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ABSTRACT. The NAD-malic enzyme catalyzes the oxidative decarboxylation-ofalate. Structures of

the enzyme indicate that arginine 181 (R181) is within hydrogen bonding distance of the 1-carboxylate
of malate in the active site of the enzyme and interacts with the carboxamide side chain of the nicotinamide
ring of NADH, but not with NAD". Data suggested R181 might play a central role in binding and catalysis

in malic enzyme, and it was thus changed to lysine and glutamine to probe its potential function. A
nearly 100-fold increase in th&y for malate and a 30-fold increase in tkefor oxalate, an analogue of

the enolpyruvate intermediate, in the R181Q and R181K mutants are consistent with a role for R181 in
binding substrates. The mutant enzymes also exhibilL@-fold increase irfKinapn, but only a slight or

no change irknap, consistent with rotation of the nicotinamide ring into the malate binding site upon
reduction of NAD" to NADH. The activity of the R181Q mutant can be rescued by ammonium ion likely

by binding in the pocket vacated by the guanidinium group of R181. Results suggest 2 mol of ammonia
bind per mole of active sites with a high-affinikgns of 0.7 + 0.1 mM and a low-affinityKyns of ~420

mM. Occupancy of the high-affinity site, likely by NH, results in an increase in the affinity of malate,
oxalate, and NADH (with no change in NAD affinity), consistent with the above-proposed roles for R181.
The second molecule to bind is likely neutral jFand its binding increase¢/E; ~20-fold. Primary
deuterium andC isotope effects measured in the absence and presence of ammonium ion suggest R181Q
predominantly affects the rate of the reaction by changing the rate of the precatalytic conformational
change. The isotope effects do not change upon binding the second mole of ammonia in spite of the
20-fold increase iV/E;. Thus, the R181Q mutant enzyme exists as an equilibrium mixture between active
and less active forms, and NHtabilizes the more active conformation of the enzyme.

The mitochondrial nicotinamide adenine dinucleotide- oxaloacetate4, 5). The estimated intrinsic primary deuterium
malic enzyme (EC 1.1.139) fromscaris suuntatalyzes the  isotope effect for hydride transfer in the NAD-malic enzyme
divalent metal ion-dependent oxidative decarboxylation of reaction is 11, greater than the semiclassical limit, and
L-malate utilizing NAD to yield CQ,, pyruvate, and NADH. suggests a tunneling contribution to this step. The possibility
The kinetic mechanism of the enzyme is random with respect of tunneling in the hydride transfer step was later supported
to NAD and malate; however, the divalent metal ion must by thea-secondary tritium isotope effect, which suggested
bind prior to malate ). With NAD as the dinucleotide  tunneling and coupling of the motion of the hydride and the
substrate, the chemical mechanism is stepwise with hydridesecondary hydrogens in the reaction coordinate for the
transfer from malate to NAD preceding decarboxylation of hydride transfer step6f. A number of active site residues
the oxaloacetate intermedia®+4). The divalent metalion  implicated in catalysis have been subjected to site-directed
acts as a Lewis acid to assist decarboxylation of oxaloacetatemutagenesis studies and lead to the proposal of a catalytic
The intrinsic'®C isotope effect on the decarboxylation step triad involving Y126, K199, and D2947}. Little has been
is ~1.052, similar to the value of 1.05 for the nonenzymatic done to characterize the role of residues involved in binding
decarboxylation of oxaloacetate catalyzed by several differentsubstrates and their contribution to catalysis.

metal ions, and suggests similar late transition states for the  There are currently a number of crystal structures of malic
enzymatic and nonenzymatic catalyzed decarboxylation Ofenzyme from different sources with ligands bousd-L1).

The enzyme is a tetramer composed of a dimer of dimers.
* This work was supported by a grant to P.F.C. from the National VWhen malate binds, there is significant closure of the active
Science Foundation (MCB 0091207) and the Grayce B. Kerr endow- site. In the human enzyme, a closed structure of a complex

ment to the University of Oklahoma to support the research of P.F.C. \vith malate. NADH. and M&" shows that arginine 165 is
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L Abbreviations: Ches, 2N-cyclohexylamino)-1-ethanesulfonic acid; ~ malate, one of the oxygens of the pyrophosphyl moiety of
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nicotinamide adenine dinucleotide (the positive charge is omitted for ; ; ;
convenience); NADH, reduced nicotinamide adenine dinucleotide; (10). The homologous residues in thscarisenzyme are

Pipes, piperazin&;N'-bis(2-ethanesulfonic acid); SE, standard error; argipine 181 ar!d leucine 183. These. interactions are depicted
TDH, tartrate dehydrogenase; Gdn, guanidinium. in Figure 1A using thé\. suunmumbering scheme. However,
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In 6-phosphogluconate dehydrogenase, an enzyme that
catalyzes a reaction similar to malic enzyme, a similar
rotation of the nicotinamide ring is observed and the ring
flip has been implicated as being important in catalysis(

14).

Considering the potential multiple roles of arginine 181
in binding malate, the oxidized and reduced dinucleotide
substrates, and the possible role of R181 in linking the
substrates to the protein and closure of the active site, site-
directed mutagenesis to mutate R181 to either lysine or
glutamine was conducted. The mutant enzymes were com-
pletely characterized, and the results are discussed in the
Likely position of context of the mechanism of the malic enzyme.

ide N in R181Q
tant enzyme
2 MATERIALS AND METHODS

Chemicals L-Malate was obtained from Sigma, while
pyruvate, NAD, and NADH were obtained from either Sigma
or USB. Magnesium sulfate, manganese sulfate, and am-
monium chloride were from Fisher. Ammonium sulfate was
purchased from Amresco. Hepes, Ches, and Pipes buffers
were from Research Organics. Sodium borodeuteride (98 at.
%) was purchased from Aldrich. The QuikChange site-
directed mutagenesis kit was from Stratagene. The recom-
binantA. suummalic enzyme used in these studies has an
N-terminal six-histidine tag, and the mutant enzymes were
prepared and purified as described previoudh).(Protein
concentrations were estimated using the method of Bradford
(16).

Synthesis of-Malate-2-d L-Malate-2d was synthesized
by the reduction of oxaloacetate with sodium borodeuteride.
Oxaloacetate (2.6 g) was dissolved in 200 mL efoHand

Ficure 1: (A) Close-up view of the active site of human malic ; ; ; ;
enzyme (PDB entry 1PJ2) in complex with malate and NADH the pH adjusted to 7 with KOH. Sodium borodeuteride (0.7

showing the interactions of R181 with malate, NADH, and L183. 9) Was added to the oxaloacetate solution and the mixture
The amino acid numbering scheme is for thesuumenzyme. The ~ allowed to incubate at room temperature for at least 1 h.
dashed lines represent likely hydrogen bonds, and the numbersThe pH was adjusted to 5 with acetic acid and the mixture
indicate the distance A. The likely position of the amide N in the incubated for~30 min. Solid Pipes buffer and NAD were

R181Q mutant enzyme is indicated in the figure, and the guani- . f :
dinium nitrogens of R181 are labeled A, B, and C for reference in added to give final concentrations of 25 and 0.2 mM,

the text. (B) Superposition of the structures of thesuummalic respectively. The pH was adjusted to 7 with KOH, and 0.2
enzyme in complex with either NAD or NADH showing thel 8C° mL of 1 M MnSQ, and 1.33 mL 63 M KCL were added
rotation of the nicotinamide ring of NADH compared to NAD. The  to give final concentrations of 1 and 20 mM, respectively.
dashed lines indicate likely hydrogen bonds between R181 and theTgtrate dehydrogenase (170 units) and lactate dehydrogenase

nicotinamide ring of NADH, and the numbers represent distances . . .
A. The PDB entries are 11IQ for the NAD structure and 100S for (50 units) were added, and the solution was incubated at

the NADH structure. The figures were created using PyMOL from foom temperature for 48 h to remove thenalate-2d. The
DelLano Scientific LLC (www.pymol.com). amount of p-malate-2d remaining in the solution was

determined by end-point assay using TDH. The end-point

in open structures of thAscarisenzyme with either NAD ~ assay contained 100 mM Ches (pH 8.5), 1 mM NAD, 30
or NADH bound, R181 is more tma4 A from the mM KCI, 1 mM MnSQ;, 50ug (1 4M) of TDH, and 20uL
pyrophosphate oxygen of NAD(H) and the carbonyl oxygen Of the synthesis reaction solution. After 48 h, more than 95%
of leucine 183 is rotated away from R181 and does not Of the b-malate-2¢l originally present was removed. After

interact with it. Binding of malate likely closes the site and removal of thep-malate-2d, the pH of the solution was
leads to the formation of the interactions shown in Figure adjusted to 5 with perchloric acid and activated charcoal was

1A. Arginine 181 forms critical interactions that link both ~added to remove the dinucleotides. The solution was filtered
of the substrates and the enzyme. A structure ofbearis ~ and concentrated by rotary evaporation, and thealate 2
enzyme in Comp|ex with NADH reveals there s18C%° was purified on a Dowex AG-1-X8 column according to the
rotation of the nicotinamide ring around tiéglycosidic ~ method of Viola et al. 17). TheL-malate-2€ concentration
bond compared to its position with NAD bound (Figure 1B) Wwas determined via an end-point assay containing 100 mM
(8,9). The new position of the reduced nicotinamide overlaps Ches (pH 8.5), 1 mM NAD, 1 mM MnS©95 mM fumarate,

the malate binding site. In the NADH structure, the car- 50 ug of wild-type A. suummalic enzyme, and-0.1 mM
boxamide side chain of the nicotinamide ring is within L-malate-2el.

hydrogen bonding distance of R181. In contrast, no interac- Enzyme Assay&nzyme assays were conducted afe5
tion of R181 with the nicotinamide ring of NAD is observed. in 1 cm cuvettes using a Beckman DU640 Uwusible
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spectrophotometer. In the direction of oxidative decarboxy- concentration) of the R181Q mutant of malic enzyme.
lation of malate, malic enzyme activity was measured at Aliquots were removed at time intervals to check for progress
varying concentrations afmalate, divalent metal ion, NAD,  of the reaction, and the reactions were quenched by the
and (NH,),SO, as indicated in the text. The nonvaried addition of 10QuL of concentrated sulfuric acid prior to GO
substrate concentration was maintained at a concentratiorisolation. The isotopic composition of the G@as deter-

at least 10 times itK, value. Reaction mixtures were mined using an isotope ratio mass spectrometer (Finnigan
maintained at pH 7 using 100 mM Hepes buffer. The reaction Delta E). All ratios were corrected féfO according to the
was followed at 340 nm to monitor the production of NADH method of Craig 21).

(€340 = 6220 Mt cm™Y). Malic enzyme uses the uncom- Data Processinglnitial velocity data were fitted using
plexed form of the divalent metal ion and substrafgsgnd BASIC versions of the FORTRAN programs developed by
corrections for chelate complexes were carried out using theCleland @2). Double-inhibition data and data conforming
following dissociation constants: 25.1 mM for Mg-malate, to eqs 7, 10, and 11 were fitted to appropriate equations as
19.7 mM for Mg-NAD, and 19.6 mM for Mg-NADH 1, discussed below, using the Marquartievenberg algorithm

18, 19). All substrate and activator concentrations reported supplied with the EnzFitter program from BIOSOFT (Cam-
in the text refer to the uncomplexed concentrations of bridge, U.K.). Saturation curves were fitted using eq 1. Initial
substrates, activators, and metal ions unless noted otherwisevelocity data conforming to an equilibrium ordered or
The primary kinetic deuterium isotope effects were deter- sequential kinetic mechanism were fitted using eqs 2 and 3.
mined by direct comparison of initial velocities using 100 Data for competitive, noncompetitive, and double inhibition
mM Hepes (pH 7), 1 mM free NAD, 30 mM free Mg were fitted to eqs 47.

and a varied.-malate-2h(d) concentration.

Inhibition Studies Inhibition patterns were obtained by = VIA] )
measuring the initial rate as a function of malate (or NAD) K, + [A]
with NAD (or malate) maintained equal to ks, at different
fixed concentrations of oxalate, including zekg, 2K;, and V[AB]
4K;. Experiments were carried out in 100 mM Hepes (pH 7) v= KK, + KJA] + [AB] 2)
and 30 mM free Mg". The inhibition patterns obtained with
the malate concentration varied were repeated at several fixed V[AB]
concentrations of Nit. Double-inhibition experiments with (3)

Z} =
NADH and oxalate as inhibitors were also carried out with KiaKp 1+ Ki[B] + K [A] + [AB]

malate and NAD fixed at their respectiVg, values, and

via measurement of the initial rate as a function of NADH y= VIA] )
concentration at different fixed levels of oxalate K3, 2K;, M

and 4;). Data were plotted in Dixon fashion, liersus Ka(l + K_) +IA]
NADH concentration at different fixed levels of oxalate.

1S,

13C Isotope EffectsThe technique for the determination VIA]
of °C isotope effects was that of O’LeargQ) in which the v= (5)
natural abundance éfC in the C-4 position of -malate-2- Ka(l + M) +[A] (1 + M)
h(d) was used. Both 100% and low-conversion samples were Kis Kii
used, and thé?C/*3C ratio of the isolated COfrom each
sample was determined. The relative rates of reactidA0of _ o
versus®C, and thus thé3C isotope effect, are determined v= 1 [ [J] (6)
from these ratios. The concentration.efalate-2h(d) was 1+ K + K + KK

i i

determined by end-point assay prior to preparation of the !
reaction mixtures. Reaction mixtures for the low-conversion
samples contained 25 mM Hepes, 30 mM MgS® mM V= 7)
L-malate-2h(d), 10 mM NAD, and either 0, 25, or 600 mM - ([oxalate)(1 N [NADH])

NH,4Cl in 33 mL. Full-conversion samples contained 25 mM K

Hepes, 30 mM MgS@) 2.2 mMcL-malate-2h(d), and 10 mM

NAD in 33 mL. The reaction mixtures were adjusted to a In egs 17, v is the initial velocity,u, is the initial rate in
pH of ~6 and sparged with C{ree nitrogen for at least 3 the absence of inhibitord/ is the maximum velocityK,

h. The pH was adjusted to pH 8.2 with KOH and the mixture andKy are the Michaelis constants for A and B, respectively,
sparged for an additional 2 h. The reactions were carried K, is the dissociation constant for EK;s andK; are slope
out in sealed reaction vessels to prevent contamination withand intercept inhibition constants, respectivéyandkK; are
atmospheric C@ The full conversion sample was initiated inhibition constants for | and J, respectively, in the double-
by the addition of 0.6 mg of wild-type malic enzyme, and inhibition experiments, and is the interaction constant,
the reaction was allowed to proceed overnight. The full- which measures synergy of binding of the two inhibitors. In
conversion sample was monitored for completeness of eq 7,Kioxaiate@NdKinapn a@re inhibition constants for oxalate
reaction by removing an aliquot of the reaction mixture and and NADH in the double-inhibition experiments that exhib-
checking the absorbance at 340 nm. Concentrated sulfuricited no inhibition by NADH in the absence of oxalate.
acid (100uL) was added to the reaction mixture prior to Data for primary kinetic deuterium isotope effects were
isolation of CQ. The low-conversion samples were initiated fitted using eq 8, wher&; is the fraction of deuterium in
by the addition of 0.44 mg in 100uL (depending on Nki the labeled compound atf,x andEy are the isotope effects

Yo

ioxalate KiNADH



Role of R181 in Malic Enzyme
minus 1 onV/K andV, respectively.

_ VIA]
"TK{1+ FE) T AL + FE)

(8)

Calculation of'*C isotope effects made use of eq 9, where
fis the fraction of completion of reaction afdand R are
the 2C/*3C isotopic ratios of C@at partial and complete
conversion, respectively.

H&):Tf@]

(9)

lo

The dependence of the rate constaK(,aaEr) On the
concentration of N~ adheres to eq 10. Data were not
sufficiently conditioned to produce a fit of eq 10 to the data,
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o V) etatiefe)
Kmalat 1+Cf+cr
1+
g
13( ) — r (14)
K 1+
malatg H 1+ Cf
G
L 1talk 4, Tkt
( v ) T KT PKee)
Kata 1+ ¢/ Pk, +
- oy Cf)/:zg HDE C)f
e\Cr e\Cr.
{ { (15)

and the fit was done graphically as discussed in the Results.The commitment factors, in all cases, are relative to the

In eq 10,Vapp1is the value of the second-order rate constant
with NH4* saturating for the first site in R181Q, aGna

is the activation constant for NH for the first site. The
second site is difficult to saturate, antyp/Ky,, is the
second-order rate constant for the second phase.

(Vap;)l (Vap;)2
+ + K'
Knpa T NH,

V =
Kmalatgt

Data for the ammonia dependencekafaiate aNd Kmajate
were fitted to eq 11, which describes a hyperbolic function.

|

whereK is eitherKioxajate OF Kmaate @ is the value ofK at
zero NH™, Knum is @ constant that causes the valuekaio
level off at some finite value at infinite NH, and Ky is
the activation constant for binding of NHto the high-
affinity site.

Calculation of Intrinsic Isotope Effects and Commitment
Factors The theory for calculation of intrinsic isotope effects

[NHz1 (10)

NH4

H,"

Knum
NH,"

all+

(11)
1+

KNH4

and commitment factors assuming a stepwise mechanism wag,

that of Karsten and Cool) for malic enzyme. The kinetic
mechanism with metal ion and dinucleotide substrate at
saturating concentration may be described as in mechanis
12, where M is M@", A is the oxidized dinucleotide, B is
L-malate, X is the bound oxaloacetate intermediate, Q is
pyruvate, and R is the reduced dinucleotide.

ksB K ko
EMAB E*MAB

6 kg

EMA [12]

k
E*MXR T»“ E+Q+R

10 o,

where the rate constanks and ks are for malate binding
and release, respectively, andks represent a precatalytic
conformational change leading to a complex poised for
catalysis, kg and kyo are for forward and reverse hydride
transfer, respectively, arld; represents the decarboxylation
step. The affinity of the enzyme for GGs low, and thus,
the release of C@s likely fast, making the decarboxylation

hydride transfer step. The forward commitment to catalysis,
G, is (ko'ks)(1 + ki/ks), and the reverse commitment to
catalysisg;, is kio/ki1. Pko is the intrinsic primary deuterium
kinetic isotope effectt3k; is the intrinsic primary3C kinetic
isotope effect, an@Kq is the deuterium isotope effect on
the equilibrium constant [1.18; determined by Cook et al.
(23)] and is equal tdky/Pkyo. The commitment factors and
intrinsic isotope effects were calculated in a manner similar
to that described by Karsten and Co@k (sing an iterative
method to search for the best fit to the data.

RESULTS

Kinetic Parameters for the R181Q and R181K Mutant
EnzymesTwo mutations of thé. suumNAD-malic enzyme
were made, changing R181 in the binding site for malate to
Q and K (Figure 1). Kinetic parameters for each of the mutant
enzymes are summarized in Table 1. The most pronounced
changes for both of the mutant enzymes ar€jgiae Which
is increased-100-fold, and inv/E;, which is decreased nearly
300-fold for R181K and+~20-fold for R181Q, compared to
that of the wild-type enzyme. On the other halgp is
increased by a factor of only 2 for R181Q (and unchanged
for R181K), andKyg is increased by 3.7-fold for R181K
(and unchanged for R181Q).

Chemical Rescue by NH During the course of charac-
rizing the two mutant enzymes, we discovered that R181Q
was activated by NEf. In the presence of 60 mM NH,

n{(,na.ate is reduced to~8 mM compared to 57 mM in the

absence of Ni and V/E; is increased~4-fold, giving a
28-fold increase iV/KnaiaEr. Guanidinium decreaséSnaiate
by only ~2-fold and has no effect ox/E;. Neither guani-
dinium nor NH" has any effect oinap O Kyg.

Since there was no or little effect of NH on Kyap or
Kwg, @ detailed analysis of the effect of NHconcentration
on the activity of the R181Q mutant was carried out with
the concentration of malate varied at different fixed levels
of NH,*. Data are shown graphically in panels A and B of
Figure 2 with the raw data listed in Table 2. THg, for
malate decreases from 57 mM in the absence ofNH a
constant value of~8 mM above 6 mM NH*. [The K, for
NAD is constant over the entire range of hfHconcentra-
tions (data not shown).] On the other haWd; is constant

step irreversible. The equations for the isotope effects areto ~6 mM and then increases in direct proportion to the
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Table 1: Kinetic Parameters of the Wild-Type and R181 Mutant NAD-Malic Enzymes

R181Q with R181Q with
wild type? R181K R181Q 60 mM NH,* 60 mM guanidinium

VIE (s 36+ 3 0.13+0.01 (277)  2.1+0.2 (17) 7.7+0.8 (4.79 1.6+ 0.2 (23F
VIKnapE: (M~1s7Y) (1.0£0.2)x 10°  ND° (3+1)x 10°(33p  (84+2) x 10°(13P  (4.0+ 0.4) x 10° (250)
ViKmaaE: M~1s7Y) (74 1) x 104 2.6+ 0.5 (270009 37+ 6 (1900% 963 300 (739 70+ 24 (10009
Knap («M) 3B+7 ND° 70+ 30 (2 100+ 32 (2.99 120+ 12 (3.4%
Kmalate(MM) 0.53+ 0.07 504 10 (94) 57+ 13 (108 8+ 1 (15p 23+ 8 (43p
Kiig (MM) 45417 16+ 4 (3.7p 542 (1.1p 7+2(1.6p ND¢

aData from refl5.  Values in parentheses are tkéold decrease iV/E; andV/KE; or thex-fold increase irK,, compared to those of the wild

type. ¢ Not determined.

3
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0.1

T T
0.2 0.3 0.4 0.5

1/malate (mM)
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Ficure 2: Dependence of the initial velocity on the concentrations
of malate and Ng". The Mg" and NAD concentrations were
maintained at 10 times thely and Ky, values, respectively, and
malate was varied. The data points are the experimentally deter-
mined initial ratesgM per minute), and the lines are from a fit of
the data to eq 1 at each of the fixed lHoncentrations. (A) Data

for all NH4+ concentrations are shown: M), 1.5 (), 4 (#), 6

(v), 10 @), 25 (©), 60 (©), 120 (»), 300 (x), and 600 MM {-).

(B) Only NH4* concentrations 025 mM are shown using the
same symbols as in panel A.

concentration of Nii". Plots of V/E; and V/KnajaEr VErsus
the concentration of Nit are clearly biphasic (Figure 3A,B).
The first- and second-order rate constam&(andV/Knaia
ey, respectively) reflect predominantly specific forms of
enzyme and substrateé/KaaiE: reflects free malate and the
E—NAD—-Mg—NH,* complex, while V/IE; reflects the
E—NAD—Mg—NH"—malate complex. The biphasic nature
of the VIKnaatE: plot indicates that two binding sites exist

on the enzyme for N, likely reflecting the A and B
nitrogen sites of the guanidinium moiety vacated upon
mutation of R to Q (Figure 1A). If correct, binding of the
second molecule of ammonia is likely as the neutral species
given the charge repulsion expected if both were positively
charged. As suggested in Data Processing, data likely adhere
to eq 10, which describes the sum of two saturation curves.
Although the data can be fitted to eq 10, standard errors are
large, suggesting the data are not well-conditioned. However,
an estimate oKyns, the activation constant for binding to
the first of the two sites, can be obtained from a fikafate
versus NHT, and this gives a value of 0# 0.1 mM (Figure

4); on the other handyapp, the value of VIKmaad: at
saturating NH' for the first site, is obtained by extrapolating
the linear portion of Figure 3A (observed above 25 mM
NH,4") to zero, giving a value 0f~500 M~* s™1. The value

of VappdKy4E: is estimated as the slope of the linear
portion of the curve in Figure 3A;-3700 M2 s7! (this is a
third-order rate constant that is first order in enzyme, malate,
and NH*).

Interestingly, the maximum observed valuevdE; at 600
mM NH4" is 34 s, identical within error to the value of
36 s'! obtained for the wild-type enzyme. From a plot of
VIE; versus NH" (data not shown), estimates Kf,,, the
activation constant for ammonia binding to the second site,
and the maximunV/E; at saturating ammonia are 42090
mM and 45+ 7 s7%, respectively, at pH 6.5.

The effect of (NH).SO, on wild-type enzyme activity was
investigated and found to have no activating effect up to
600 mM. Some weak inhibition, presumably by 80 was
detected at concentrations 2300 mM.

Oxalate Inhibition Oxalate is the tightest binding inhibitor
known for the NAD-malic enzymek; = 6 uM) and is an
analogue of the enolpyruvate intermediate produced upon
decarboxylation of oxaloacetat24). At all NH;" concentra-
tions investigated, oxalate is a competitive inhibitor versus
malate at saturating NAD. Thi& value is highest at very
low NH4* concentrations and decreases as the,NH
concentration increases (Figure 4). The dependenég@fie
on NH;™ gives an activation constant ef0.7 &= 0.1 mM,
similar to that obtained from the dependencekgfiate ON
NH;". In the presence of 10 mM N#, oxalate is a
noncompetitive inhibitor versus NAD with malate fixed near
its K, value. Data are summarized in Table 3.

A double-inhibition pattern varying oxalate and NADH
in the presence of 10 mM Nfi is shown in Figure 5. In the
absence of oxalate, NADH, a product of the reaction, inhibits
the enzyme as shown by the increase in the intercept in
Figure 5 as the NADH concentration increases from 0 to
100 «M. Inhibition by oxalate in the absence of NADH is
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Table 2: Effect of NH' on the Kinetic Parameters of the R181Q Mutant of NAD-Malic Enzyme

[NH4+] (mM) VIE; (571)a V/IKnapEt (Mfl Sfl) VIKmatatE: (M71 Sfl) Knap («M) Kmatate (MM)
0 1.6+ 0.1 (2.3£0.8) x 10* 28+5 70+ 30 57+ 13
1.5 1.5+ 0.2 (1.0+£0.3) x 10* 46+ 11 99+ 35 21+ 2
4 1.7+ 0.2 (7.5+£1.2)x 1¢® 94+ 10 160+ 40 12+1
6 1.7+ 0.2 (1.4+0.3) x 10* 183+ 24 110+ 32 8+ 2
10 1.94+0.2 (2.9+ 0.6) x 10 276+ 88 72+ 20 8+ 1
25 3.3+ 0.3 (4.8+1.2)x 10¢ 634+ 343 81+ 27 6+ 2
60 5.8+ 0.6 6.4+ 1.4) x 10 777+ 247 100+ 42 8+ 1
120 10.5+ 0.8 (1.1+£0.3) x 1 11924 212 99+ 42 8+ 2
300 19+ 1 1.9+ 1.4)x 10° 1504+ 77 100+ 76 13+1
600 34+ 3 NDP 3400+ 570 ND 10+ 3
a For comparison, the wild-type parameters are given in column 1 of Tatjl&ldt determined.
4000 4 60
|
351
[] 50
3 4
3000 -
25 8
Kionse (mM) K e (M)
1000 21 30
V/KE, 2000
B 750 T 154
I 20
- 500 - J
V/KE, . !
1000 - o4 1 os : = E 10
0 T T T T
0 5 10 15 20 25 3 o 0
NH,* (mM) 0 2 4 [ £ 10 12
0 T T T NH,* (mM)
0 200 400 600 800
NH.* (M Ficure 4: Dependence 0Knyajae (M) and Kioxaiae (4) On the
4™ (mM) concentration of NhkI". The data points are the experimentally
40 determined values, and the lines are derived from a fit of the data
using eq 11. Th&xaaeWas determined at each NYHconcentration
from an inhibition pattern with malate varied, NAD fixed at 1 mM,
and Mg fixed at 30 mM (pH 6.5). Values were estimated from
301 a fit using eq 4. TheKaae Values are from Table 2. Estimated
values of parameters in eq 11 are as followsKg@gae a= 57 +
1, Knum = 12 + 6, andKyps = 0.72+ 0.11. They are as follows
for Kioxalate @ = 3.8+ 0.1, K, ,um= 43 &+ 106, and<NH4 =0.65+
V/E, 20 0.11.
Table 3: Dead-End Inhibition by Oxalate of the R181Q Mutant
Enzyme as a Function of Nfi Concentratiof
10
varied [NH4*] inhibition Kjs+SE K; £ SE
. substrate fixed substrate (mM)  patter® (mM) (mM)
T T T T T
0 5 10 15 20 25 3 malate NAD (1 mM) 0.5 C 1.80.2
0 NH, ™ (mM) malate NAD (1 mM) 10 c 0.3& 0.07
0 2(’)0 460 660 800 malate NAD (1 mM) 600 C 0.1% 0.03
NAD malate (10 mM) 10 NC 0.240.06 0.7£0.2

Ficure 3: Dependence o¥/Knyqaik: and V/E; on NH;™ obtained

NH,* (mM)

from the data in Figure 2. The curves are drawn by eye.

aData were obtained at pH 6.5 with 30 mM Rtg® C and NC are
competitive and noncompetitive, respectively.

Isotope EffectsTo further investigate the role of R181 in

also evident. Oxalate and NADH inhibition are synergistic binding and catalysis, primary deuterium ake isotope

as shown by the increase in the slope in Figure 5 as thegffects were determined for the R181Q mutant of malic
NADH concentration increases from 0 to 10M. A fit of

the data to eq 6 gives values KifyapH, Kioxalate @nda Of

170 + 10 uM, 472 + 20 uM, and 0.220+ 0.025,
respectively. In the absence of hHand in the presence of
600 mM NH,™ (data not shown), no inhibition by NADH is

enzyme in the absence and presence of different™NH
concentrations. Data are summarized in Table 5. Values of
B(VIK) are relatively small and similar to those obtained for
the wild-type enzyme. As an internal check of the data,
values for°(V/K) were calculated from the measured values

observed up to 0.2 mM in the absence of oxalate, but evenof the 13C isotope effects antKe, (Table 5) and are similar
greater synergistic binding is observed; tleapn IS

decreased to 6& 18 uM in the absence of NIt and to 16
+ 2 uM in the presence of 600 mM NH in the presence

of oxalate (Table 4).

to the experimentally determined values in all cases. Values
of PV are larger thaR(V/K) and similar to those of the wild-
type enzyme in the absence and presence aofNH contrast

to the deuterium isotope effects, th€ isotope effects are
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by ~100-fold for the two mutant enzymes, while changes
in Knap are negligible (2-fold increase for R181Q) alkgly
(3.7-fold increase for R181K and no change for R181Q). In
the wild-type enzymeKnanae and Knap are equal to their
respectiveKy values for release of malate or NAD from the
E—NAD—Mg—malate complex 24), and thus, R181 is
responsible for~2.6 kcal/mol in malate binding energy
{AAG” = RT In[(Knaadrisid(Kmaadwt]} but provides
essentially no affinity for NAD. This is not a surprising result
given the direct hydrogen bonding interaction between R181
and thea-carboxylate of malate. Consistent with these data
are the inhibition studies carried out with oxalate. Oxalate
is a competitive inhibitor versus malate, an analogue of
enolpyruvate, and the tightest binding inhibitor known for
malic enzyme 24, 25). For the wild-type enzyme at pH 6.5,
oxalate is a noncompetitive inhibitor versus malate at
saturating NAD with &K;s of 50 uM and aK; of 290 uM
(24). The Kjs results from oxalate binding to E-NAD,
competing with malate, whilk; was proposed to result from
binding of oxalate to an unisomerized-RAD complex @6).

In contrast, oxalate is a strict competitive inhibitor versus
malate at pH 6.5 for the R181Q mutant enzyme wit af

shown are the experimentally determined values, and the lines arel.8 mM, a 36-fold increase in th€s value compared to that

derived from a fit of the data to eq 6.

Table 4: Kinetic Parameters from Oxalate/NADH Double Inhibition
for the R181Q Mutarit

[NH4] KinapH £ SE Kinapn + SE (M) Kioxalate = SE
(uM) (uM)

(mM) with oxalate o+ SE

0 uDb 68+ 18 1520+ 170

10 170+ 10 472+ 20 0.217+0.025
600 up 16+ 2 238+ 16

wt 100+ 20 13+1 0.054+ 0.015

aData for the wild type and 10 mM NH were fitted using
eq 6, and data for 0 and 600 mM NHwere fitted using eq 7.
b Undefined.

considerably larger than the values measured for the wild-
type enzyme. The large$iC isotope effect is observed in
the absence of Nt (1.0486) and is smaller (1.0417) in the
presence of low and high NH concentrations. In all cases,
B(VIK), is significantly greater that(V/K)p and data adhere,
within error, to the equality given in footnote b of Table 5,
consistent with the stepwise oxidative decarboxylation
proposed for the wild-type enzymg-(4).

DISCUSSION

R181 Mutant Enzyme# change in the arginine, R181,
in the reactant-binding site to Q and K results in an enzyme

of the wild type. The change in affinity is similar to that
observed for malate, consistent with oxalate mimicking the
enolpyruvate intermediate and accepting a hydrogen bond
from R181. The 3-fold difference in the loss of affinity for
oxalate compared to malate is almost certainly a result of
the interaction of the two negatively charged carboxylates
of oxalate with the divalent metal ion. The inhibition by
oxalate does not exhibit the intercept effect observed for the
wild-type enzyme (noncompetitive inhibition). If the ratio
of the affinities for the two forms of the ENAD complex

is maintained for the R181Q mutant enzymeK;avalue of
>10 mM would be expected, and this is outside the
concentration range used in these studies.

Finally, the R181 side chain provides binding affinity for
NADH. Inhibition by NADH in the absence of NH and
oxalate is not detected up to 0.2 mM, more than 10-fold
greater than the inhibition constant for the wild-type enzyme
(24). Thus,Kinapn for R181Q is increased by at least 1 order
of magnitude compared to that of the wild-type enzyme. As
discussed in the introductory section, the three-dimensional
structures of bound oxidized and reduced dinucleotide
substrates differ in the position of the nicotinamide ring with
that for the reduced nicotinamide rotated by more tharf 180
compared to that of the oxidized substrate such that it
impinges on theL-malate binding site & 9). One can

that has significant changes in kinetic parameters. As shownrationalize the importance of the rotation in terms of the
in Table 1,V/E; is decreased nearly 300-fold in the case of proper positioning of the oxaloacetate intermediate for
R181K and~20-fold for R181Q, suggesting the residue is decarboxylation once it has been displaced by the nicotina-
important, but not essential to the enzyme’s catalytic mide ring. However, there was a question of whether this
function. Since the change to K affedfds; more than the rotation of the ring is on the reaction pathway. 6-Phospho-
change to the smaller Q, the longer side chain impairs gluconate dehydrogenase exhibited a similar ring rotation
function even though it has a positive charge, as does R.on the basis of structures, and its import in the catalytic
This is likely because the equivalent of only one of the pathway was corroborated using site-directed mutagenesis
nitrogen functional groups of the guanidinium side chain is of residues that interact with the nicotinamide ring of NADP,
present, and this may lead to improper positioning of malate but not NADPH. The mutant enzymes all gaa 1 order of
with respect to NAD, an improper conformation of the active magnitude increase in th&yap With no change irKinapn.
site, or both. Given the results obtained in these studies, t9-fold

In addition to the effect on//E;, there is a significant  increase irKivapn With little change inKiyap is consistent
increase iKmaiate @Nd Kioxaiate The Ky, for malate increases  with the rotation of the nicotinamide ring of NAD as it is
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Table 5: Isotope Effects for the R181Q NAD-Malic Enzyme as a Function of'NH

[NH4+] (mM) D(V/Kmalatga D(V/Kmalau;calcb DV 13(V/KmalatQH 13(V/KmalatéD
0 1.39+ 0.06 1.49 1.9:-0.1 1.0486+ 0.0023 1.0384t 0.0006
25 1.57+0.16 1.59 2904 1.041H4 0.0022 1.0309 0.0007
600 1.65+ 0.08 1.57 2.06:0.1 1.0418+ 0.0006 1.0314t 0.0003
wild type* 1.57 1.60 2.0 1.0342 1.0252

2Values are averages from at least three separate determinations for all of the isotope’e@fictdated fronP(V/Kmaiad/PKeq = *¥(V/Kmaia
— 1"%(V/Kmaado — 1, wherePKeq equals 1.1823). ¢ Values are from ref@ and 3.

Table 6: Intrinsic Isotope Effects and Commitment Factors
Estimated from the Data in Table 5

NH/T(mM) o o By ko
0 0.10£0.04 9.1+ 0.4 1.0544:0.0005 4.4+0.1
25 1.0+£0.6  8.9+0.7 1.0513:0.0024 59+05
600 1.0£05 9.5+ 1.3 1.0506+0.0019 5.9+ 0.6
wild type® 6.6 14.3 1.052 10.8

aValues are from ref.

pH 7 and exhibits saturation with an apparkqt; of ~0.7
mM determined from the change ihaae (Figure 4). Since
occupation of the high-affinity site for NH results only in

a change iKKnaate @n interaction is likely made with the
a-carboxylate of malate, suggesting the first Nidccupies
the position of the A nitrogen of the absent guanidinium
group of R181 (Figure 1A). The activation, as a result of
occupying this site, is-8-fold on Kyaae With no change in
V/E;. Compared to that of the wild-type enzym&KmajatEr

reduced to NADH, causing the oxaloacetate intermediate to!S reducec~2000-fold in the R181Q mutant enzyme and is
reposition so that decarboxylation is facilitated. This me- Still ~140-fold lower when the high-affinity Nkt site is
chanical Cata|y5is may be a mode common to the pyridine 0CCUp|ed. In Contrast\//Et is reduced~20-fold whether or

nucleotide-linkeqs-hydroxy acid oxidative decarboxylases.

not NH,;* occupies the high-affinity site; once all reactants

The stereochemistry of the hydride transfer reaction is and NH;* are bound, the enzyme is reasonably efficient given

specific with transfer of the hydride to the face of the

the 5% remaining activity. Sincé@/Kmnaaeincludes the steps

nicotinamide ring. Thus, equilibrium must exist between the for malate binding, whileV does not, the difference in
two conformations of the nicotinamide ring, that is, that for activation reflected by the two rate constants is a reflection

NAD and that for NADH. The equilibrium is likely random
given the low kinetic barrier to rotation. However, binding

of the decrease in affinity for malate, likely an increase in
the off-rate constant for malate from the-RAD—Mg—

of the nicotinamide ring must be favored in one position or malate complex; data are consistent with the 100-fold
the other depending on whether the ring is oxidized or increase iKmaiate

reduced.

At higher NH;* concentrations, where the second molecule

The decrease in the rate of the reaction must result from of activator binds\V/E; andV/KmaaE: increase together in a

a decrease in the rates of several steps along the reactio

pathway. The deuterium afdéC isotope effects are informa-

tive in this respect. The magnitude of the deuterium isotope
effect was not altered to any extent in the R181Q mutant

enzyme;°(V/Kmaatd is ~1.6 for the wild-type enzyme and
1.4 for R181Q. Howevert¥(V/Kmaan is increased from

1.035 to 1.049, which is close to the intrinsic isotope effec
of 1.052, suggesting the decarboxylation step almost com-
pletely limits the overall reaction (Table 6). This may result

from the inability of Q in the R181Q mutant enzyme to

properly position the oxaloacetate intermediate and the
reduced cofactor with respect to the protein matrix, consisten

1:1 ratio, andKmaaedoes not change. The process does not

saturate up to 600 mM NH, indicating a much lower
affinity for the second molecule of activator. The lower
affinity suggests a number of possibilities. One possibility,
however, is that the two molecules of Nibind at adjacent

t positions occupying the positions vacated by the guanidinium

nitrogens of R181. It is likely that the first molecule binds
as NH;* in position A (Figure 1A), given the increase in
the affinity of the NH™—E—NAD—Mg complex for malate.
Given the charge on the first molecule and consistent with

tthe two molecules mimicking the guanidinium nitrogens of

with the role of the nicotinamide ring and R181 in catalysis R181, the second molecule likely binds as the neutral species

(see above).
Rescue of R181Q Aetiy by NH,". During the course of

in position B (Figure 1A). The specific sites where NH
and NH; bind and the associated protonation states are

characterizing the mutant enzymes, we discovered that muchCurrently under investigation. Thefor NH," is 9.3 18),
of the enzyme activity of the R181Q mutant enzyme could and data were obtained at pH 7. As a result, the concentration
be rescued by guanidinium or ammonium ion; ammonium ©f NHs present is 0.56% of the added biHconcentration,

ion was much more effective in rescuing activity than S0 10-600 mM NH,™ gives a NH concentration of 0.056

guanidinium. Binding of NH" to the R181Q mutant enzyme

3.4 mM. Interestingly\/E; increases to become equal to the

is reasonable since the shorter glutamine residue would leavevalue of the wild-type enzyme at 600 mM NH and a
a pocket where the guanidinium group of arginine was double-reciprocal plot o¥/E; versus NH" (Figure 3) gives
located in the wild-type enzyme (Figure 1A). Since a low an estimate of 4573 for the maximum value o¥/E;, ~1.25

NH4" ion concentration decreas&saiate by ~8-fold com-
pared to the value in its absence, NHnust bind in a way
that allows interaction with the-carboxylate of malate.
The biphasic nature of thé/KnaaiE: activation indicates
combination of 2 mol of Ni" per mole of enzyme active
site. The first of the two sites has relatively high affinity at

times the value of the wild-type enzyme activity. The affinity
of R181Q for malate does not increase at the higheg™NH
concentrations, suggesting the second activator molecule
functions only to increase the rate(s) of steps that limit the
overall reaction. This aspect will be considered in detail
below in Interpretation of Kinetic Isotope Effects.
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Although oxalate is noncompetitive versus malate for the of steps at saturating substrate concentrations are the same.
wild-type enzyme at pH 6.5, it is a competitive inhibitor In the presence of 25 or 600 mM NH the primary
versus malate for R181Q at all NHconcentrations that were  deuterium isotope effect WK increases slightly to become
tested. The intercept effect reflects binding of oxalate to the equal to that of the wild-type enzyme, whit¢(V/Knaadn
nonisomerized form of the ENAD complex @6). As decreases slightly from 1.0486 to 1.0417. Value8@®fK)
discussed above, the absence of the intercept effect withcan also be calculated from tA# isotope effects anbKeq
malate as the varied reactant is consistent with the explana{Table 5 footnote) and provide an accurate estimate because
tion suggested for oxalate binding in the absence of™\\H  of the accuracy of thé3C isotope effects. There is good
i.e., the nonisomerized form of the enzyme has a very low agreement between the experimentally determined values and
affinity for oxalate with R181Q. In generaKioxalate Values the calculated values fé{(V/K) (Table 5). The increase in

for R181Q follow the same trend observed f&Faiate P(VIK) in the presence compared to the absence of'NH
relatively weak binding in the absence of NHK; = 2—4 indicates a slight increase in the rate of limitation of the
mM) and stronger binding in the presence NKK; = 0.2— hydride transfer step. However, the deuterium isotope effect
0.4 mM), consistent with the effect of NiHon malate and  cannot be considered as an isolated effect and must be
oxalate binding. interpreted in conjunction with th¥C isotope effects.
Double-inhibition experiments with oxalate and NADH In contrast to the deuterium isotope effects, which are

indicate synergistic binding in R181Q similar to that observed generally similar to those of the wild-type enzyme, tf@
for the wild-type enzyme2d). Kivapn is decreased from a  isotope effects are in all cases significantly larger than the
value that is>2 mM in the absence of NH to 170uM in wild-type values. The larget3(V/K)y values, with and
the presence of low concentrations of NiHconsistent with without NH,;™, suggest that decarboxylation is almost com-
the proposed role of Nff as a mimic of one of the nitrogens pletely rate-limiting for R181Q in the absence or presence
of the guanidinium side chain of R181, i.e., interaction with of NH,*. There is a slight but significant decreasei(v/
the nicotinamide carboxamide of NADH giving an increase K)y in the presence of NH concomitant with the slight
in affinity for the reduced cofactor. Note that NHis not a increase in the value 8{V/K). To interpret the isotope effect
perfect mimic sinc&inapn andKioxaiatedo NOt become equal  data, estimates of the commitment factors and intrinsic
to values estimated for the wild-type enzyme (Table 4).  isotope effects were calculated as discussed in Materials and
In the absence of NH or in the presence of 600 mM  Methods and are presented in Table 6.
NH,*, there is no significant affinity of the R181Q mutant The calculated values suggest changes in two parameters
enzyme for NADH. However, addition of oxalate increases for R181Q compared to the wild-type enzyme. The first is
the affinity of NADH substantially. In the absence of NH in the forward commitment to catalysiskolks)(1 + kz/ks).
the presence of oxalate leads to a significant decrease inin the absence of NH, ¢; decreases by 60-fold compared
KinapH, indicating that the synergistic effect of oxalate to the that of the wild-type enzyme. In the presence ofNH
binding on NADH affinity occurs in the absence of i cr increases by a factor of 10 from0.1 to~1 compared to
In the absence of oxalate, a high MHoncentration leads  the value of 6.6 for the wild-type enzyme. The forward
to an increase iKinapH, SUggesting the second activator that commitment can be separated into an internal component
binds interferes with the interaction of the nicotinamide (Cin: = ko/ks) and an external componertiel: = (ko/ks)(k7/
carboxamide with bound NH. However, with oxalate kg)]. The large increase iKmaate (100-fold) can, as stated
present, the lowestinapn iS Observed and suggests that either above, be attributed to an increase in the off-rate constant
the NH,;"—carboxamide interaction is restored in the complex for malate. Thus, for the wild-type enzyme, the overall
with oxalate or the enzyme can adopt a more closed commitment of 6.6 is dominated by the internal component;
conformation that facilitates NADH binding. Assuming the i.e., the rate constant for opening the site to release reactant
two NH,4* or NHz molecules bound to enzyme reside in the is slower than the rate of forward hydride transfiey € ko)
guanidinium nitrogen-binding sites vacated in the R181Q by a factor of~6. A very smallc; for R181Q in the absence
mutant enzyme, the situation would be the closest mimic of of NH," implies the essential loss of the internal component
the wild-type enzyme with an intact R181. Occupancy of of ¢ and suggestks > kg. An alternative possibility is that
both sites may allow the active site to close and could accountwith R181Q in the absence of NHthe site does not fully
for the increased affinity for NADH. In the wild-type close and catalysis proceeds from a relatively open confor-
enzyme, the NADH-enolpyruvate complex, mimicked by  mation of the EEMg—NAD—malate complex. Incomplete
the NADH—oxalate complex, is in a closed conformation. closure of the site may be reasonable since R181 appears to
Interpretation of Kinetic Isotope Effect®\s indicated link together NAD, malate, and the protein via L183. The
above, a3(V/Kmnaagn Value of 1.049, close to the intrinsic  presence of Ni leads to an increase in the forward
isotope effect of 1.052, suggested nearly rate-determiningcommitment that is likely a reflection of a decreasekin
decarboxylation for R181Q in the absence of NHThis and suggests that bound hfHmay promote some closure
was thought to be a result of improper positioning of the of the site or the interaction between the bounds;Nknd
oxaloacetate intermediate and the reduced cofactor. The valugnalate may slow release of malate.
of PV is invariant (with the possible exception of that The other significant change resulting from the mutation
measured in the presence of 25 mM NHwhich has alarger  is in the value of the intrinsic deuterium isotope effé,
standard error) and similar to that measured for the wild- If the only change in relative rate constants is for the
type enzyme. At face value, data suggest that the step(s) thaprecatalytic conformational change for R181Q, then a
limits the wild-type reaction at saturating substrate concen- decrease in the forward commitment for hydride transfer
trations still limits for R181Q in the absence or presence of would lead to an increase #(V/K). For example, setting
NH,; i.e., although the rate has decreased, the relative ratek, %y, andc; to the wild-type values of 10.8, 1.052, and
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14.3, respectively, and assumieg= 0.1, the calculated termks/ks but is likely near zero for both the wild type and
values for theV/K isotope effects are as follow®(V/K) = the R181Q mutant as indicated above. Also, as indicated
1.8, ¥(VIK)y = 1.0483, and®¥(V/IK)p = 1.0316. The  above, for the R181Q mutant in the absence of;NHs is
calculated deuterium effect is larger than the experimental very fast, and consequently, the forward commitment for
value, and the'*C isotope effects do not match the decarboxylation reduces kai/kio, which will be small. Thus,
experimentally determined values. For R18EQV/K) de- the increase iA%(V/K) with the R181Q mutant compared to
creases compared to that of the wild-type enzyme, andthe wild type is due in large part to the large decrease in
considering the decrease @, this suggests the intrinsic  kg/ks, the internal forward commitment of the hydride transfer
deuterium effect must decrease. There are two lines of step.
evidence suggesting that there is a significant tunneling The NH* Effect Is Consistent with the Concerted Model
correction in the hydride transfer step for the wild-type for Allosteric Actvation. The primary deuterium isotope
enzyme, the estimated value s (2, 4), and measured effects,P(V/K) andPV, and the'®C isotope effects change
o-secondary deuterium kinetic isotope effects that are largeras the NH™ concentration increases to 25 mM. The observed
than® PKeq (6). In addition, Klinmad has recently suggested  deuterium isotope effect increases from 1.4 to 1.6, while the
that hydrogen isotope effects result from quantum mechanical'3C isotope effect decreases from 4.9 to 4.2%. The change
tunneling and are correlated with breathing modes of the likely reflects, in addition to the 10-fold increase @ a
protein, resulting in “gating” with tunneling occurring when change in the partition ratio of the oxaloacetate intermediate
the reaction coordinate is shortened. Tunneling would thus (k;¢/k1) to favor decarboxylation. The calculated valuecof
be favored in a case where closure of the active site leads tois within error identical at all ammonia concentrations (Table
compression of the transition state. A decreasgkinfrom 6), which argues against a changesinHowever, if onlyc
10.8 in the wild type to~4.5 for R181Q would be consistent increases as indicated in the table, bbi/K) and*3(V/K)
with a loss of hydrogen tunneling for R181Q and perhaps a would be expected to decrease. The increas¥\ifK) and
more open active site, and/or a lengthening of the reactionconcomitant decrease it(V/K) are consistent with the
coordinate. Removing the guanidinium side chain of R181 proposed change in;; the change is consistent with the
in the R181Q mutant enzyme would create a “hole” in the proposed role of R181 in facilitating decarboxylation by
active site and also, in accord with the above discussion, stabilizing the reduced nicotinamide ring of NADH once it
potentially lead to an impaired ability of R181Q to fully close has rotated into the malate binding site.
the active site given the potential role of R181 in linking A further increase in Ni" concentration from 25 to 600
together malate, NADH, and the protein via a hydrogen bond mM does not affect the isotope effects. This is true in spite
to L183. In addition, the loss of the interaction between R181 of the fact thatV/E; increases substantially (20-fold) over
and thea-carboxylate of malate may lead to misalignment this concentration range. These data suggest an equilibrium
of malate in the active site, and this could have an additional exists between a less active and more active form of the
effect on the hydride transfer step. Addition of lHeads R181Q mutant enzyme, and in the absence ofNdr at
to an increase in the calculated value®&§ that, given the low NH;* concentrations), the equilibrium lies greatly in
decrease iKmaate likely means NH*' binds in the pocket  favor of the less active form. As Nfi increases such that
vacated by the guanidinium group of R181 and is thus in the second site is occupied, the equilibrium between the
position to interact with thex-carboxylate of malate and  active and less active forms is shifted in favor of the active
enhance binding of malate. Therefore, malate would be form leading to the increase ME;.
expected to be oriented differently than in the absence of Data for the R181Q mutant enzyme are thus consistent
NH4" and could lead to the observed increasBkig which with the Monod modelZ8). The value oL, the equilibrium
could lead to a restoration of tunneling. constant for the R to T interconversion, can be estimated
The calculated intrinsié3C isotope effect in the absence from the value ofV/E.. In the absence of NH, V/E; is 1.6
and presence of NH varies from about 5.1 to 5.4% with  s7%, ~1/20 of the value of the wild-type enzyme. Assuming
an average value of 5.2%, identical to that calculated for the wild-type enzyme value reflects 100% active enzyme, a
the wild-type enzyme. Data suggest that R181 has little or reasonable assumption sindE; reaches this value (or
no effect on the transition state for decarboxylation. The greater) at infinite Ni" concentrationd, must be>20. The
nonenzymatic'3C isotope effect for the metal-catalyzed difference between the active and less active enzyme forms
decarboxylation of oxaloacetate is4.9% ), and the and how NH* stabilizes the active form remains to be
intrinsic isotope effect for the chicken liver NADP malic elucidated.
enzyme with M§* as the metal ion was determined to be  Since R181 appears to link the substrates to the protein
4.9% Q7). It appears that in all cases it is the Mdon acting via a hydrogen bond to L183 via the A and C nitrogens of
as a Lewis acid that is primarily responsible for determining the guanidinium group of R181, it is likely to play a role in
the transition state structure for decarboxylation. The large closing the active site prior to catalysis. The isotope effect
intrinsic 13C isotope effect suggests a late transition state for data are certainly consistent with this explanation (Tables 5
decarboxylation that is not affected by the R181Q mutation. and 6 and Figure 5). The second NiHwhich likely binds
The 13C isotope effect is expressed to a larger extent®n  as NH; to the B nitrogen position of the guanidinium group,
(VIK) in the R181Q mutant than for wild-type enzyme even may help to stabilize the closed enzyme form and facilitate
though the intrinsic value appears not to have changed. Thecatalysis in this manner. The wild-type enzyme activity is
forward internal commitment for decarboxylationkis/kio- not affected by the presence of NH but the enzyme is
(1 + ko'kg). The full forward commitment would contain the allosterically activated by fumarate and malags)( Pre-
liminary results suggest the R181Q mutant is activated by
2 personal communication. fumarate and malate in a manner qualitatively similar to that
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of the wild-type enzyme (unpublished observation), thus
suggesting that the activation of R181Q by NHiffers from
the fumarate/malate activation.

ConclusionsSome of the functions attributed to R181 on

the basis of three-dimensional structures are born out by this

work. These functions can be summarized as follows.
(1) The large increases in the valueKafaaeandKioxalate
support the role of R181 in binding substrate.

(2) In addition to its role in substrate binding, R181 affects 12.

catalysis by altering the rate of the precatalytic conforma-
tional change with no effect on decarboxylation.
(3) R181 also increasd§napy With little or no effect on

and the nicotinamide ring of NADH, and the differential
effect on binding the oxidized and reduced dinucleotide

substrates and the suggested change in the partition ratio of 14-

oxaloacetate intermediate as WNHs added are consistent
with a role for rotation of the nicotinamide ring into the
malate site facilitating decarboxylation.

In addition, the activity of the R181Q mutant enzyme is
rescued by 2 mol of ammonium ion per mole of enzyme
active site. The high-affinity Nkt likely occupies one of
the guanidinium nitrogen sité€# position) and gives a regain
of some of the binding affinity for malate, oxalate, and
NADH, consistent with the roles of R181 suggested above.
A second NHT, likely binding as neutral N§ probably
occupies the B position of the guanidinium nitrogen sites

and appears to stabilize a more active enzyme conformation.

Additional studies will be required to determine the exact
location of the two ammonia-binding sites and the structural
basis of their effects on binding and catalysis.
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