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ABSTRACT. Human mitochondrial malic enzyme is a regulatory enzyme with ATP as an inhibitor. Structural
studies reveal that the enzyme has two ATP-binding sites, one at the"M#iding site in the active
center and the other at the exo site in the tetramer interface. Inhibition of the enzyme activity is due to
the competition between ATP and NACfor the nucleotide-binding site at the active center with an
inhibition constant of 8kM. Binding of the ATP molecule at the exo site, on the other hand, is important
for the maintenance of the quaternary structural integrity. The enzyme exists in solution at neutral pH and
at equilibrium of the dimer and tetramer with a dissociation constimg)(of 0.67 uM. ATP, at a
physiological concentration, shifts the equilibrium toward tetramer and decreasésthg many orders

of magnitude. Mutation of a single residue Arg542 at the tetrameric interfacial exo site resulted in dimeric
mutants. ATP thus has dual functional roles in the mitochondrial malic enzyme.

Malic enzymes constitute a new class of oxidative decar- One of the novel aspects of the present paper is that we
boxylases with highly conserved amino acid sequences andprovide experimental evidence supporting the involvement
similar overall structural topology among different species of the exo site ATP in the subunit association of human
(1—3; see refd for a review). In mammals, the mitochondrial mitochondrial malic enzyme. Moreover, the inhibition of
NAD(P)*-dependent malic enzyme is involved in the energy human malic enzyme by ATP is due to the competing of
metabolism of neurons and fast-growing tissues<). The ATP with NAD* at the nucleotide-binding site of the active
enzyme could thus be an ideal target for the rational drug center.
design with a potential application in anticancer chemo-
therapy. EXPERIMENTAL PROCEDURES

The enzyme has a complex regulatory control system for  Enzyme Mutagenesis and Purificatiofihe full-length
the catalytic activity. ATP inhibitsg) while fumarate acti- human mitochondrial malic enzyme cDNA was cloned in
vates the enzymatic activit(9). The recent resolved crystal the pET21b vector as previously described for the pigeon
structures indicated that ATP and fumarate occupied the liver malic enzyme 14). This construct yielded the malic
tetramer and dimer interfaces, respectively (FigurelD).(  enzyme protein without any extra tagged amino acid residues
These results seem to provide a structural basis for theat the N terminus. Site-directed mutagenesis was carried out
allosteric nature of ATP and fumarate in modulating the en- according to the procedures of Kunkel et a5\ Malic en-
zyme activity ¢, 10). This is true for the fumarate activation.  zyme mutants were produced using the Mutagene Phagemid
However, a second ATP was also found at the NAdite Mutagenesis kit (BioRad). The primers used were 5
of the active center10) and a NAD was previously CGGCCTGATGCATGCCTGCCA-3for R197A, 3-CGG-
identified at the exo site in the open form of the enzyme CCTGATGAATGCCTGCCA-3 for R197E, 5-ATGGCT-

(1). These structural features are unique for the human malicTTCGCATACCCAGA-3 for R542A, and 5ATGGCTTTC-
enzyme. The functional roles of the respective ATP in these GAATACCCAGA-3 for R542E, in which the mutation
two nucleotide-binding sites need to be clarified. positions were underlined in bold face. Plasmid constructs

The double-dimer quaternary structure of pigeon cytosolic were sequenced to confirm the presence of the mutations.
malic enzyme has many biochemical supporting evidencesThe entire cDNA was also sequenced to exclude any
(11-13). However, little support has been found for the unexpected mutations resulting from in vitro DNA poly-
oligomerization state of the human malic enzyme in solution. merase extension. The absence of adventitious base changes
was verified in all recombinant malic enzymes.
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$ National Chung-Hsing University. the omission of the gel-filtration step. The purified proteins
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Ficure 1: Crystal structure of the human mitochondrial malic enzyme. The enzyme in complex with ATP, tartronatefudarate (pdb

code 1GZ4) was shown in ribbon (A) and surface (B) drawings. The active- and exo-site regions were highlight with red boxes, which were
enlarged in C and D, respectively. The color code for atoms in A and B is CPK for ATP, green for tartronate, and magenta for Mn

the active site, yellow for fumarate in the dimer interface, red for ATP, green for Arg542, and blue for Arg197 in the exo site. (C) Stereoview
of the superimposition of 1GZ4 (violet) with the closed-form human malic enzyme (white) (pdb code 1DO8) at the active-site region. The
superimposition of ATP (CPK) and NAD(blue) is obvious. (D) Stereoview of the exo site at the tetramer interface. The worm color code

is violet for subunit A and white for subunit D. A was generated with Molscrd®) @nd Raster3D31).

HCI (pH 7.4), 10 mM MnC}, and 200 mM KCI. All purified when corrected for Mit—fumarate chelation), and an

enzymes were subjected to sodium dodecyl sulfptdy- appropriate amount of malic enzyme. The absorbance of the
acrylamide gel electrophoresis (SBDBAGE) and analytical ~ solution at 340 nm was monitored continuously with Perkin
ultracentrifugation analyses to examine the purity. Elmer Lambda-40 spectrophotometer at 0. Apparent

Enzyme Assaylhe reactant concentrations were corrected Michaelis constants for the substrate and cofactors were
for the chelation with Mt assuming a dissociation constant determined by varying the concentration of one substrate (or
of 20 mM for the Mrf*—L-malate (7), 12.9 mM for the cofactors) around itX,, value, while maintaining other
Mn?*—NAD™ (18), and 100 mM for the M# —fumarate components at constant concentrations as stated above. These
complexes 19). concentrations were at saturating levels even after correcting

Malic enzyme activity was assayed according to the pub- for the metal chelations.
lished procedure20). A 1-mL assay mixture contains the The inhibition experiment of malic enzyme activity by
following components: 30 mM Tris-HCI (pH 7.4), 15 mM ATP was performed at various ATP concentrations in
L-malate (pH 7.4) (14.3 mM when corrected for Ma-L- different concentrations of the variable substra®)([The
malate chelation), 1 mM NAD (0.94 mM when corrected  free ATP concentration was calculated assuming a value of
for Mn?*—=NAD™ chelation), 2 mM MnC] (1.95 mM when 0.01 mM for the dissociation constant of the MrATP
corrected for MAt—L-malate, MA*—NAD™, and Mr¢*— complex @1). In the presence of ATP, the chelations by the
fumarate chelations), 2 mM fumarate (pH 7.4)2.0 mM substrate or cofactors are negligible. The whole set of data
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Table 1: Kinetic Parameters for the Wild-Type and Exo-Site Mutant Human Mitochondrial Malic Enzymes

Kin Mn(app) (M) Kim,mal(app) (MM) K naD(app) (4M) Keat (57Y) Kiatp(ree) (uM) (to NAD™) Ki atp(ree) (uM) (to malate)
wild type 6.4+ 0.6 1.4+ 0.09 130+ 8 26+ 0.6 81+ 8 4744+ 31
R197A 4.6+ 0.2 1.2+ 0.04 130+ 5 494+ 0.7 121+ 20 393+ 53
R197E 42+ 3 2.2+ 0.07 179+ 5 52+ 2.9 249+ 21 2524+ 30
R542A 57+ 2 1.7+ 0.01 243+ 14 52+ 2.1 106+ 7 294+ 17
R542E 105+ 4 1.1+ 0.04 2044+ 18 11+ 0.2 147+ 16 382+ 29

were analyzed by the following equation, which describesa To determine the equilibrium constant between the oli-

competitive-inhibition pattern,
Koad Eol[S]
[ATP];
8+ Kl L+
i,ATP(free

in which v is the observed reaction ratey is the turnover
number of the enzymek] is the total enzyme concentration,
Km is the Michaelis constant for the substrate, &nghp(iree)
is the inhibition constant for free ATP. The inhibition pattern
was presented as the double reciprocal plot.

The kinetic parameters were obtained by fitting the

1+

gomers, the sedimentation velocity data were global fitted
with SEDFIT. A monomet-dimer—tetramer equilibrium
system gives a better fitting result than the tetrantimer
system. However, the monomer amount was small, and thus
only the dissociation constant for the tetramdimer equi-
librium was reported in this paper.

RESULTS

Characterization of the Recombinant Human Malic En-
zymesAll recombinant malic enzymes were successfully
expressed and purified to homogeneity (data not shown).
ATP-agarose affinity chromatography is an effective puri-

experimental data to appropriate kinetic models. The calcula-fication step. This also applies to the point mutants at Arg197

tion was carried out with Sigma Plot 5.0 (Jandel, San Rafael,

CA).
Characterization of Recombinant Human Malic Enzyme
by Circular Dichroism (CD).The CD} measurements were

or Arg542.

The kinetic parameters of the recombinant human malic
enzymes were shown in Table 1. All those values were
determined in the presence of 2 mM fumarate, which

made with a Jasco J-810 spectropolarimeter using a 0.1-cMyecrease the&m incappy Kimnap(appy a0 Ko waiapp values by

path length cell under a constant flush. Three repetitive

9.2-, 1.2-, and 1.3-fold, respectively. Thg:was increased

scans between 250 and 200 nm were averaged. Paralleby 13% with fumarate.

spectra of a buffer solution without protein were also
recorded and subtracted from the sample spectra. Mea
residue ellipticity (b) was calculated by the following
equation:

_ [(I)]ZZZMMRW
10dc

in which the weight of the mean amino acid residMgrw,

is 111.42.d is the cell path in centimeters, amdis the

enzyme concentration in milligrams per milliliter.
Sedimentation Velocity AnalysiSedimentation velocity

experiments were performed with a Beckman XL-A ultra-

centrifuge in an An60Ti or An50Ti rotor at 2 and 40 000

P

The purified enzymes show almost identical CD spectra

from 200 to 250 nm (not shown). When excited with 280

nm of UV light, the fluorescence emission spectra of all
recombinant malic enzymes are identical (not shown). The
secondary and tertiary structures of the recombinant enzyme
are essentially the same for all mutants. The quaternary
structure of various mutants, as anticipated, was quite
different from that of the wild type (see below).

Inhibition of Human Malic Enzyme by ATHuman malic
enzyme is strongly inhibited by ATP. Because the structural
studies do not indicate a second metal site in the presence
of ATP, free ATP was assumed to be the inhibiting species.
The ATP concentration was thus corrected for the*Mn

rpm. Enzyme samples were diluted to concentrations betweenATP complex. A double-reciprocal plot of the inhibition

0.125 and 1.0 mg/mL and loaded into 2-sector cells with

pattern gives an intercepting pattern with all lines intercepted

aluminum or epon centerpieces, and absorbance data at 28@t they axis (Figure 2), yieldind<i atp(ree) values of 814 8

nm were collected in continuous mode every 5 min for a
period of 2.5 h. Data were analyzed with SEDFIT using the
c(S) or ¢(M) Lamm equation modeR?—24). Collections

and 474+ 31 uM with respect to NAD and malate,
respectively, indicating a simple competitive-inhibition pat-
tern in both cases. Structural studies indicate that ATP is

of 10-30 radial scans were used for analysis, and 200 bound at the NAD-binding site, occupying the adenosine
sedimentation coefficients between 1.8 and 20 S were diphosphate binding region (Figure 1C). The inhibition is

employed in calculating the c¢(S) or c(M) distribution. The

thus due to the competition of ATP with the catalytic

position of the meniscus and cell bottom were determined nucleotide-binding site.

by visual inspection and then refined in the final fit. The
partial specific volume for the wild-type and mutant enzymes

The crystal structure of the enzyme indicates that, besides
an ATP molecule found at the active site, another ATP was

was calculated to be 0.7403 mL/g as determined from the bound at the exo site, located at the tetramer interface (Figure
wild-type sequence. The solvent density and viscosity were 1D). The physiological implication of an ATP molecule at

corrected with the ULTRASCAN version 5.2%). All
samples were visually checked for clarity after ultracentrifu-
gation.

1 Abbreviation: CD, circular dichroism.

the exo site is not clear. Because it is located at the tetramer
interface, we checked the effect of ATP binding at this site
on the quaternary structure of the enzyme.

Quaternary Structure of the Human Mitochondrial Malic
Enzyme.The aggregation states of the purified wild-type



Human Mitochondrial Malic Enzyme Biochemistry, Vol. 43, No. 23, 2004385

8.04 1 A 9
[
]
6.43 | =
[]
[2]
Q
4.82 <
3.22 2
>
k=l
1.61 3
i
= 6.5 7
S ‘ ‘ ; Radius (cm)
E O 0.005 0.01 0.015 c
3. ks) c
=~ - - 5 0.12
h= [NAD'] ™ (uM™) 3
g % 0.08
-~ a
- a 0.04
> 643 B o 000 ; , ;
0 5 10 15 20
4.82 Sedimentation Coefficient (S)
' 5 5e-6
S 4e6{ D
3.22 2 s
7
(=] 2e-6 1
1.61 S tes]
o o . : . ;
0 200 400 600 800 1000
0 0.001 0.002  0.003  0.004 Molar Mass (kDa)
[L-Malate]" (M) FicurRe 3: Sedimentation velocity analysis of the recombinant

human mitochondrial malic enzyme. (A) Optical traces of the wild-
Ficure 2. Competitive inhibition of the human mitochondrial malic  type enzyme during ultracentrifugation. These traces were fitted
enzyme by ATP with respect to NADandL-malate. Malic enzyme  to the Lamm equation by SEDFIT, and B shows the fitting residuals.
activity was measured at different concentrations of NAB) or The fitting residuals were randomly distributed. The distribution
L-malate (B) at various concentrations of free ATP (from top to of the tetramer and dimer of the enzyme at a protein concentration
bottom, the chelation-corrected free ATP concentrations were of 0.3 mg/mL was analyzed by sedimentation velocity. (C)
654, 260, 117, 44, and M in A and 864, 447, 260, 117, and 0  Continuous sedimentation coefficient distribution. (D) Continuous
uM in B). molar mass distribution.

malic enzyme were evaluated in sedimentation velocity Global fitting of the sedimentation data with SEDFIT
experiments (Figure 3). Analysis of the sedimentation data obtained a dissociation constadf) of 0.67 uM for the
with SEDFIT 22—24) resulted in high-quality-data fits with  tetramer-dimer equilibrium system.
randomly distributed residuals and root-mean-square devia- Effect of ATP on the DimerTetramer Equilibrium of
tions below 0.1% (Figure 3B). The calculated sedimentation Human Malic EnzymeMalic enzyme had a double-dimer
coefficient distributions revealed well-resolved peaks cor- quaternary structure with the dimer interface more intimately
responding to the different aggregation states of the enzymeinteracting than the tetramer interfact).(Because an ATP
(Figure 3C). The wild-type enzyme exists primarily as a molecule is bound at the exo site of the tetramer interface,
tetramer and a dimer in solution. The major peak at 9.4 S we then checked the effect of ATP on the quaternary
agrees well with previous hydrodynamic measurements for structure of the enzyme. Figure 5 showed that ATP induced
the pigeon enzymel@, 13). A second peak appears at 6.5S tetramer formation. The dissociation constant for the tet-
and corresponds to the dimer form (parts C and D of Fig- ramerdimer equilibrium decreased to 3.%210 76 or 1.51
ure 3). According to the integrated distribution area, the x 1072 yM in the presence of 0.5 or 1.5 mM ATP,
dimer and tetramer accounted for 83 and 15% of the spe-respectively. This establishes the functional role of the ATP
cies present, respectively, at a protein concentration of 0.3gt the exo site.
mg/mL. The remaining area in this and other distributions  \We have also tested the effect of NABn the quaternary
are likely contributions from monomers or from an error in - structure of the human malic enzyme. The effect of a small
the data fit. Different enzyme preparations do give slightly concentration of NAD is not obvious. At large NAD
different proportions between the different aggregation forms. concentrations, however, the high UV absorption background
However, the effects of various factors that influence the precludes a reliable determination from the analytical ultra-
distribution were always reproducible and more significant centrifuge based on UV absorption. NADnay compete
(see below). with ATP for the exo site albeit with lower affinity than ATP.
The distribution between the tetramer and dimer varies Under the conditions that allow formation of crystals, the
depending on the protein concentration. A higher protein local NAD" concentration may be very high and forces the
concentration favors tetramer formation but decreases theNAD™ to bind to the exo site.
dimer amount (Figure 4). The close correlation between the Because adding ATP into the enzyme solution also
two peaks with protein concentration indicates that an introduces ionic strength of the system, we checked the effect
equilibrium dimer-tetramer system exists in solution. of NaCl on the quaternary structure of human malic enzyme.
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£ ' °
The data shown in Figure 6 indicated that at very high NaCl 8 04| C 400 mM NaCl
concentrations, the dimetetramer distribution seemed to D o3
be disturbed. However, the major effect was on the enzyme 4 o2
conformation. The enzyme became looser as indicated by g 0.1
the smaller sedimentation coefficient. < 0 z : s "
. . — :
To confirm the role of exo ATP, several putative ATP- g : :
bind_ing ligands at the exo site were m_utated and the mutant O ,[p 500 mM NaCl
malic enzymes were expressed, purified, and analyzed with 0.3
analytical ultracentrifugation to examine the effect of muta- 0.2
tion at interfacial residues on the subunit association. 04
Argl97 and Arg542 Mutations Disrupt the Tetramer 0 - 1'0 "

Interface.To design mutants that perturb the stability of the

tetramer of malic enzyme, the tetramer m;erfaces in t_he Sedimentation Coefficient (S)
crystal structure were examined for residues in close proxim- _

ity with atoms from an ATP molecule. Two arginyl residues, F'GURES: Effect of NaCl on the quaternary structure of the human
Ara197 and Ara542. which have charae or hvdroaen-bondin malic enzyme. The distribution of the tetramer and dimer of the
Arg ) 9 ’ g yarog 9 wild-type enzyme (1.0 mg/mL) at various NaCl concentrations was
interactions with thex phosphate or the'hydroxy group analyzed by the sedimentation velocity.

of ATP were selected as the targets. Four point-mutant malic

enzyme constructs were produced. All of these mutants were Mutation at Arg197 or Arg542 did not have a noticeable

purified to homogeneity and evaluated by analytical ultra- affect on the kinetic parameters of the mutants (Table 1).
centrifugation. All mutants had similakg, with the wild type, except R542E,
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0 ; - — tation velocity. (A) R197A, (B) R197E, (C) R542A, and (D) R542E.
Sedimentation Coefficient (S) which reveals two NAD-binding sites. Besides the one at

FiIGURe 7: Continuous sedimentation coefficient distribution of the the active site as anticipated, there is another NAilecule

wild type and various mutants. Sedimentation velocity analyses of bound at the tetramer interfach.(When the crystal structure
the wild-type and various mutant malic enzymes: (A) wild type, of the enzyme-ATP—Mn?"—tartronate-fumarate complex

(B) R197A, (C) R197E, (D) R542A, and (E) R542E. All enzyme  \yas solved 10), it also revealed two ATP-binding sites, at
preparations used have a concentration of 0.3 mg/mL. exactly the same positions as NADvas located, superim-
posed onto the adenosine diphosphate moiety of NAD
(Figure 1C). It becomes clear that ATP and NARre
competing for the same active and exo sites, which explains
the competitive-inhibition nature of ATP with respect to
NAD™ (Figure 2A).

The competitive-inhibition pattern observed for ATP with
respect to.-malate is not conceivable or straightforward.
ATP is not structurally related to-malate, and their binding
sites in the active center are not overlapping. Monod et al.
(26) had predicted a similar kinetic situation for an allosteric
inhibitor if either the inhibitor or the substrate induces a
conformational change that prevents the binding of the other.

which is only one-third as active compared with the wild
type. ATP competitively inhibited all mutants, either to
NADT or to malate (Table 1), in the presence of fumarate
or in the absence of fumarate (not shown). Thus, the active-
site region is not affected by the mutation at the exo site.
The effect of mutation on the quaternary structure was then
examined by analytical ultracentrifugation.

Mutation of Arg197 to alanine did not affect the tetramer
dimer distribution (Figure 7B), while mutation of the same
residue to glutamate resulted in complete dissociation of the
tetramer to the dimer (Figure 7C). Mutation of Arg542,

whether to alanine or glutamate, resulted in exclusive d'merAnangous to this, if ATP ot-malate induces a conforma-

formation (parts D and E of Figure 7). tional change, which prevents the binding of the other, a
The effe:?t of ATP on the k(]quater.nary structure Qlf the result like that shown in Figure 2 will be obtaine2i( 27).

mutant malic enzymes was shown in Figure 8. Similar t0 g4 hyman malic enzyme, structural studies indicate that the

the wild-type malic enzyme, ATP induced tetramer formation enzyme-NAD"* binary complex assumes an open-form

in all mutant enzymes. The most affected mutant is R542A, g cqyre , 4) and the enzyme transforms to a closed-form

in which almost all enzyme molecules existed as tetramers i, ~ture in the presence of the substratealate &, 10). It

in the presence of 1.5 mM ATP. seems that ATP binding to the active site of the closed form

DISCUSSION is hindered because of thg_clo§ur¢ pf the active site, and thus
we observed the competitive-inhibition pattern.

In the initial stage of the present research, the crystal A triple mutant R(197/542/556)A with abolished ATP
structure of the enzyme in complex with ATP has not been binding at the exo site cannot be adsorbed to the ATP-affinity
solved. The selected mutation points were determined by thecolumn (L0). Attempts to purify the R(197/542/556)A triple
crystal structure of the NAD-enzyme binary complex, mutant by other purification methods was not successful. It
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Ficure 9: LIGPLOT and sequence logos of the exo site of the human malic enzyme. (A) LIGPLOT dia@2amte bold bonds belong
to the ATP, the thin bonds belong to the hydrogen-bonded residues from the enzyme, and the dashed lines represent the hydrogen bonds

Spoked arcs represent hydrophobic contacts. (B and C) Sequence logos around the exo site of the 37 malic enzymes with amino acid
sequences available. Amino acid sequences of malic enzymes were searched for alignment by the33hreButtije results are expressed

by sequence logos with error bars shoBd)( The mutation points are highlighted with red stars. In B and C, the color codes for the amino
acids are blue for basic residues (Lys, Arg, and His), red for acidic residues (Asp and Glu), violet for amide residues (Asn and GIn), green

for other neutral/polar residues, and orange for hydrophobic residues.

is not possible to test the quaternary structure of this mutantmutant and other exo site mutani) (Table 1). It is clear
enzyme. However, ATP still competitively inhibited this that the ATP-affinity column is determined by the ATP-
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binding affinity to the exo site and not to the active site
predicted by Moreadith and Lehning&§]. It also indicates
that the inhibition of human malic enzyme by ATP is not
due to allosteric inhibition but competition of ATP with the
NAD* at the active site. The regulation of the human
mitochondrial malic enzyme by feedback inhibition of ATP
is consistent with the physiological role of the enzyme in
the metabolism of glutamine for energy productidn-8).
Novel findings of the present investigation included that
mutations at the exo ATP site of the human malic enzyme
affect the tetramer interface and produce dimers, which
presumably have an intact dimer interface. Excess ATP,

Biochemistry, Vol. 43, No. 23, 2004389

Structural studies do not reveal an exo site for the pigeon
cytosolic @) or Ascaris suunmitochondrial malic enzyme
(3). The functional role of the ATP at the exo site seems
exclusively for the human mitochondrial malic enzyme.
From the above discussion, we reach two conclusions.
First, the inhibition of human mitochondrial malic enzyme
by ATP is due to the competition of ATP with the NAat
the nucleotide-binding site of the active center. ATP is not
an allosteric regulator of the enzyme. Second, the ATP
molecule bound at the exo site is essential for the quaternary
structural integrity of the enzyme. The ATP molecule bound
at this site does not affect the enzyme activity. These two

however, can restore the tetrameric structure in wild-type ATP sites do not have clear-cut affinity differences for the
and mutant enzymes (Figures 5 and 8). This is understandabléigand. However, because half of the inhibition was held at

because ATP bound at the exo site involves multiple points.
Mutation at a single point will not abolish the binding energy.
It is clear that the ATP at the exo site is essential for the
quaternary structural integrity of the human malic enzyme.
This establishes the important functional role of the exo site
of the human enzyme. However, in the presence of ATP,
significant amounts of species with sm&@Walues were also
detected. Because the enzyme preparation was homogeneou
this small peak was assumed to be the monomer. Global
fitting of the sedimentation data also indicated a better result
with the tetramerdimer—monomer system rather than the
tetramer-dimer system in these cases (Figures 5 and 8).
Analysis of the crystal structures reveals that there are
substantial differences between the human mitochondrial and
pigeon cytosolic malic enzymes at the subunit interfadgs (
Figure 9A shows the LIGPLOT of the ATP-binding mode
at the exo site of the human enzyme. The major interactions
between Arg197 and Arg542 and ATP are hydrogen bonds.
Although there are many amino acids (His154, Argl94,
Arg197, Arg542, and Arg556) involved in the ATP binding,
mutation at a single point, Arg542, is enough to produce
exclusively dimeric mutants. The two hydrogen bonds
between thex-phosphate moiety of ATP and the guanidino
group of Arg542 must play a major role in ATP binding to
the exo site. The R197A mutant has an almost identical
dimer—tetramer distribution compared to the wild type,
indicating that the hydrogen bond between Arg197 and the
ribosyl Z-hydroxy group of ATP plays a less-important role
in the aggregation state of the enzyme. We have also

prepared some Arg556 mutants. These mutants also have

similar kinetic parameters as the wild type (data not shown).
However, these mutants bind to the ATP-affinity column
poorly; further, gel-filtration step is necessary for their
purification. These mutants are less-satisfactory in the final
purity. Although Arg556 may also play an important role in
the ATP binding at the exo site, no further attempt was made
to characterize their involvement in the quaternary structure.
The aligned sequence logos of the exo site around Arg197
and Arg542 clearly indicate that this region is not conserved
among malic enzymes from various sources (Figure 9B).
From this figure it is clear that, besides the putative hydrogen
bonds, the subunit association at the tetramer interface
involves hydrophobic interactions as the major force (orange-
colored residues in parts B and C of Figure 9). The pigeon
malic enzyme exists exclusively as a tetramer in neutral
solution (L1, 12, 29). Under identical conditions, the human
enzyme exists as a mixture of the dimer and tetramer (Figure
3). ATP does not inhibit the pigeon cytosolic malic enzyme.

81uM ATP, while the effect of ATP on the dimer association
occurred at larger ATP concentrations, the active site seems
to have slightly higher affinity with ATP than the exo site.
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