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ABSTRACT. Human mitochondrial NAD(P)dependent malic enzyme is inhibited by ATP. The X-ray
crystal structures have revealed that two ATP molecules occupy both the active and exo site of the enzyme,
suggesting that ATP might act as an allosteric inhibitor of the enzyme. However, mutagenesis studies
and kinetic evidences indicated that the catalytic activity of the enzyme is inhibited by ATP through a
competitive inhibition mechanism in the active site and not in the exo site. Three amino acid residues,
Arg165, Asn259, and Glu314, which are hydrogen-bonded with NADATP, are chosen to characterize

their possible roles on the inhibitory effect of ATP for the enzyme. Our kinetic data clearly demonstrate
that Arg165 is essential for catalysis. The R165A enzyme had very low enzyme activity, and it was only
slightly inhibited by ATP and not activated by fumarate. The valuel&@fiap andK; atp to both NAD"

and malate were elevated. Elimination of the guanidino side chain of R165 made the enzyme defective
on the binding of NAD and ATP, and it caused the charge imbalance in the active site. These effects
possibly caused the enzyme to malfunction on its catalytic power. The N259A enzyme was less inhibited
by ATP but could be fully activated by fumarate at a similar extent compared with the wild-type enzyme.
For the N259A enzyme, the value Kfater to NAD™ but not to malate was elevated, indicating that the
hydrogen bonding between ATP and the amide side chain of this residue is important for the binding
stability of ATP. Removal of this side chain did not cause any harmful effect on the fumarate-induced
activation of the enzyme. The E314A enzyme, however, was severely inhibited by ATP and only slightly
activated by fumarate. The values K maiate Kmnap, andKjarp to both NAD" and malate for E314A

were reduced to about-Z-folds compared with those of the wild-type enzyme. It can be concluded that
mutation of Glu314 to Ala eliminated the repulsive effects between Glu314 and malate;, MABTP,

and thus the binding affinities of malate, NADand ATP in the active site of the enzyme were enhanced.

Malic enzyme catalyzes the divalent metal ion @lor the NADH and pyruvate products, may play an important
Mg?") dependent reversible oxidative decarboxylation of role in the metabolism of glutamine in the rapidly proliferat-
L-malate to yield C@ and pyruvate, with concomitant ing tissues and tumor8,(14—21). The possible involvement
reduction of NAD(PJ to NAD(P)H (1-5). The enzymes  of m-NAD-ME in neoplasia makes the enzyme a possible
are widely distributed in nature with conserved sequencestarget for the rational drug design in the application of
and similar overall structural topology among different anticancer chemotherapy. In addition to its dual cofactor
species §—9; see refl10 for a review). In mammals, specificities, m-NAD-ME is distinctive from the other two
according to their nucleotide specificity, three isoforms of mammalian isoforms by its complex regulatory system in
malic enzyme have been identified: cytosolic NADP  the control of catalytic activity43, 24). The m-NAD-ME
dependent (c-NADP-ME;11, 12), mitochondrial NADP- isoform displays cooperative behavior with respect to the
dependent (m-NADP-MEL3), and mitochondrial NAD(P) substrate -malate, and the enzyme activity can be activated
dependent malic enzyme (m-NAD-ME3,(14). It has been by fumarate and inhibited by ATPL9, 22—27). Previous
shown that m-NAD-ME can use both NADand NADP kinetic studies have suggested that both fumarate and ATP
as a cofactor, but it favors NAD under physiological = may operate through an allosteric mechanid® @3, 25),
conditions B). It is believed that human m-NAD-ME, via and the allosteric properties of the m-NAD-ME imply its
specific role in the pathways of malate and glutamine
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FiGURE 1: Crystal structure and active-site pocket with bound NA®@ ATP of the human mitochondrial malic enzyme. (A) Crystal
structure of the enzyme in complex with ATP, malate 2Mrand fumarate (PDB code 1PJ4). The active- and exo-site regions were highlighted
with a green circle and yellow box, respectively; the color is blue for ATP, yellow for malate, and red foriivithe active site, and cyan

for ATP in the exo site. This figure was generated with PyMOL (DeLano Scientific LLC, San Carlos, CA). (B and C) NAD- and ATP-
binding ligands, respectively, of the human malic enzyme in the active site. The green dashed lines generated by Swiss-P@5)Viewer (
represent the hydrogen bonds between the amino acid residues and &AL P.

The crystal structures of human m-NAD-ME have been successfully resolved®8—30). In addition, pigeon c-NADP-
reported in open and closed forn® ). Various complex ME in a quaternary complex with NADP Mn?*, and
forms with malate/pyruvate, MiVMg?*, NAD*, fumarate, transition-state analogue oxalate, as well asdtbearis suum
and transition-state analogue inhibitors have also beenm-NAD-ME in an open form and complexed form with
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NADH, have also been reportef, ©, 31). These structural
data establish malic enzymes as a new class of oxidative
decarboxylases with a distinct backbone struct@ré@, 31).
Malic enzyme is a homotetramer with a dimer of dimers
quaternary structure. In the structure of human m-NAD-ME,
two NAD*-binding sites, which are separately located at the
active center and an exo site in the tetramer interface, are
observed. Furthermore, there is a fumarate-binding site at
the dimer interface (Figure 1AP0). The binding of active- il . THEEVE
site NAD" is mainly stabilized by the hydrogen-bonding Ficure 2: Overexpression and purification of the recombinant
network that is provided by the nucleotide-binding residues human mitochondrial malic enzyme. SDS/PAGE was used to
in the active center as shown in Figure 1B. The ATP-binding examine the expression and purification efficiency. Lane M

kDa

M a b a

<62 kDa

site has also been determined. The crystal structures of thigndicates the molecular-mass markers. Lanes a are those of the crude
: extract; lanes b are samples from the ATP-agarose column. The

arrow indicates the protein band that corresponds to the molecular
weight of the monomers of the enzyme.

enzyme in complex with ATP reveal that ATP is bound both
in the active and exo sites. The binding mode of ATP in the
active site is very similar to that of the active-site NAD
(Figure 1C). Kinetic studies have shown that ATP may
actually be an active-site inhibitor, rather than an allosteric
inhibitor. The inhibition of enzyme activity caused by ATP
is due to the competition of ATP with respect to NAI

the active center and not in the exo si#8,(32). The role of
ATP in the exo site may be involved in the subunit
association of the enzym@&3).

and the desired primers were used to mutate the Argl65,
Asn259, and Glu314 codons to the Ala codon by ud?fig
DNA polymerase, which replicated both plasmid strands with
high fidelity in the PCR reaction. Primers including the
mutating site are 2545-mer, needed for specific binding
of template DNA. The synthetic oligonucleotides used as
mutagenic primers weré BTAGTGACTGATGGAGAG-

In the present paper, we provide detailed kinetic evidences SCTATTCTGGGTCTTGGAGATC-3for R165A, 3-CAG-

supporting the competitive inhibition between ATP and
NAD™ in the catalytic site of the enzyme. Site-directed

TTCGAAGACTTTGGAGCTCATAATGCATTCAGGTTC-3
for N259A, and 5CCTTGGAGCAGGAGCTGCTGCTCT-

mutagenesis is used to explore the functional amino acid TGGAATTG-3 for E314A in which the mutation positions

residues for ATP inhibition. We chose Arg165, Asn259, and
Glu314, which are hydrogen-bonded or ion-paired with
active-site NAD and ATP (parts B and C of Figure 1), to
identify their significance on the inhibitory effect of ATP.
The R165A, N259A, and E314A mutants of malic enzymes

are underlined and marked in bold in the oligonucleotide
sequence. After 1618 temperature cycles, mutated plasmids
containing staggered nicks were generated. The PCR prod-
ucts were then treated witbpnl to digest the wild-type
human m-NAD-ME templates. Finally, the nicked DNA

have been prepared and kinetica”y characterized. Wecontaining desired mutations was transformed into XL-1
describe that the differential effects of these residues in the Escherichia colistrain, and their DNA sequences were

inhibitory mechanism of ATP is due to its contribution in

the hydrogen-bonding network and charge balance with

malate, NAD", ATP, or other charged residues in the active
site of human m-NAD-ME.

EXPERIMENTIAL PROCEDURES

Expression and Purification of Recombinant Malic En-
zymes The detailed expression and purification steps for
human m-NAD-ME have been described previously28),
and we modified them from earlier protocols. In brief, the
m-NAD-ME was cloned in the expression vector (pRH281)
and overexpressed iB. coli BL21 cells by controlling of
the inducible trp promoter syster®)( A two-step purification

checked by autosequencing.

Enzyme Kinetic Analysig-or assay of the m-NAD-ME
activity, the reaction mixture contained 50 mM Tris-HCI (pH
7.4), 10 mM malate (pH 7.4), 0.3 mM NAD and 10 mM
MgCl; in a total volume of 1 mL. The absorbance at 340
nm at 30°C was immediately recorded after the enzyme
was added to the reaction mixture and continuously traced
in a Beckman DU 7500 spectrophotometer. In this process,
1 unit of the enzyme was defined as the enzyme amount
that can catalyze the production ofu«inol of NADH/min.

An absorption coefficient of 6.22 mM for NADH was used
in the calculations. Apparent Michaelis constants of the
substrate and cofactors were determined by varying the
concentration of one substrate (or cofactors) aroun#its

system, an anionic exchange, DEAE-Sepharose (Amershamyajue, while keeping other components constant at the
Biosciences), followed by an ATP-agarose affinity chroma- saturation levels. The inhibition experiment of ATP for malic
tography (Sigma), was used to purify the overexpressedenzyme activity was carried out at a series of ATP
enzyme. After purification, the enzyme was buffer-exchanged concentrations from 0 to 6 mM in different concentrations
and concentrated with a buffer containing 30 mM Tris-HCl of NAD* and malate. The whole set of data was analyzed

(pH 7.4) by Amicon Ultra-15 centrifugal filter devices py the following equation describing a competitive inhibition
(Millipore) with a molecular weight cutoff at 30 kDa. The  pattern:

enzyme purity was examined by sodium dodecyl suffate
polyacrylamide gel electrophoresis (SBBAGE), and the
protein concentrations were determined by the Bradford
method 83). in which v is the observed initial velocityVma is the
Site-Directed MutagenesiSite-directed mutagenesis was maximum rate of the reactioiy, is the Michaelis constant
carried out using the QuikChange kit (Stratagene). The for the substrate, and atp is the inhibition constant for ATP.
purified DNA of human m-NAD-ME was used as templates, The inhibition pattern demonstrated in this paper was

v = Vi {1 + K /[SIH(1 + [ATPVK; arp)
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Table 1: Kinetic Parameters for the Wild-Type and Active-Site Mutant Human Mitochondrial Malic Enzymes

Km.malate(mM) Km,NAD (mM) Km,Mg (mM) kcat (571)

wild type (-) 8.394 1.09 0.35+ 0.02 1.40+0.11 115.5+ 3.5
wild type (+) 3.09+ 0.26 0.23+ 0.02 0.52+ 0.04 207.9£ 2.1
R165A (-) 7.90+£0.21 1.67+0.15 1.51+ 0.10 0.041+ 0.001
R165A (+) 7.81+0.20 0.60+ 0.10 0.52+ 0.02 0.043t 0.002
N259A () 7.84+£0.72 0.42+£0.10 0.92+ 0.10 78.13+ 1.82
N259A (+) 3.74+0.18 0.29+ 0.09 0.59+ 0.06 157.14+ 3.2
E314A () 3.65+0.28 0.05+ 0.002 1.15+ 0.05 35.14+ 0.70
E314A (+) 2.19+0.12 0.03+ 0.002 0.56+ 0.03 43.92+ 0.65

a(—) No fumarate added+) With 3 mM fumarate added.

presented as the double reciprocal pKitare values were 120 ' ' ' T ' '
calculated with the EZ-FIT progran34). A
100Q@ 8 o 0 o o ° 1
v o]
RESULTS i o v,

Characterization of the Recombinant Human m-NAD:ME 0 ° v v v
After a two-step purification, the recombinant malic enzymes 60 - ° ]
were purified to almost homogeneous (Figure 2). The amount v ¢ °
of purified protein was 4.9, 16.5, 3, and 6.3 mg from 250 OF o wr v .
mL of cell lysate, and the specific activity of these enzymes > O RI165A
were 48.8, 0.017, 33, 14.8 units/mg for the wild-type, R165A, = 20} ¥ ¥ v A
N259A, and E314A enzymes, respectively. The results ©
indicate that these enzymes were overexpressed at a com- j 000 0'5 1'0 1'5 2'0 2'5 3'0 35
parative level and the little specific activity of R165A was = ' ' ' ' ' ' ' '
due to its enzymatic properties and not the low expression & [ATP] (mM)
of this mutant. T

The kinetic parameters of the recombinant malic enzymes < 120 : . : : . .
have been determined in the absence or presence of fumarate ) l B
(Table 1). Thek.y value of the R165A mutant was much ‘® 100 °o oo ° o o 1
lower than that of the wild-type enzyme to a level of 2800- & 8 T vy
fold, indicating that mutation of this residue severely affected 80 ©e v v v .
the catalytic capability of the enzyme. TKg, nap Value of v e ®
this mutant was increased by about 3-fold compared with 60 v b 1
that of the wild-type enzyme, but no obvious change was
observed orKm maiate@nd K mg. There were no significant OF o wr v 1
differences oKy, values between the wild-type and N259A 3 ﬁéggﬁ
enzymes, but th&. value of N259A was reduced slightly 0F g E314A 1
compared with that of the wild-type enzyme. The E314
enzyme, however, had smallér, andke, values compared Co o5 10 15 20 285 30 35
with that of the wild-type enzyme. Thk., value of this
mutant was about one-third of that for the wild-type enzyme, [ATP] (mM)

indicating that changing this residue may have a considerablerigyre 3: Inhibitory effect of ATP on the human mitochondrial

effect on the catalytic power of the enzyme. Furthermore, malic enzyme. ATP inhibition of the enzyme was assayed in the
the K, values of malate and NADfor this mutant were  absence (A) or presence (B) of 3 mM fumarate. Appropriate amount
reduced by 2- and 7-fold, respectively, implying that this of enzyme was added into the assay mixture containing 10 mM

. . - . malate, 10 mM MgGCl and 0.3 mM NAD in 50 mM Tris-HCI
mutant increased its affinity for NADor malate at the active (o147 4 buffer system in the absence or presence of fumarate. The

site of the enzyme. ATP concentration ranged from 0 to 3 mM.

Fumarate could activate the enzyme activity of human
m-NAD-ME by decreasing thé,, of substrates and by of fumarate. The E314A enzyme could not be fully stimu-
increasing thek, of the enzyme. In the presence of 3 mM lated by fumarate. Thé&., value was only increased 1.3-
fumarate, the enzyme activity could be activated by about fold, while theK, value of malate was decreased by about
2-fold. For the wild-type and N259A enzyme, the kinetic 1.7-fold in the presence of fumarate. Thg values of NAD
parameters were changed to the similar extents in theand Mg were reduced about 1.7- and 2.1-fold by fumarate,

presence of fumarate. Théi, values were raised 1=-8.0- respectively, similar to those of the wild-type and N259A
fold by fumarate, while theiKy, values of malate, NAD, enzymes.
and Mg™ were reduced by 1:53-fold. However, theka Inhibitory Effect of ATP on the Wild-Type and Mutant

value of the R165A enzyme was not influenced by fumarate, Malic EnzymesATP could inhibit the catalytic activity of

indicating that this mutant was impaired by its allosteric human m-NAD-ME, whereas fumarate could lessen the
properties on fumarate activation. TKg, values of NAD inhibition caused by ATP (Figure 3). In the absence of
and Mg for R165A were reduced about 3-fold by fumarate, fumarate, the enzyme activity of the wild-type enzyme was
but little effect on theKm maiatewas observed in the presence gradually inhibited with the increasing concentrations of ATP
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Ficure 5: Competitive inhibition of the human mitochondrial malic
enzyme by ATP with respect to NAD Malic enzyme activity was
measured at different concentrations of NAID various concentra-
tions of ATP. The ATP concentrations used in this experiment,
¥rom bottom to top, are 0, 0.4, 0.8, 1, and 2 mM. (A) Without
fumarate. (B) With 3 mM fumarate.

[Fumarate] (mM)

Ficure 4: Activating effect of fumarate on the inhibited human
mitochondrial malic enzyme. The fumarate activation of the enzyme
was assayed in the absence (A) or presence (B) of 2 mM ATP.
The assay mixture was the same as described in Figure 3 but withou
or with ATP. The fumarate concentration ranged from 0 to 10 mM.

and the inhibition steadily reached a plateau, indicating that proximately 2.2-fold and that for N259A was 2.4-fold. In
ATP was saturated in the ATP-binding site (Figure @), the presence of ATP, the activation of these two enzymes
A similar pattern was observed in the presence of fumarate, reduced slightly about 2-fold (Figure @, for the wild-type
but fumarate could reduce the inhibitory effect of ATP on enzyme anda for N259A). The E314A enzyme, which is
the enzyme (Figure 3B®). The residual activities without  the most sensitive mutant for ATP inhibition (Figures,
and with fumarate at 3 mM ATP were 50 and 65%, could be only activated slightly by fumarate (Figuresd,
respectively. However, for the R165A enzyme without or with ATP, its
The R165A enzyme only slightly inhibited ATP either in  enzyme activity could not be activated by fumarate (Figure
the absence or presence of fumarate (FigureB, The 4, 0); that is, this mutant was insensitive to fumarate.
enzyme activities were almost conserved with increasing Competitie Inhibition of the Human m-NAD-ME by ATP
ATP concentrations, suggesting that this Arg residue may To delineate the inhibitory mechanism of ATP, the malic
be crucial for ATP inhibition. ATP had less inhibitory effect enzymes were assayed in a broad range of substrates at
on the N259A enzyme. The inhibition curves of this mutant different fixed concentrations of ATP ranging from 0 to 4
with increasing ATP concentrations were similar to those mM (Figure 5 for NAD™ and Figure 6 for malate as a
of the wild-type enzyme, and the inhibition also reached a variable substrate). Our data clearly indicate that the malic
plateau with the residual enzyme activities remaining above enzyme was competitively inhibited by ATP with respect to
70 and 80%, respectively, in the absence and presence oNAD™* (Figure 5) or malate (Figure 6). A double-reciprocal
fumarate (Figure 3aA). Interestingly, to our surprise, the plot demonstrated that all lines intercepted at thexis,
E314 enzyme became more susceptible to ATP inhibition. indicating simple competitive inhibition patterns. The inhibi-
The residual enzyme activities of this mutant were 20% tion constant of ATP K;are) With respect to NAD and
without fumarate and 40% with fumarate at 3 mM ATP malate was 1.18 and 1.04 mM, respectively. In the presence
(Figure 3,4). of fumarate, theK; atp value was slightly elevated (Table
Activating Effect of Fumarate on the ATP-Inhibitory Malic  2), indicating that the binding affinity of ATP with the
EnzymesFumarate is an allosteric activator for the human enzyme was reduced by fumarate. Structural studies have
m-NAD-ME. In the absence of ATP, the maximal activation revealed that ATP is bound at the NAD-binding site,
achieved by fumarate for the wild-type enzyme was ap- occupying the adenosine diphosphate-binding region (Figure
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Ficure 6: Competitive inhibition of the human mitochondrial malic
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FIGURE 7: Sequence alignments of malic enzymes. Alignments of
35 malic enzymes with amino acid sequences around the MAD
ATP-binding region in the active site are shown as sequence logos.
Amino acid sequences of malic enzymes were searched by Blast
(36), and alignments were generated by Clustald&).(The results

are represented by sequence logos with error I38)s The amino

enzyme by ATP with respect to malate. Malic enzyme activity was acid residues highlighted with stars are residues in the NADP-
measured at different concentrations of malate in various concentra-binding region that are mutated in this paper.

tions of ATP. The ATP concentrations used in this experiment
from buttom to top, are 0, 0.4, 0.8, 1, and 2 mM. (A) Without
fumarate. (B) With 3 mM fumarate.

Table 2: K; Value for the Wild-Type and Active-Site Mutant
Human Mitochondrial Malic Enzymés

wild type R165A N259A E314A

Kiatp (MM)

(to NAD™)

— fumarate 1.18:0.02 5.01+0.96 3.64+0.02 0.51+0.01

+ fumarate 1.92- 0.04 8.52+1.02 12.34:-0.28 0.75+0.04
Kiate (MM)

(to malate)

— fumarate 1.04:0.01 2.25+0.23 1.47+£0.01 0.50+ 0.002

+ fumarate 1.4A0.01 2.17+0.09 1.11+0.003 0.55+ 0.003

a[Fumarate]= 3 mM.

1C). The inhibition thus resulted from the competition of
ATP with the nucleotide-binding site in the catalytic center.
Furthermore, our data indicate that tierp value is raised

' the wild-type enzyme and was not affected by fumarate. In
contrast to the R165A mutant, the E314A enzyme had
smallerKi arp to NAD* (0.51 mM) andK; atp to malate (0.50
mM) than those of the wild-type enzyme, and both ofkhe
values were not raised by fumarate.

In summary, the R165A enzyme, with very low enzyme
activity, was only slightly inhibited by ATP and was not
activated by fumarate. The valuesk nap as well asK atp
to NAD' and malate were raised. ATP has little impact on
the catalytic activity of the N259A enzyme. Conversely, this
mutant was fully activated by fumarate, similar to the wild-
type enzyme. Th&, values of substrates for this mutant
did not change. Th&; arp to NAD* but notK; atp to malate
was elevated. The E314A enzyme, however, became more
sensitive to ATP. Its enzyme activity was significantly
inhibited by ATP but was not obviously activated by
fumarate. The values &y maiate Kmnap, andKiarp of this
mutant were reduced to about-2-folds compared with

by fumarate, supporting the fact that fumarate could serve th0se of the wild-type enzyme.

as the rescuer, lessening the inhibitory effect of ATP on the

enzyme in cells.

TheK; values of these mutants to NACand malate were
shown in Table 2. The R165A mutant had larifetre values
with respect to NAD (5.01 mM) and malate (2.25 mM)

DISCUSSION

Human m-NAD-ME is regulated by ATP as an inhibitor
and by fumarate as an activator. The enzyme is believed to
participate in the metabolism of glutamine for energy

than those of the wild-type enzyme. In the presence of production in fast-growing tissues and tumors. This regula-

fumarate K ate to NAD" was increased (8.52 mM) bl arp

tory machinery operated through ATP and fumarate may be

to malate was not affected. Similar to R165A, the N259A crucial for the functional role of this enzyme, because ATP

mutant had a largdf; atp value to NAD (3.64 mM), and it

is the end product of energy metabolism and fumarate is the

was raised to 12.34 mM in the presence of fumarate. On theproduct of the previous step of the pathway in glutamine

other hand, thé&;arp value to malate was close to that of

metabolism 21).
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Ficure 8: LIGPLOT of the NAD- and ATP-binding residues of the human mitochondrial malic enzymes. The ligand interactions are
shown as the LIGPLOT diagran39). The bold bonds are the designated amino acid residues, the thin bonds are the hydrogen-bonded
residues and NAD or ATP, and the dashed lines represent the hydrogen bonds. Spoked arcs represent hydrophobic contacts.

Structural, mutagenesis, and kinetic studies have suggestethis paper, we explore the functional residues at the active
that ATP is an active-site inhibitor of the enzyme, despite center essential for ATP inhibition. According to the crystal
the other ATP binding in the exo sit@9, 32). The exo-site structure of the enzyme with ATR29), we chose Argl65,
ATP, which is unique to human m-NAD-ME, may be related Asn259, and Glu314, which are hydrogen-bonded or ion-
to the quaternary structural integrity of this enzyr@)( In paired with NAD' or ATP. They are moderately conserved
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in malic enzymes, but they all exist in human isoform fumarate to an extent to that of the wild-type enzyme. Thus,
enzymes (Figure 7), implying that they may play crucial roles our kinetic studies suggest that the hydrogen-bonding
in the active site of the enzyme. network between Asn259 and ATP is considerably significant
Argl65 Is Essential for Catalysitn the active site of the ~ for ATP inhibition. Asn259 has a critical role on ATP
enzyme, the binding modes of ATP are similar to those binding, but this residue is not essential for the binding of
observed in the NAD complex @9, 30). Residues forming ~ NAD™. Removal of this side chain does not cause the enzyme
the ATP-binding site generally have the same conformationsto malfunction on fumarate activation.
as those in the NAD complex (parts B and C of Figure 1), Electrostatic Interaction Is Important for Substrate Binding
and there are only small conformational changes for the and Catalysis of Malic Enzym&he main chain-NH group
amino acid residues in the active site. In the active site, of Glu314 is hydrogen-bonded with NADor ATP. The
Argl65 is ligated to malate/pyruvate and NAMBATP (29, carboxyl side chain of Glu314 does not interact directly with
30). The guanidinium side chain of this residue interacts with substrates or inhibitors (Figure 8C). Mutation of this residue
the C1 carboxylate group of malate/pyruvate and the to alanine supposedly could not cause any significant change
phosphates of NADYATP (Figure 8A). Thus, abolishment in the kinetic properties of the enzyme. Nevertheless,
of the side chain of R165 may have an effect on the binding abolishing the negative charge of Glu314 causes the enzyme
of malate, NAD", and ATP with the enzyme. Our data to have an unexpected impact on ATP inhibition. The E314A
demonstrate that a much lowkek value of R165A than that  mutant was strongly inhibited by ATP (Figure 3). Further-
of the wild-type enzyme as well as an elevakqgdrr value more, theK, and K; values of E314A were reduced,
of about 4-fold was observed. Furthermore, the R165A indicating that the binding affinity of substrates and inhibitors
mutant was only slightly inhibited by ATP and was not with the mutant enzyme was increased (Tables 1 and 2). The
allosterically regulated by fumarate. From the structural and catalytic constant of the E314A mutant is about one-third
kinetic data, we suggest that Arg165 is essentially important compared with that of the wild-type enzyme. The enzyme
for catalysis. Arg165 has a critical role in keeping the active- activity of this mutant is slightly stimulated by fumarate,
site structural integrity. Eliminating this side chain causes but the K, values were reduced and th& values were
the enzyme to bind weakly with NAD malate, and ATP,  elevated after the enzyme binds with fumarate, indicating
and losing the positive-charged side chain results in chargethat fumarate still functions on the enzyme. Thus, from the
imbalance in the active site. These effects cause the enzyméinetic results and structural information, it could be
to malfunction extensively on its catalytic power. concluded that the negative charge of Glu314 corresponds
The enzyme structure with ATP reveals that the side chain to the electrostatic balance that is important in the active
of Argl65 has become more disordered, and the conforma-site of the enzyme for binding with substrates and inhibitors,
tions of this residue in the four independent monomers are as well as catalysis. In the active site of the E314A enzyme,
different from each other2Q). It might reasonably explain  the repulsive effect between the carboxyl side chain of
the competitive inhibition observed for ATP with respectto Glu314 and malate, NAD or ATP, all negative-charge rich
malate because ATP and malate are not structurally analo-compounds, has disappeared. Thus, it is reasonable to observe
gous to each other. Their binding sites in the active center, the smalleiK,, andK; values of this mutant.
however, are not distinctively separated because both malate |n this paper, we provide direct kinetic evidence indicating
and ATP are ligated with Arg165. After ATP binding to the  that ATP functions as an active-site inhibitor, rather than an
active site of the enzyme, the side chain of Arg165 becomesallosteric inhibitor. We also demonstrate that the electrostatic
more flexible, and this conformation may be unfavorable for networks in the active site have a significant impact on the
malate binding. Thus, the competitive inhibition of ATP with  pinding of the enzyme with malate, NADand ATP to give
respect to malate is obtained. Nevertheless, a similar inhibi- 3 catalytically competent form. The three residues, Arg165,
tion pattern for the R165A mutant is also observed. The loss Asn259, and Glu314, however, are also conserved in some
of a positive charge of Argl65 causes the electrostatic other malic enzymes that are not inhibited by ATP (Figure
imbalance between malate and ATP (Figure 8A). The 7) (24), suggesting that additional factors govern the binding
additionaly phosphate of ATP may have a sterically charge- affinity of ATP in the active site, which might be related to
repulsive effect that interferes with the binding of malate. the specific amino acid residues that determine the dual
Asn259 Plays an Important Role on ATP Inhibition of cofactor specificity of the mitochondrial NAD(P)malic
Malic Enzyme Asn259 is a binding ligand for NAD or enzyme.
ATP. The amide side chain of this residue is hydrogen-
bonded with NAD or ATP, and the binding networks ~REFERENCES
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