochondrial NAD-malic enzyme catalyzes the oxidative decarboxylation of malate to
pyruvate and C@ The role of the dinucleotide substrate in oxidative decarboxylation is probed in this
study using site-directed mutagenesis to change key residues that line the dinucleotide binding site. Mutant
enzymes were characterized using initial rate kinetics, and isotope effects were used to obtain information
on the contribution of these residues to binding energy and catalysis. Results obtained for the N479 mutant
enzymes indicate that the hydrogen bond donated by N479 to the carboxamide side chain of the
nicotinamide ring is important for proper orientation in the hydride transfer step. The stepwise oxidative
decarboxylation mechanism observed for the wt enzyme changed to a concerted one, which is totally rate
limiting, for the N479Q mutant enzyme. In this case, it is likely that the longer glutamine side chain
causes reorientation of malate such that it binds in a conformation that is optimal for concerted oxidative
decarboxylation. Converting N479 to the shorter serine side chain gives very similar vallggpof

Kmalate @and isotope effects relative to wt, bufE; is decreased 2 000-fold. Data suggest an increased
freedom of rotation, resulting in nonproductively bound cofactor. Changes were also made to two residues,
S433 and N434, which interact with the nicotinamide ribose of NAD. In addition, N434 donates a hydrogen
bond to thep-carboxylate of malate. ThEnap for the S433A mutant enzyme increased by 80-fold,
indicating that this residue provides significant binding affinity for the dinucleotide. With N434A, the
interaction of the residue with malate is lost, causing the malate to reorient itself, leading to a slower
decarboxylation step. The longer glutamine and methionine side chains stick into the active site and cause
a change in the position of malate and/or NAD resulting in more than*dold decrease in//E for

these mutant enzymes. Overall, data indicate that subtle changes in the orientation of the cofactor and
substrate dramatically influence the reaction rate.

Malic enzyme is a pyridine nucleotide-linkgdhydroxy- On the basis of initial velocity, product inhibition, isotope
acid oxidative decarboxylase, which catalyzes the divalent partitioning, and deuterium isotope effect studigs 10), a
metal ion (Mg* or Mn?*) dependent conversion ofmalate  steady-state random kinetic mechanism was proposed for the
to pyruvate and Cg) with concomitant reduction of NAD- A, suummalic enzyme, with the requirement that Madds
(P) to NAD(P)H @—3).* prior to malate. A general acithase mechanism was

The malic enzyme was first found in pigeon liver and was proposed on the basis of the pH dependence of kinetic
a cytosolic enzyme that required NADP as an oxiddjt ( parameters and isotope effect®,(11). Recently, according
The Ascaris suunmitochondrial NAD-malic enzyme (E.C.  to Karsten et al. {2), a catalytic triad, involving residues
1.1.1.39) was isolated from the anaerobic parasitic nematodeK199, Y126, and D294, was shown to be responsible for
in 1956 @). Malic enzyme plays an important role in the the acid-base chemistry in th&scarisenzyme (Figure 1).
energy metabolism of the nematodeMalate is the product  The catalytic pathway, comprising a conformational change,
of anaerobic glycolysis and malic enzyme in the mitochon- fo|lowed by hyride transfer and decarboxylation, contributes
drion is responsible for producing NADH, which is the main - 15 rate limitation of the overall reaction. In addition, malate
source of ATP synthesis via site | oxidative phosphorylation g sticky and has an off-rate constant from the central

=7 E—NAD —Mg—malate complex equal to the net rate constant
for catalysis 9, 10), while at saturating concentrations of
T This work was supported by a grant to P.F.C. from NSF (MCB reactants an isomerization offNAD also contributes to
0091207) and the Grayce B. Kerr endowment to the University of (ate limitation (L3
Oklahoma to support the research of P.F.C.. (3.
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1 Abbreviations: Ches, 2\-cyclohexlamino)ethanesulfonic acid: functional roles of several residues in the dinucleotide

HepesN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; IPTG,  binding site. Site-directed mutagenesis has been used as a

isopropyl 5-D-1-thiogalactopyranoside; LDH, lactate dehydrogenase; prope of the NAD and NADH binding sites. Residues N479,

NAD(P), nicotinamide adenine dinucleotide -fthosphate), the plus . .
sign was omitted for convenience; TDH, tartrate dehydrogenase; wt, S433, and N434 were mutated to a number of different amino

wild type. acids to alter the side chain functionality. The mutant
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Ficure 1: Proposed general aeitbase chemical mechanism fAscaris suunmalic enzyme.

enzymes were characterized by initial rate, inhibition, and to incubate at room temperature for 1 h, and the pH was
isotope effect studies. The contribution to binding energy then adjusted to 5 with acetic acid. Pipes buffer and NAD
and catalysis of the groups that interact with NAD and were added to final concentrations of 25 mM and 0.2 mM,
NADH have been investigated and the implications to the respectively, and the pH was adjusted to 7 with KOH. KClI

catalytic mechanism are discussed. (30 mM), MnSQ (1 mM), TDH (170 units), and LDH (50
units) were added, and the solution was allowed to incubate
MATERIALS AND METHODS at room temperature for 48 h to remowenalate-2¢. The

Chemicals and Enzymedalate, NAD, and NADH were ~ amount of the remaining-malate-2d in the solution was
obtained from USB. Hepes and Ches buffers were from determined by end-point assay using tartrate dehydrogenase.
Research Organics, while Pipes buffer and fumarate were The end-point assay contained 100 mM Ches, pH 8.5, 1 mM
purchased from Sigma. Magnesium sulfate and manganesd/nSQG: 1 mM NAD, 30 mM KCI, ~1 unit TDH, and suL
sulfate were obtained from Fisher Scientific. Sodium boro- Of the synthesis solution. More than 95% of thenalate-
deuteride (98 atom %) was from Aldrich and IPTG was from 2-d was removed. The pH of the resulting solution was
GoldBio Tech. The QuikChange site-directed mutagenesis 2djusted to 5 with perchloric acid, and activated charcoal
kit was from Stratagene. The recombinatsuummalic was added to remove the dinucleotides. After filtration and
enzyme used in these studies has a 6-histidine N-terminalcOncentration via rotary evaporation;malate-2d was
tag, and both the wild type and mutant enzymes were Purified by Dowex AG-1-X8 column chromatography. The
prepared and purified as described previougl).(Protein ~ L-malate-2¢l concentration was determined by end-point
concentrations were obtained using the method of Bradford @say containing 1.5 units of wild typ&. suummalic
(15). All other chemicals and reagents used were obtained €NzZyme, 100 mM Ches, pH 8.5, 1 mM MngQ@ mM NAD,

commercially and were of the highest purity available. 2 mM fumarate, and-0.1 mM L-malate-2¢.
Malate-2-d.Malate-2d was synthesized by the reduction Enzyme Assay&nzyme assays were carried out at’25
of oxaloacetate with sodium borodeuterid®); A solution in 1 cm cuvettes using a Beckman DU640 Y\isible

of 40 mM oxaloacetate was prepared, and its pH was adjustedspectrophotometer. In the direction of oxidative decarboxy-
to pH 7 with KOH. Sodium borodeuteride was added to a lation of malate, malic enzyme activity was measured at
final concentration of 40 mM to this solution and allowed varying concentrations af-malate, divalent metal ion, and



Dinucleotide Binding Sites in Malic Enzyme Biochemistry, Vol. 47, No. 8, 20082541

NAD as indicated in the text. The nonvaried substrate was _ VAB

maintained at a concentration at least 10 time&itvalue, v KK, + KB+ KA+ AB (3)
and reaction mixtures were maintained at pH 7 with 100

mM Hepes buffer. The reaction was followed at 340 nm to _ VA

monitor the production of NADH eg40, 6220 Mt cm™?). v= I )
Malic enzyme uses the uncomplexed form of the divalent Ka(l * K_IS) TA

metal ion and substrates, and corrections for chelate com-

plexes were made using the following dissociation con- |n eqs 14, v represents the initial velocityy is the

stants: Mg-malate, 25.1 mM; Ma-malate 5.4 mM; Mg- maximum velocity A andB are the reactant concentrations,

NAD 19.6 mM; Mn—NAD and Mn—NADH 12.6 mM (8). K, and Ky are the Michaelis constants for A and By, is

All substrate concentrations reported in the text refer to the the inhibition constant for A, anKs is the slope inhibition

uncomplexed concentrations of substrates and divalent metakonstant.

ion. Data for primary kinetic deuterium isotope effects were
The primary kinetic deuterium isotope effects were f|tted USiI’Ig eq 5, Whergi iS the fl‘aCtiOI’l Of deutel’ium in

determined by direct comparison of initial velocities using the labeled compound, aflx andEy are the isotope effects

100 mM Hepes, pH 7, saturating concentrations of NAD and Minus 1 onV/K andV, respectively.

metal ion, and varied concentrations.efnalate-2h(d). The VA

inhibition constant for NADH was obtained by measuring v=

the initial rate as a function of NAD with metal ion and Kl + FiEyi) + AL+ FiEy)

malate fixed at their respecti€, values and at different

concentrations of NADH, including zero.

13C Kinetic Isotope Effectdhe*C isotope effects on the

(5)

13C isotope effects were calculated using eq 6, wliése
the fraction of completion of reaction, afdandR, are the
) . , ) 12C3C isotopic ratios of C@at low and high conversion
malic enzyme reaction were determined using the natural gnresenting the ratio in the substrate, respectively. Isotope
abundance of3C in the substrate as the labdl7]. Both ratios are measured @&°C, eq 7, whereRmp and Ry are
high-conversion (100%) and low-conversion (15%) samples 12cp3¢ jsotopic ratios for sample and standard, respectively.

were measured. The low-conversion reactions contained 25the standard for Cowas Pee Dee Belemnitag) with 2C/
mM Hepes, pH 7, 12 mM-malate-2h(d), 30 mM MgSQ, 13C of 0.011 237 2.

and 10 mM NAD, in a total volume of 33 mL. The high-

conversion sample contained the same components, with the 13 log(1—f)

exception that the concentration ofmalate-2h(d) was 2 (\_K/) = —Rf (6)
mM. The reaction mixtures were adjusted to pH6 and Iog(l - f[—])

sparged with C@free nitrogen for at least 3 h. The pH was Ro

then adjusted to 8.2 with KOH, and the mixture was sparged 13

for an additional 2 h. The high-conversion reaction was 07C= (RstRstd_ 1) x 1000 (7
initiated by the addition of 0.6 mg of wild type malic enzyme ) o .

and the reaction was allowed to incubate overnight. The _ Calculation of Intrinsic Isotope Effects and Commitment
completeness of the reaction was determined by taking anFactors.Estimates of intrinsic isotope effects and commit-

aliquot of the sample mixture and determining the absorbanceMent factors were obtained according to Karsten and Cook
at 340 nm. The low-conversion reaction was initiated by the (16 20) using an iterative method to search for the best fit.

addition of one of the mutant enzymes. The progress of the ild type A. suunmalic enzyme has a stepwise mechanism
reaction was checked by measuring the absorbance of the(zo’ 21) with the requirement that the metal ion must .b'nd
aliquots at 340 nm. All the reactions were quenched by the o the enzyme prior to _malateB,_( 9, 22). The kln_etlc
addition of 10QuL of concentrated sulfuric acid prior to GO mt_acha_n[sm may he dgscnbgd asin eq 8, where M i8'Mg
isolation. Thel?C/%C ratio of the isolated Cwas deter- IS 0xidized dinucleotide, B is-malate, X is enzyme-bound
mined using an isotope ratio mass spectrometer (Finniganoxaloacetate intermediate and R is reduced dinucleotide.

Delta E). All ratios were corrected féfO according to Craig

EMA+B X5
(19). \k\é\ ks ko ST ]
Data AnalysisInitial velocity data were fitted with BASIC P oy MAB === E*MAB = E*MXR ~ ®)
versions of the FORTRAN programs developed by Cleland BAA /5{6 ks 10 o,

(19). Saturation curves for malate, NAD, and the metal ion

were fitted using eq 1. Data conforming to an equilibrium ;- this is a random kinetic mechanism, the rate constants
ordered or sequential kinetic mechanism were fitted using ks andks are for the malate-binding and release at saturating
egs 2 and 3, while data for competitive inhibition were fitted ., antrations (1K,) of NAD and Mg, and the rate

to eq 4. constantsks' and ks are for the dinucleotide-binding and

VA release at saturating malate and4grhe rate constants

v= (1) and kg represent any precatalytic conformational change
Kot A leading to a Michaelis complex, whilky and kyo are for
VAB hydride transfer, ané;; represents decarboxylation. There
v= KK, + KA T AB () is likely no binding site for C@ and thus the release of

CO, is likely very fast 9, 22) and the decarboxylation step



2542 Biochemistry, Vol. 47, No. 8, 2008

Table 1: Kinetic Parameters for the N479 Mutant Enzymes

parameter wild type N479Q N479S
Kmalate(MM) 0.8+ 0.1 1.8£0.2 1.7£0.3
fold increase 2204 2.1+ 05
Knap (MM)  0.032+ 0.004 0.034-0.005 0.05%-0.009
fold increase 1.%0.2 1.8+0.3
VIE (579 31+1 (20+£1) x 103 (15+1)x 102
fold decrease 1504 100 2000+ 150
VI(KmaiaEy)  (3.8+0.5)x 10¢ 1141 8.840.2
(M~1s?)
fold decrease 350 500 4300+ 500
V/(KnapEy) (1.0£0.2) x 16¢ 6004 80 2604 60
(M~ts)
fold decrease 170& 400 3800+ 1000

is practically irreversible. On the basis of this mechanism,
the equations for the isotope effects are as follows:

D( Vv )= Pke + ¢ + PKoqfC)
Kmmm
V

l+c+c
-
Kmmm H

(9)

1+
13k11+( ! cf)

T

1+
1)
CI’

(10)

1+cf/Dkg) i3 +(Dk9+cf
D D 11 D

Ked@)/ k| _ Keg(C?)
1+ ¢l Lot
"Ked )/ ko "Ked©:)

) (11)

The commitment factors are relative to the hydride transfer

step, wherez is the forward commitment to catalysigko(
ks)(I + ks/ks), andc; is the reverse commitment to catalysis
(kio/ki1). The intrinsic primary kinetic deuterium isotope
effect isPky, while Bk, is the intrinsic primary kineti¢3C
isotope effect®Keq Pko/Pkio, is the deuterium isotope effect

on the equilibrium constant which was determined by Cook

et al. as 1.18243).

Assuming a concerted mechanism, the intrinsic isotope

effects and forward commitment factor were calculated
according to Weiss et al2(). The kinetic mechanism is
illustrated in eq 12 where M, A, and B are as defined in eq
8.

ks k

7 9
EMA + B === EMAB ——= E*MAB T» (12)
k

ke 8 CO,

The rate constants;, ks, k7, andkg are as defined for eq 8.
The rate constarity is for the concerted oxidative decar-

boxylation step. For this mechanism, the equations for the

isotope effects are as follows:

D( v ):Dkg+cf
mem l+_q

(13)
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13
+
13( v ) _ ket (14)
mem H 1+-q
G
B%_%Eg
lS(KV ) S L& (o)
malatg D
1+5—
Ko

Thecs term is as for eq 8, while; is zero for this mechanism
and does not appear in the equations. All other terms are as
defined for eq 8.

RESULTS

Initial Velocity Studieslin order to characterize the mutant
enzymes, initial rate studies were carried out. Initial velocity
patterns were obtained by measuring the initial rate as a
function of NAD at different concentrations of malate and
with metal ion maintained at saturation &£). Kinetic
parameters are summarized in Tables 1 and 2.

Asparagine-479, which interacts with the carboxamide side
chain of NAD, as shown in Figure 2, was mutated to
glutamine, serine, and methionihed 2-fold increase in
KmaiateWas observed for the Q and S mutant enzymes, Table
1. The N479Q mutant enzyme exhibited no significant
change irKnap, While the N479S mutant gave only a 2-fold
increase. However, both mutant enzymes had significantly
reduced values of/E; (> 10-fold). Inhibition constants for
NADH, as a competitive inhibitor vs NAD, were 15 and 17
UM, respectively, for the N479Q and N479S mutant enzymes
compared to a value of 18M for the wild type enzyme.
Mutations of N479 thus affect the catalytic pathway, which
includes the conformational change to close the site in
preparation for catalysis, hydride transfer, and decarboxy-
lation.

Serine-433 and asparagine-434 interact with the nicotina-
mide ribose of NAD, Figure 2. In addition, N434 interacts
with g-carboxylate of malate. Table 2 lists the kinetic
parameters for the S433 and N434 mutant enzymes. All of
the mutant enzymes, with the exception of S433C, exhibited
modest changes iKnaae The S433C mutant enzyme
exhibited apparent 9- and 500-fold increase¥jfyae and
Knap, respectively. (Since the enzyme could not be saturated
with NAD, kinetic parameters were not determined). The
S433A mutant enzyme showed an 80-fold increas&is.

The N434Q and M mutant enzymes exhibited modest
changes irKnap, While the N434A mutant enzyme showed
a slight decrease iknap. Replacing thes-hydroxyl of serine
with a -thiol as in cysteine gave an enzyme with a very
high apparenKyap (16 mM), which made it impossible to
determine V/IE and V/KnaaE:, but V/KyapE: decreased
significantly (3 x 10°-fold), likely as a result of the bulky
sulfur causing crowding. In agreemeltE andV/Knaja:
decreased only 6-fold and 10-fold, respectively, for the
S433A mutant enzyme when thghydroxyl group was
replaced by a hydrogen compared to wild type enzyme. More
pronounced effects were observed for the N434 mutant

2The kinetic parameters for the N479M mutant enzyme could not
be determined because of its estimate&bld decreased activity.
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S433

N434

Ficure 2: Close-up of the binding site for NAD (PDB code 1llg) in tAscarismalic enzyme and the residues that interact with the

cofactor and their hydrogen-bonding distances. This figure was generated using the PyMOL molecular visualization program (website:

http://pymol.sourceforge.net/).

Table 2: Kinetic Parameters for the S433 and N434 Mutant Enzymes

parameter wild type S433A N434Q N434M N434A
Kmalate(MM) 0.8+0.1 13403 4.3+0.5 22407 [0.50+ 0.03F
[0.24 + 0.08P
fold increase 1.6605 5+1 3+1 2+0.7
Knap (MmM) 0.032+ 0.004 26+03 0.08+ 0.02 0.23+ 0.06 [0.050+ 0.008F
[0.07+ 0.01F
fold increase 8@ 15 25+0.7 7+2 1.4+0.2
VIE (s7Y) alsﬂ; 14]a 53+0.2 (2.2+0.2)x 10°3 (2.8+0.2)x 1073 [(1.30+ 0.05)x 10722
fold decrease & 0.3 14 000+ 1 500 10 00Gt 1 000 3 500+ 350
VI(KmatatEr) (M~1s7) (3.84+0.5)x 10* (4.04+0.3)x 108 0.51+ 0.04 0.64+ 0.04 [3.0+ 0.1F
[(1.9+0.6) x 1072
fold decrease 181 75 000+ 11 000 30 00GE 9 000 63 00Gt 20,000
VI(KnapEy) (M~1s7%) (1.0+£0.2) x 10° (2.04+0.2) x 10° 28.0+0.3 6.1+ 0.3 [260+ 60J2
[(6.5+ 1.0) x 1072
fold decrease 50& 100 35 000+ 7 000 75 000t 30 000 2500t 700
aValues in brackets are kinetic parameters with?®r Fold decrease.
Table 3: Primary Deuterium andC Kinetic Isotope Effects for the Wild Type and Mutant Malic Enzymes
bv P(V/Kmaatd BVIK)H BVIK)p
wild type 2.0£0.2 1.6+ 0.3 1.0342+ 0.0002 1.02524+ 0.000EP
(2.1+0.2y (1.84+0.1) (1.0353+ 0.0005Y% (1.02348+ 0.00008)
N479Q 1.8+0.1 2.0+0.2 1.0235+ 0.0015 1.025@: 0.0007
N479S 1.8-0.1 1.5+ 0.3 1.0313t 0.0032 1.0242+ 0.0003
S433A 2.8+ 0.8 2.1+0.2 1.0300+ 0.0032 1.0166: 0.000F
S433C ND 1.8+0.1 1.0200+ 0.0001 1.012% 0.001%
N434A (1.940.1) (1.77+ 0.15) (1.0447+ 0.0006) (1.036Gk 0.001)
N434M 1.03+0.16 1.08+0.74 N> NDe

aValues from Weiss et al2@).  Stepwise mechanism applyindJV/K)u — 1)/(*3(VIK)o —1)] = [(P(VIK))/(PKeg)]. ¢ Values in parantheses are

isotope effects with M# from Karsten et al.Z7). ¢ Concerted mechanisfiND is for not determinednap = 16 mM). f Calculated value using
the equations for a concerted mechanism.

enzymes which gave more than &46ld decrease iWv/E, Methods section. The values BY andP(V/Kmaatd are the
V/KmaiatEt, andV/KyapE:. The inhibition constant for NADH mean averages of at least six separate determinations, and
for the S433 and N434 mutant enzymes could not be the effects are equal to one another for all mutant enzymes
accurately determined but was greater than 0.3 mM in all (with the possible exception of S433A) within error. All
cases. results are listed in Table 3. No significant chang&\hor
Isotope Effect Studie&inetic deuterium isotope effects, P(V/Knaatd COmpared to the wt was observed for the N479Q
PV andP(V/Kmaatd, Were determined by direct comparison and S and the N434A mutant enzyme¥.and®(V/K) may
of initial velocities for the wild type and mutant malic have increased slightly for S433A, while both values were
enzymes at saturating concentrationsk30of metal ion unity, within error, for N434M.
and NAD, varyingL-malate-2-0,d). 3(V/K)y and *3(V/K)p Primary*3C kinetic isotope effects decreased for all mutant
were also determined as described in the Materials andenzymes compared to the wild type enzyme, with the
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exception of N434A'13(\_//K)D values were Sm_a”e'_’ than th_e Table 4: Commitment Factors and Intrinsic Isotope Effects
B(V/K)4 values, indicating that the mechanism is stepwise

for all mutant enzymes, with the exception of N479Q mutant “ & ke x
enzyme (see footnowin Table 3). In the case of N479Q,  Wildtype s 1% 1T 1.052
BVIK)n = B3(VIK)p indicates a concerted mechanism. N479Q (,%B;C ﬁA%)b’c ‘2‘2“ (11. gfg *
wE oo B
The purpose of this study was to investigate the function ~ 2933C (?)C (g)c (i)% (11.3)75}0

of the residues that interact with the nicotinamide and ribose
rings of the dinucleotide substrate. Site-directed mutagenesis
initial rate kinetics, and isotope effects were used to probe
the contribution of these groups to binding energy and
catalysis.

Kinetic Parameters of the N479Q, S Mutant Enzyriés.

aValues from Karsten et al2(). ® Values from Karsten et al27).
tValues in parantheses are with knd NA is not applicable.

reaction. Multiple isotope effect studies with a variety of
alternative dinucleotide substrates were measured for the

mutant enzymes show a 2-fold increaseKiguae Which is
indicative of a decrease in affinity. TH&;, is equal toKq

for the malic enzyme, given the equality BY and P(V/
Kmaiatd (24). A maximum 2-fold change iKyap is observed,
even though N479 interacts with NAD, suggesting it provides
only modest affinity for the cofactor, whil€yapn does not

malic enzyme Z0, 21). When NAD and NADP were used

as substrates, the mechanism was stepwise, with oxidation
preceding decarboxylation. The mechanism changed to
concerted with the more oxidizing 3-APAD(P), 3-PAAD,
and thio-NAD(P). For the stepwise mechanism, malate binds
such that its C4 carboxylate is in the €23 plane, which

change. Conformational changes are induced upon bindingdoes not favor decarboxylation, and it is slow as suggested

of NAD and malate 13), so it is not surprising that the
affinity for both NAD and malate are affected, although only
slightly. The main effect of the mutation, however, is 40°-
fold decrease iV/E andV/KE for both substrates. The likely

by the 3C isotope effect of 1.034 measured for the wt
enzyme 21). With the alternative, more oxidizing dinucle-
otide substrates, the hydride transfer step contributes more
to rate limitation, resulting in a very short lifetime (no

reason for this is a change in the orientation of the potential energy well) for the oxaloacetate intermediate. The
nicotinamide ring relative to C2 of malate as a result of result is an asynchronous concerted reaction with cleavage
hydrogen-bonding to the longer side chain of Q compared of the C3-C4 bond lagging behind-€H bond cleavageg).
to N in the case of N479Q and the lack of the hydrogen In the case of the N479Q mutant enzyme, either an
bond for N479S. This will be discussed further below. asynchronous oxidative decarboxylation takes place as
Isotope EffectsData for the wild type malic enzyme observed for the wt enzyme with more oxidizing dinucleotide
indicate a stepwise mechanism with hydride transfer preced-substrates or malate is bound with jiscarboxyl group
ing decarboxylationi(3). °V and®(V/Knaiatd Values measured  already out of the C:C2—C3 plane and trans to the hydride
for the N479 mutant enzymes are similar to those of the wild to be transferred to C4 of the nicotinamide ring of the
type enzyme, Table 3. AlthougWE; has decreased by10>- dinucleotide, i.e., a true concerted reaction. Given the
fold, it appears at face value that the contribution of the intrusion of the glutamine side chain into the malate and
hydride transfer to rate limitation is similar to the wild type NAD sites, it is likely that a change in conformation of the
enzyme. In the case of a stepwise mechanism-¥hésotope bound malate has occurred for the N479Q mutant enzyme,
effect measured with-malate2-d will be lower than that placing the3-carboxyl in a better position for decarboxylation
observed with.-malate, as found for the wild type enzyme as C2 is oxidized.
(25). For the N479Q mutant enzym&(V/K)y and*3(V/K)p A quantitative analysis, on the basis of theory presented
are equal within error, which indicates the mechanism hasin the Materials and Methods section, was used to generate
become concerted, with hydride transfer and decarboxylationestimates of forward and reverse commitment factors,
taking place in the same step, and that the step is completelyintrinsic deuterium, anéfC isotope effects, Table 4. For the
rate-limiting for the reaction. Converting asparagine to wild type malic enzyme, the forward and reverse commit-
glutamine conserves the functional group, but the glutamine ment factors are high, suggesting a significant contribution
side chain is a methylene longer than that of asparagine.of the precatalytic conformational change to rate limitation
When the asparagine to glutamine mutation is modeled usingand a partitioning of the oxaloacetate intermediate in favor
PyMOL molecular visualization software, it is observed that of malate. For the N479Q mutant enzyme, the mechanism
the glutamine side chain clashes with both NAD and malate. is concerted, and the equality &#(V/K)y and *¥(V/K)p
In order to accommodate the longer side chain of glutamine, indicates oxidative decarboxylation is completely rate limit-
which comes into close proximity of the nicotinamide ring ing. The estimated intrinsic deuterium isotope effect is
and malate, the position of malate and/or the nicotinamide smaller than that observed for the wild type enzyme, as is
ring relative to one another would be expected to change. the intrinsic'*C isotope effect. Th&*C kinetic isotope effect
In this case, malate may already be in the proper conforma-of 1.025 compared to the value of 1.05 for the intrin'sic
tion for decarboxylation to occur as it is oxidized to isotope effect for decarboxylation of the oxaloacetate inter-
oxaloacetate, generating more favorable molecular orbital mediate suggests a transition state with about 50% L2
overlap as ther bond is formed at C2C3. That is, the and C3-C4 bond cleavage if the mechanism is truly
oxaloacetate intermediate may either not exist or have a veryconcerted.
short lifetime. If the above interpretation concerning the N479Q mutant
The change from stepwise to concerted oxidative decar-enzyme is correct, the smaller serine side chain would be
boxylation is not unprecedented for the NADhalic enzyme expected to behave differently. For the N479S mutant
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enzyme, the primary deuterium afC isotope effects are  decreased on the order of*tdl0* with the smallest change
very similar to those of the wt enzyme. Deuteration of malate observed for N434A.
causes the'*C isotope effect to decrease, indicating a  Isotope Effectsin the case of the S433A mutant enzyme,
stepwise mechanism for the N479S mutant enzyme and thethe loss of a hydrogen-bonding interaction results in a large
data adhere to the equality for a stepwise mechanism, withdecrease iV/E, suggesting a change in the orientation of
oxidation preceding decarboxylation. However, there is still the nicotinamide ring relative to C2 of malate. A slight
a >10*fold decrease iV/E, suggesting the nicotinamide increase infPV andP(V/K), coupled to a slight decrease in
ring must be bound differently. When the asparagine to serinethe 13C isotope effect, suggests a change in the partitioning
mutation is modeled using PyMOL molecular visualization of the oxaloacetate intermediate favors decarboxylation, i.e.,
software, it is observed that the hydrogen-bonding interaction a decrease in;; a lower value of; is calculated, Table 4. A
between this residue and the nicotinamide ring of NAD is decrease in the forward commitment factor was also esti-
lost, since the serine functional group is shorter than that of mated, Table 4. All of the mutant enzymes have similar
asparagine. None of the possible orientations of NAD or intrinsic deuterium and®C isotope effect values compared
serine residue could generate a reasonable hydrogen-bondintp the wild type, suggesting similar transition states for the
distance. This situation likely results in an increased freedom hydride transfer and decarboxylation. All of the S433 and
of rotation of the nicotinamide ring, giving nonproductively N434 mutant enzymes exhibited a smaller valuei@
bound cofactor, with a small fraction-0.05% on the basis  isotope effect with deuterated malate, consistent with a
of VIE) of the dinucleotide productively bound. In agreement stepwise mechanism.
with this suggestion, the relative rates of steps within the  Data for the S433C mutant enzyme exhib®(®/K) value
catalytic pathway (precatalytic conformational change, hy- similar to that of the wt, while there is a decrease in‘fi@
dride transfer, and decarboxylation), relative to one another, isotope effect. Data suggest a change in the partitioning of
are similar to the wild type enzyme. (This is also supported the oxaloacetate intermediate to favor decarboxylation. In
by the estimates of the commitment factors and intrinsic agreement, the estimated valuecohas decreased consider-
isotope effects, which are very similar to those of the wild ably, compared to the wt.
type). In addition to its interaction with the nicotinamide ribose,
Kinetic Parameters for S433 and N434 Mutant Enzymes. N434 also interacts with the-carboxylate of malate. If the
In order to obtain information on the interactions with the interaction is eliminated, the positioning of malate may
nicotinamide ribose, S433 was mutated to A and C, while change, resulting in changes in the rates of hydride transfer
N434 was mutated to Q, A, and M. Both residues hydrogen- and decarboxylatior?V and °(V/K) values for the N434A
bond to the nicotinamide ribose, Figure 2. N434 also interacts mutant enzyme are equal, within error, to the wild type
with B-carboxylate of malate. values, whilet3(V/K), is greater than that of the wt enzyme.
All of the mutant enzymes exhibit a slight increase in Data suggest a more rate-limiting decarboxylation. The
Kmaate Which indicates a decrease in affinity, considering commitment factors and the intrinsic isotope effects were
the very similar values dfV and®(V/Kmaiad (24). (°V could almost identical to the wt values. However, 3 500-fold
not be determined for the S433C mutant enzyme, but it likely decrease iV/E: suggests that only a small fraction of the
behaves as the others). The S433A mutant enzyme exhibitgdinucleotide is productively bound, as for N479S. The rates
an 80-fold increase iKnap. Because the only difference  of the steps within the catalytic pathway slow down with
between S and A is the loss of the hydrogen bond donor, the same ratio relative to one another.
data suggest S433 provides significant binding affinity for  In the case of the N434M mutant enzyme, the longer
NAD. With the use of a value of 80 for the fold change, methionine side chain sticks into the active site, in close
AAG® is 2.6 kcal/mol AAG® = RT In[(Knap)sazzad proximity to C4 of malate, likely causing a change in the
(Knap)wt])- For the S433C mutant enzyme, replacement of orientation of malate and slowing down decarboxylation. The
the S-hydroxyl of S433 with the larger thiol gives a 500- 3C isotope effects were not determined for this mutant
fold increase in the apparelitap, about 6-fold higher than  enzyme sinc&//E; decreased 10 000-fold. However, it would
that observed with the S to A mutation. The large increase be expected tha/ andP(V/Knaiatd, Unity within error, most
in Kyap likely results from crowding by the larger thiol, likely reflect the decarboxylation step becoming totally rate-
which changes the position of the bound NAD ribose, limiting. Isotope effects were not determined for the N434Q
translating into a change in position of the nicotinamide ring. mutant enzyme since the rate was too low (14 000-fold
The inhibition constant for NADH for the S433 and N434 decrease iV/E).
mutant enzymes could not be accurately determined but was Conclusions. Results obtained for the N479 mutant
greater than 0.3 mM in all caség/E; andV/KE; could not enzymes indicate that the hydrogen bond donated by N479
be determined for the S433C mutant enzyme because of theo the carboxamide side chain of the nicotinamide ring is

high value of Kyap. However, the apparenV/KyapE: crucial for proper orientation in the hydride transfer step of
decreased 300 000-fold compared to the wild type and thisthe Ascaris NAD—malic enzyme reaction. This is very
likely includes a decrease M/E; and an increase iKnap. reasonable if one considers the structure of the enzyme.

When mutations at N434 are modeled using PyMOL  S433 and N434 residues are very important in positioning
software, the longer glutamine and methionine side chainsthe dinucleotide. Data obtained for all mutant enzymes
stick into the active site, in close proximity to the bound suggest the following: (1) The orientation of the nicotina-
malate, which likely results in reorientation of NAD and mide is very strictly controlled, because any mutation,
malate. However, changes in thg, for malate and NAD whether it is conservative or not, caused considerable
were moderate for the N434 mutant enzymes, suggesting thatlecrease in the rate of the reaction. (2) S433 provides
the affinity for reactants was not altered. Nonethel®%E; significant binding affinity for NAD, and its replacement with
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A generates significant nonproductive binding of the cofactor.
(3) The effect of N434 mutant enzymes is more pronounced
in terms of the positioning of NAD and malate. (4)
Differences in the dissociation constants for NAD and NADH

indicate the enzyme sees the oxidized and reduced forms of

the

cofactor differently.
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