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Malic enzyme has a dimer of dimers quaternary structure in
which the dimer interface associates more tightly than the tet-
ramer interface. In addition, the enzyme has distinct active sites
within each subunit. The mitochondrial NAD(P)*-dependent
malic enzyme (m-NAD(P)-ME) isoform behaves cooperatively
and allosterically and exhibits a quaternary structure in dimer-
tetramer equilibrium. The cytosolic NADP*-dependent malic
enzyme (c-NADP-ME) isoform is noncooperative and nonallo-
steric and exists as a stable tetramer. In this study, we analyze the
essential factors governing the quaternary structure stability
for human c¢c-NADP-ME and m-NAD(P)-ME. Site-directed
mutagenesis at the dimer and tetramer interfaces was employed
to generate a series of dimers of c-NADP-ME and m-NAD(P)-
ME. Size distribution analysis demonstrated that human
c-NADP-ME exists mainly as a tetramer, whereas human
m-NAD(P)-ME exists as a mixture of dimers and tetramers.
Kinetic data indicated that the enzyme activity of c-NADP-ME
is not affected by disruption of the interface. There are no sig-
nificant differences in the kinetic properties between AB and
AD dimers, and the dimeric form of c-NADP-ME is as active
as tetramers. In contrast, disrupting the interface of
m-NAD(P)-ME causes the enzyme to be less active than wild
type and to become less cooperative for malate binding; the k_,,
values of mutants decreased with increasing K, ,, values, indi-
cating that the dissociation of subunits at the dimer or tetramer
interfaces significantly affects the enzyme activity. The above
results suggest that the tetramer is required for a fully functional
m-NAD(P)-ME. Taken together, the analytical ultracentrifuga-
tion data and the kinetic analysis of these interface mutants
demonstrate the differential role of tetramer organization for
the c-NADP-ME and m-NAD(P)-ME isoforms. The regulatory
mechanism of m-NAD(P)-ME is closely related to the tetramer
formation of this isoform.

Malic enzymes catalyze a reversible oxidative decarboxyla-
tion of L-malate to yield pyruvate and CO, with reduction of
NAD(P)* to NAD(P)H. This reaction requires a divalent metal
ion (Mg®" or Mn*") for catalysis (1-3). Malic enzymes are
found in a broad spectrum of living organisms that share con-
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served amino acid sequences and structural topology; such
shared characteristics reveal a crucial role for the biological
functions of these enzymes (4, 5). In mammals, malic enzymes
have been divided into three isoforms according to their cofac-
tor specificity and subcellular localization as follows: cytosolic
NADP*-dependent (c-NADP-ME),? mitochondrial NADP*-
dependent (m-NADP-ME), and mitochondrial NAD(P) " -de-
pendent (m-NAD(P)-ME). The m-NAD(P)-ME isoform dis-
plays dual cofactor specificity; it can use both NAD™ and
NADP™ as the coenzyme, but NAD ™ is more favored in a phys-
iological environment (6 —8). Dissimilar to the other two iso-
forms, m-NAD(P)-ME binds malate cooperatively, and it can
be allosterically activated by fumarate; the sigmoidal kinetics
observed with cooperativity is abolished by fumarate (9-12).
Mutagenesis and kinetic studies demonstrated that ATP is an
active-site inhibitor, although it also binds to the exo sites in the
tetramer interface (13—15). Structural studies also revealed an
allosteric binding site for fumarate residing at the dimer inter-
face. Mutation in the binding site significantly affects the acti-
vating effects of fumarate (11, 16, 17).

The ¢-NADP-ME and m-NADP-ME isoforms play an
important role in lipogenesis by providing NADPH for the bio-
synthesis of long-chain fatty acids and steroids. Thus,
¢-NADP-ME together with acetyl-CoA carboxylase, fatty-acid
synthase, and glucose-6-phosphate dehydrogenase are classi-
fied as lipogenic enzymes (2, 18 —21). The m-NAD(P)-ME iso-
form has attracted much attention because it is involved in
glutaminolysis, which is an energy-producing pathway of
tumor cells that utilizes glutamine and glutamate. Thus,
m-NAD(P)-ME is considered to be a potential target in cancer
therapy (22-27).

Various crystal structures of malic enzymes in complex with
substrate, metal ion, coenzyme, regulator, and inhibitor are
available in the Protein Data Bank (4, 11, 28 —32). The overall
tertiary structures of these malic enzymes are similar, but there
are still some differences that may be significant for catalysis
and regulation of the enzyme. Malic enzyme exists as a dimer of
dimers with a stronger association of the dimer interface than
that of the tetramer interface (Fig. 1A). The dimer interface is
formed by subunits A and B or C and D (Fig. 1B), whereas the
tetramer interaction consists of contacts between subunits A
and D or B and C (Fig. 1C). A hydrophobic interaction is the

2 The abbreviations used are: c-NADP-ME, cytosolic NADP*-dependent malic
enzyme; ME, malic enzyme; m-NADP-ME, mitochondrial NADP*-depend-
ent malic enzyme; m-NAD(P)-ME, mitochondrial NAD(P)*-dependent
malic enzyme; WT, wild type.
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FIGURE 1. Dimer and tetramer interfaces of human m-NAD(P)-ME. A, dimer of dimers quaternary structure of human m-NAD(P)-ME (Protein Data Bank code
1PJ3). The active site, fumarate site, and exo site in each subunit are indicated. B, dimer interface between A and B subunits of m-NAD(P)-ME. C, tetramer
interface between A and D subunits of m-NAD(P)-ME. The amino acid residues at the dimer interface, GIn-51, Glu-90, Asp-139, His-142, and Asp-568 and C
terminus in the tetramer interface, are represented by ball-and-stick modeling. The amino acid residues 51 and 90 in human c-NADP-ME are His and Asp,
respectively. This figure was generated with PyMOL (DeLano Scientific LLC, San Carlos, CA).

major driving force for subunit assembly, but hydrogen bond-
ing and ionic interactions also contribute markedly. The
homotetramer of the enzyme is composed of four identical
monomers each with its own active site. In the structure of
human m-NAD(P)-ME, aside from its well defined active site,
there are two regulatory sites on the enzyme (Fig. 14). One of
these sites is located at the dimer interface and is occupied by
fumarate (Fig. 1B), whereas the other site, which is referred to as
the exo site, is located at the tetramer interface and is occupied
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by either an NAD or an ATP molecule (Fig. 14). In the ME
family, Ascaris suum and human m-NAD(P)-ME were found to
be activated by fumarate (11, 15-17, 31). However, the relation-
ship between enzyme regulation and subunit-subunit interac-
tion is still unclear.

Previous studies have shown that the quaternary structure
stability of malic enzyme isoforms is diverse. At neutral pH,
pigeon c-NADP-ME exists as a unique tetramer with a sedi-
mentation coefficient of ~10S (33-35), whereas human
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m-NAD(P)-ME exists as a mixture of tetramer and dimer of
9.5S and 6.5 S, respectively (13, 35). Some mutations at the
interface will affect the quaternary structure (34 —37). Although
the crystal structure of human c-NADP-ME has not been
resolved, it is believed that it is similar to pigeon c-NADP-ME.

Here we analyze the essential factors governing quaternary
structure stability for human c-NADP-ME and m-NAD(P)-
ME. Site-directed mutagenesis at the dimer and tetramer
interfaces was used to disrupt the tetramer organization to
create a series of c-NADP-ME and m-NAD(P)-ME dimers.
Combined with the analytical ultracentrifugation data and
kinetic analysis of these interface mutants, we demonstrate
the differential role of tetramer organization for the
¢-NADP-ME and m-NAD(P)-ME isoforms. The regulatory
mechanism of m-NAD(P)-ME is highly associated with the
tetramer formation of this isoform.

MATERIALS AND METHODS

Expression and Purification of Recombinant Malic En-
zymes—The expression and purification protocols for human
m-NAD(P)-ME have been described in previous reports (4, 6).
Briefly, m-NAD(P)-ME was subcloned into the expression vec-
tor (pRH281) and transformed into Escherichia coli BL21 cells
for overexpression using the inducible trp promoter system.
The enzyme was purified by chromatography through an ani-
onic exchange, DEAE-Sepharose (Amersham Biosciences) col-
umn, followed by an ATP-agarose affinity column (Sigma).

¢-NADP-ME was subcloned into the pET21b vector, which
carries a C-terminal His, tag sequence. This ampicillin-resis-
tant vector was transformed into the BL21(DE3) strain of
E. coli. Expression was controlled by an inducible T7 promoter
system. The overexpressed enzyme was purified using nickel-
nitrilotriacetic acid-Sepharose (Sigma). The lysate/nickel-ni-
trilotriacetic acid mixture was washed with buffer (10 mm imid-
azole, 500 mm sodium chloride, 2 mm B-mercaptoethanol, and
30 mm Tris-HCI, pH 7.4) to remove unwanted proteins. Desired
¢-NADP-ME was recovered from the resin with elution buffer
(250 mm imidazole, 500 mm sodium chloride, 2 mMm B-mercap-
toethanol, and 30 mm Tris-HCI, pH 7.4).

The purified enzyme was dialyzed and concentrated in 30
mM Tris-HCI, pH 7.4, and 2 mM B-mercaptoethanol using a
centrifugal filter device (Amicon Ultra-15, Millipore, Billerica,
MA) with a molecular mass cutoff of 30 kDa. Enzyme purity was
checked by SDS-PAGE, and the protein concentrations were
estimated by the Bradford method (38).

Site-directed Mutagenesis—Site-directed mutagenesis was
performed using the QuikChange™ kit (Stratagene, La Jolla,
CA) to construct the mutated human c¢-NADP-ME and
m-NAD(P)-ME plasmids. The purified DNA of human
¢-NADP-ME and m-NAD(P)-ME was used as a template for
PCRs along with specific primers containing the desired codons
and high fidelity Pfu DNA polymerase. The primers, including
the desired mutation sites, were about 25—45 nucleotides in
length, which is considered necessary for binding specifically to
template DNA. After 1618 temperature cycles, the mutated
plasmids, including staggered nicks, were complete. The PCR
products were subsequently treated with Dpnl to digest the
wild-type human malic enzyme templates. Finally, the nicked
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DNA with desired mutations was transformed into the XL-1
E. coli strain, and their DNA sequences were checked by
autosequencing.

Enzyme Kinetic Analysis—The malic enzyme reaction was
measured by tracing NADH or NADPH production. The reac-
tion mixture contained saturated concentrations of NAD™ or
NADP™, L-malate, and MgCl, in 50 mm Tris-HCl, pH 7.4. The
absorbance at 340 nm was continuously monitored at 30 °C
with a Lambda 25 UV/Vis spectrophotometer (PerkinElmer
Life Sciences). An extinction coefficient of 6.22 mm ! for
NAD(P)H was employed in the calculations. Apparent Michae-
lis constants of the substrate and coenzymes were determined
by varying the concentration of one substrate (or coenzymes)
around its K, value and keeping the other components con-
stant under saturating concentrations.

Furthermore, the k_,, values of c-NADP-ME and m-NAD(P)-

cat

ME were calculated by Equation 1,
keae(s™") = {((v/6.22)/ g protein) X molecular weight}/60
(Eq. 1)

where v represents AA,,,/min; 6.22 is the millimolar absorption
coefficient of NAD(P)H; 260,000 and 256,000 are the tetramer
molecular weights of human c-NADP-ME and m-NAD(P)-ME,
respectively; and 60 is the number of seconds in 1 min.

The sigmoidal curves of malate against the initial rate were
fitted into the Hill Equation 2. The data were analyzed to cal-
culate the K, 5 value, the substrate concentration at half-maxi-
mal velocity, and the Hill coefficient (%), which were utilized to
evaluate the degree of cooperativity.

v = Vox(malate)'/(K,s" + (malate)™) (Eq.2)

Data were fitted with the Sigma Plot 8.0 program (Jandel, San
Rafael, CA).

Quaternary Structure Analysis of Malic Enzyme by Analyti-
cal Ultracentrifugation—Sedimentation velocity experiments
of c-NADP-ME and m-NAD(P)-ME were carried out using a
Beckman Optima XL-A analytical ultracentrifuge. Samples
(380 wl) and buffer solutions (400 ul) were loaded into the dou-
ble sector centerpiece separately and built up in a Beckman
An-50 Ti rotor. Experiments were performed at 20 °C and a
rotor speed of 42,000 rpm for 3.5-4 h. Protein samples were
monitored by UV absorbance at 280 nm in a continuous mode
with a time interval of 480 s and a step size 0of 0.002 cm. Multiple
scans of sedimentation velocity data were collected and ana-
lyzed using the software SEDFIT 9.4c (39 —43). All size distri-
butions were solved with a confidence level of p = 0.95, a best-
fitted average anhydrous frictional ratio (f/f;), and a resolution
N of 200 sedimentation coefficients between 0.1 and 20.0 S.

To determine precisely the dissociation constants of malic
enzyme in monomer-dimer-tetramer equilibrium, sedimen-
tation velocity experiments were performed for three differ-
ent enzyme concentrations. All sedimentation data were glo-
bally fitted to the dimer-tetramer equilibrium model for
¢-NADP-ME and monomer-dimer-tetramer equilibrium
model for m-NAD(P)-ME using the program SEDPHAT to
calculate the dissociation constant (K,) of the enzyme (41).
The partial specific volume of the enzyme, solvent density,
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TABLE 1
Kinetic parameters of the human WT and interface mutant c-NADP-ME
c-NADP-ME K, napp K, malate Keae Quaternary structure” Ky
mm mm st M
WT 0.0090 = 0.0010 0.49 = 0.09 110.89 = 0.9 T 0.062 = 0.001
Dimer interface
H51A 0.0072 £ 0.0013 1.10 = 0.04 109.50 = 1.2 D/T 9.95 = 0.09
D90A 0.0039 = 0.0003 0.68 + 0.02 94.57 £ 0.5 D/T 1.01 = 0.01
D139A 0.0048 = 0.0007 0.95 = 0.03 95.53 £ 0.6 D 2178 = 1.7
H51A/D90A 0.0037 = 0.0005 0.84 = 0.01 84.83 = 0.8 D 156.3 £ 1.3
H51A/D139A 0.0040 = 0.0005 1.03 = 0.04 105.29 = 0.9 D 94.2 £ 0.8
Tetramer interface
H142A 0.0040 = 0.0003 0.89 = 0.04: 122.72 = 1.3 D 1331+ 1.0
D568A 0.0050 £ 0.0008 0.97 £ 0.10 136.90 = 1.4 D/T 0.26 = 0.01
H142A/D568A 0.0042 = 0.0005 0.92 + 0.03 98.03 £ 1.1 D 1231+ 1.0
W572A 0.0050 = 0.0008 0.98 *+ 0.04: 106.04 = 0.9 D 2624 * 1.6

“ The abbreviations used are as follows: T, tetramer; D, dimer; K, »,, dissociation constant between dimer and tetramer.

and viscosity were calculated by the software program
SEDNTERP (44).

RESULTS

Kinetic Properties of Human c-NADP-ME WT and Interface
Mutant—The kinetic parameters of the human WT and inter-
face mutant c-NADP-ME are shown in Table 1. The K|, yapp
and K, . .1ace Values of WT ¢c-NADP-ME are 0.009 and 0.5 my,
respectively. There was no significant difference in K, yapp
and K,,, .,.1.cc among WT and interface mutants, indicating that
the active site region is not affected by the mutation at the
interface. The k_,, value of WT ¢-NADP-ME was ~110 s~ .
The values for the c-NADP-ME interface mutants were in the
range of 95-136 s~ *. The similar k_,, values for WT and mutant
enzymes suggest that the catalytic activity of the enzyme was
not changed by disrupting the subunit-subunit interactions.

Quaternary Structure of Human c-NADP-ME WT and
Interface Mutant—The quaternary structures of human
¢-NADP-ME WT and the interface mutant were examined by
analytical ultracentrifugation (Figs. 2 and 3), and the dissocia-
tion constants between dimer and tetramer (K,,,) for the
respective enzymes were determined (Table 1). Sedimentation
velocity experiments were performed to analyze the differences
in the size distribution among WT and mutant enzymes. The
WT enzyme primarily exists as a tetramer in solution with
the major peak exhibiting a K ,, value of 0.062 um (Fig. 24). At
the dimer interface, Asp-139 of subunit A is hydrogen-bonded
with His-51 of subunit B. Asp-90 may be involved in the elec-
trostatic network at the dimer interface. The single mutants,
D90A and H51A, existed in a dimer-tetramer equilibrium with
K4 values of 1.01 and 9.95 um, respectively (Fig. 2, B and C).
However, the D139A single mutant dissociated more readily
according to a K ,, value of 217.8 um (Fig. 2D). The double
mutants, H51A/D90A and H51A/D139A, were predominantly
dimeric with K, ,, values of 156.3 and 94.2 uM, respectively (Fig.
2, E and F). These results suggest that the hydrogen bonding
formed by Asp-139(A) and His-51(B) and the ion pair network
involving Asp-90 at the dimer interface are crucial factors for
the stability of the tetrameric enzyme. The dimer, for these
dimer interface mutants, should be composed of AD or BC
subunit complexes.

In the tetramer interface, His-142 of subunit A is ion-paired
with Asp-568 of subunit D. Trp-572 is in the C-terminal
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domain involved in hydrophobic interactions with another
subunit at the tetramer interface. Mutation of His-142 and Asp-
568 to alanine resulted in mixed quaternary structural changes.
The D568A enzyme mainly behaved as a tetramer, whereas
H142A was primarily in dimeric form (Fig. 3, B and C); their
K, ,, values were 0.26 and 133.1 um, respectively. The H142A/
D568A also behaved as a dimer with a K, ,, value of 123.1 um
(Fig. 3D), representing the importance of the salt bridge
between His-142(A) and Asp-568(D) in preserving the quater-
nary structure. The C-terminal mutant, W572A, mostly
behaved as a dimer with a K,,, value of 262.4 um (Fig. 3E),
suggesting that a hydrophobic interaction at the tetramer inter-
face is also essential for the stability of the holoenzyme. The
dimer for these tetramer interface mutants should be com-
posed of AB or CD subunit complexes.

Kinetic Properties of Human m-NAD(P)-ME WT and Inter-
face Mutant—Distinct from ¢-NADP-ME, m-NAD(P)-ME
binds L-malate cooperatively; the initial velocities of
m-NAD(P)-ME measured in various concentrations of malate
exhibited sigmoidal kinetics. Table 2 summarizes the results
obtained by fitting these sigmoidal curves to the Hill equation.
The half-saturation for L-malate (K 5 ,,..1acc) @nd the degree of
cooperativity of malate (%) were estimated. Like c-NADP-ME,
the K, yap and Kj 5 maiace Values of the m-NAD(P)-ME inter-
face mutant were similar to that of WT, indicating that the
active site was not perturbed by the mutations. However, the
k... values of these interface mutants were less than that of WT.
The k_,, values of WT m-NAD(P)-ME were ~306 and 2395~ *,
with or without fumarate, respectively. The values for the
m-NAD(P)-ME interface mutants ranged from 110 to 234s™ ",
implying that enzyme activity was altered by disrupting the
interactions at the subunit interface.

The /1 value for WT m-NAD(P)-ME is approximately 2; how-
ever, the /& value was significantly reduced for the interface
mutants. Most mutations at the dimer interface had an / value
close to 1, indicating that cooperativity was diminished by
interruption of the dimer interface. The mutations at the tet-
ramer interface had / values of 1.3 and 1.7, suggesting that the
cooperativity was partially maintained for these mutant
enzymes even when the tetramer interface was disrupted. With
fumarate, the K|, yap and Ky 5 aiace Of most of the interface
mutant enzymes is reduced; the k_,, values of some mutant
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FIGURE 2. Continuous sedimentation coefficient distribution of the WT and dimer interface mutant c-NADP-ME. The enzyme concentrations used in the
experiment were 0.1, 0.3, and 0.9 mg/ml in 50 mm Tris-HCl buffer, pH 7.4, at 20 °C. D, dimer; T, tetramer.

enzymes can be raised, and the / value can be reduced to 1,
indicating that allosteric regulation by fumarate is functioning
for some interface mutants. The dimer interface mutants E90A,
Q51A/E90A, and D139A are not activated by fumarate, and
their / values were near 1, indicating that they have become
noncooperative and nonallosteric enzymes.

Size Distribution Analysis of Human m-NAD(P)-ME WT and
Interface Mutant—The size distribution of human m-NAD(P)-
ME WT and interface mutant is shown in Figs. 4—6. Becaus-
ethe WT and interface mutant may exhibit monomer-dimer or
dimer-tetramer behavior (Figs. 4—6), the dissociation con-
stants between dimer and tetramer forms (K, ,,) or monomer
and dimer forms (K ,,) were determined (Table 2). The WT
enzyme chiefly existed in a dimer-tetramer equilibrium with
little monomer present; the K, ,, and K, ; , values were 1.38 and
0.25 uMm, respectively (Fig. 44). Similar to ¢-NADP-ME, the
dimer interface of m-NAD(P)-ME positions Asp-139 of subunit
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A in a hydrogen bond with Gln-51 of subunit B, and Glu-90
may be involved in electrostatic interactions. Mutating these
amino acid residues caused the enzyme to be dissociated.
The E90A enzyme, similar to WT, also existed in a dimer-
tetramer equilibrium with little monomer observable; the
K,,, and K, values were 1.08 and 0.22 uwm, respectively
(Fig. 4C). The D139A single mutant was significantly disso-
ciated into monomers and dimers with K, ,, and K, ;, values
of 15.9 and 1.87 uM, respectively (Fig. 4D). The Q51A and
Q51A/E90A mutants displayed monomer-dimer-tetramer
equilibriums (Fig. 4, B and E, respectively) with larger K, ,,
values (3.28 and 7.73 um, respectively) than that of WT (1.38
uM), indicating that mutation of GIn-51 resulted in greater
dissociation of the dimer interface.

At the tetramer interface of m-NAD(P)-ME, the positions of
His-142(A) and Asp-568(D) are also conserved and form a salt
bridge. Mutation of His-142 and Asp-568 to alanine caused the

VOLUME 284 -NUMBER 27+JULY 3, 2009



c-NADP-ME
10 D T
08 B : WT
a =
E 06
® o4
© - 0.1mg/ml
0.2 0.3mg/ml
- 0.9mg/ml
0.0 .
0 20
0.8
i H142A
— 0.6 -
0 =
-
= 04f
o |
o 0.1mg/ml
02 0.3mg/ml
i 0.9mg/ml
00 & 1
0 20
0.8
i D568A
— 0.6 -
0 =
-
=~ 04
o |
o 0.1mg/ml
02 0.3mg/ml
r 0.9mg/ml
0.0 —
0 20
0.6
. D H142A/D568A
) 04
= "
2
o 02r 0.1mg/nl
L ——— 0.3mg/ml
0.9mg/ml
0.0 L | L L | |
0 5 10: 15 20
0.6 : -
L E W572A
» 04r-
S
@
(3] 02 > s o smewwwass 0'1mg/m|
L ———0.3mg/ml
0.9mg/ml
0.0 I L | | -
0 15 20

Svedberg (S)

FIGURE 3. Continuous sedimentation coefficient distribution of the WT
and tetramer interface mutant c-NADP-ME. The enzyme concentrations
were 0.1,0.3,and 0.9 mg/mlin 50 mm Tris-HCl buffer, pH 7.4, at 20 °C. D, dimer;
T, tetramer.
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enzyme to be predominantly dissociated into dimers and
monomers with K;,, and K, ,, values of 8.75 and 3.63 um for
H142A and 12.6 and 0.57 um for D568A, respectively (Fig. 5, B
and C). The H142A/D568A double mutant also presented itself
as adimer (Fig. 5D); its K, ,, and K, ,, values were 11.6 and 13.1
uM, respectively, again suggesting the significance of the salt
bridge between His-142(A) and Asp-568(D) at the tetramer
interface.

The hydrophobic amino acid residues in the C-terminal
domain are also important for stability of the quaternary struc-
ture. The W57A, Y770A, W572A, and P175A mutants were
dimers at 0.3 mg/ml protein concentration (Fig. 6, B—E, respec-
tively). For K507A, the K, ,, and K, , values were 12.6 and 0.89
uM, respectively (Fig. 6C). However, the quaternary structure
distribution of P175A, K508A, and V18A (Fig. 6, F-H, respec-
tively) demonstrated a pattern similar to WT. For K508A, the
K, ,,and K, values were 2.92 and 0.85 uM, respectively (Fig.
6G). These results suggest that the amino acid residues from
579 to 581 are not absolutely required for stability of the tet-
ramer interface as these mutants had kinetic properties similar
to those of WT (Table 2).

DISCUSSION

Malic enzyme has a dimer of dimers quaternary structure in
which the dimer interface is made up of relatively stronger
interactions than the tetramer interface. Furthermore, each
subunit of the tetramer has a corresponding active site. The
m-NAD(P)-ME isoform exhibits both cooperative and alloster-
ic activity and is in dimer-tetramer flux according to its equi-
librium constant (Fig. 44). On the other hand, c-NADP-ME
behaves noncooperatively and nonallosterically and exists as a
stable tetramer (Fig. 24). The correlation between the catalytic
efficiency and quaternary structure organization of the enzyme
is unclear. This study establishes the functional significance of
the dimer and tetramer interface for the enzyme.

Relationship between the Catalytic Efficiency and Quaternary
Structure Organization of c-NADP-ME—Our data clearly indi-
cate that the enzyme activity of c-NADP-ME is not affected by
the disruption at the interface. There are no significant differ-
ences in the kinetic properties between AB and AD dimers. The
dimeric enzyme, either AB or AD, is as active as the tetramer,
suggesting that the four subunits of the enzyme may not cross-
talk with one another, and they may work independently. We
also attempted to isolate the monomeric form of the enzyme by
mutating several residues at the dimer and tetramer interfaces;
however, we have not yet been successful because the monomer
aggregates as inclusion bodies. Given these results, we conclude
that the functional significance of the quaternary structure
organization for c-NADP-ME may be in maintaining the stabil-
ity of the holoenzyme rather than in communicating among the
subunits.

Enzyme Regulation and Subunit-Subunit Interactions of
m-NAD(P)-ME—In contrast to c-NADP-ME, disruption of the
subunit interfaces of m-NAD(P)-ME causes it to be less active
than WT; the k_,, values of the mutants decreased with increas-
ing K, ,, values (Table 2), suggesting that the dissociation of
subunits at the dimer or tetramer interface significantly affects
the activity of the enzyme. Moreover, these interface mutants
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TABLE 2
Kinetic parameters of the human WT and interface mutant m-NAD(P)-ME
m-NAD(P)-ME* K, nap Ko 5,matate Keat h Kd,24.b Kd,ub
mm mm st M M
WwWT
- 0.68 = 0.16 11.81 £0.48 238.5 2.3 2.0 +0.15 1.38 = 0.02 0.25 = 0.003
+ 0.32 = 0.01 2.76 = 0.12 306.4 = 2.5 1.1 £ 0.06
Dimer interface
Q51A
- 0.99 = 0.06 16.35 = 0.46 139115 1.4 £ 0.05 3.28 £ 0.04 0.36 = 0.004
+ 0.51 = 0.03 597 £0.25 189.9 = 1.9 1.0 £ 0.04
E90A
- 0.32 £ 0.02 2.83 £0.17 203.0 = 2.3 1.0 = 0.07 1.08 = 0.01 0.22 = 0.002
+ 0.34 = 0.04 2.95 £ 0.08 210.7 = 2.6 1.0 £0.03
Q51A/E90A
- 0.45 = 0.02 7.23 £0.35 140.1 £ 1.5 1.1 £0.05 7.73 £ 0.06 0.09 = 0.001
+ 0.43 = 0.02 6.36 = 0.30 1433 * 1.2 1.0 £ 0.04
D139A
- 1.06 = 0.05 23.31 = 1.81 1145 *1.0 1.1 =0.07 15.92 £ 0.20 1.87 = 0.024
-+ 0.76 = 0.07 9.70 £ 1.43 1154 * 1.6 1.0 £0.12
Tetramer interface
H142A
- 0.82 = 0.03 18.84 £ 0.76 1179 £ 1.3 1.3 £0.05 8.75 £0.10 3.63 £ 0.04
+ 0.47 = 0.02 8.06 £ 0.76 1399 * 1.9 1.0 £0.08
D568A
- 1.82 = 0.12 28.54 + 2.13 1240 £1.2 1.3 £0.08 12.59 £ 0.16 0.57 = 0.007
-+ 0.85 = 0.08 13.08 * 2.39 139.6 = 1.6 1.0 £ 0.12
H142A/D568A
- 1.39 £ 0.73 29.00 = 1.72 1128 £ 1.5 1.3 £ 0.06 11.61 £0.18 13.06 = 0.20
+ 0.72 = 0.05 10.55 = 1.09 1274+ 2.0 1.0 £ 0.06
P567A
- 0.87 = 0.05 21.10 = 1.03 1411 1.2 1.4 = 0.07 ND¢
+ 0.51 = 0.02 6.80 = 0.41 1644+ 1.3 1.0 £0.05 ND
Y570A
- 1.07 = 0.04 21.75 = 0.51 1419 £ 1.1 1.4 * 0.04 12.6 = 0.10 0.89 = 0.007
+ 0.58 = 0.03 8.33 £ 0.54 165.7 * 1.4 1.0 £ 0.06
W572A
- 1.01 = 0.01 20.49 *= 0.84 1504 £ 1.8 1.3 = 0.04 ND
+ 0.54 = 0.02 6.54 = 0.31 1819 * 1.3 1.0 £0.05 ND
P573A
- 1.20 = 0.10 21.08 = 0.65 150.2 £ 1.5 1.5 £ 0.06 ND
+ 0.59 = 0.03 6.97 £ 0.71 167.1 x 14 1.0 £0.09 ND
P579A
- 0.79 £0.18 13.88 = 0.37 2343 =21 1.7 = 0.08 ND
+ 0.39 = 0.02 3.86 £0.32 284.1 = 2.5 1.0 £0.08 ND
P580A
- 0.95 = 0.17 13.32 £ 0.46 196.5 £ 2.0 1.6 £ 0.08 2.92 £0.03 0.85 £ 0.01
+ 0.40 = 0.02 3.18 £0.17 211.6 =23 1.2 £0.07
V581A
- 0.83 = 0.09 13.37 £ 0.60 205.8 = 2.8 1.6 £0.10 ND
+ 0.40 = 0.04 298 £ 0.14 2344+ 2.1 1.0 £0.05 ND

“ — indicates no fumarate; + indicates 4 mm fumarate added.

K4 indicates dissociation constant between dimer and tetramer; K, ;, indicates dissociation constant between monomer and dimer.

¢ND indicates not determined.

become less cooperative for malate binding and less activated
by fumarate, suggesting that the tetramer is the fully functional
form of the enzyme. There seems to be some differences
between AB and AD dimers of this isoform. For some dimer
interface mutants, malate cooperativity is nearly abolished, and
fumarate activation becomes minimal, suggesting that organi-
zation at the dimer interface is critical for proper malate coop-
erativity and fumarate-induced allosteric regulation. Although
fumarate occupies a separate binding site on each subunit, its
binding is dependent on the neighboring subunit, which helps
to shield the binding site from the solvent and thus stabilize the
binding of fumarate at the dimer interface (11). We suggest that
the subunit-subunit interactions between A and B (C and D) is
important not only for the malate cooperativity but also for the
binding of fumarate (supplemental Fig. 1). The AD dimer may
exhibit noncooperative and nonallosteric characteristics.

In contrast, for tetramer interface mutants, cooperativity is
partially conserved, and fumarate still functions by reducing the

18102 JOURNAL OF BIOLOGICAL CHEMISTRY

K, and increasing the k_,, value. Fumarate may still bind to the
allosteric site of the tetramer interface mutants to activate the
enzyme and reduce the malate cooperativity (Table 2 and sup-
plemental Fig. 2); however, these tetramer interface mutants
cannot be reconstituted into tetramers by fumarate (supple-
mental Fig. 1); thus the enzyme cannot be fully activated by
fumarate (Table 2). These results support the hypothesis that
tetramer interface organization is associated with malate coop-
erativity and involved in the fumarate-triggered tetramer reor-
ganization for full activation of the enzyme. The AB dimer,
however, may still be a cooperative and allosteric enzyme but
less active than the tetramer.

Ionic and Hydrophobic Interactions Stabilize the Tetramer
Interface—Size distribution analysis demonstrates that H142A
and D568A form dimers in context of ¢c-NADP-ME or
m-NAD(P)-ME, suggesting that the ion pair formed by His-
142(A) and Asp-568(D) is essential for the stability of the tet-
ramer interface. Hydrophobic interactions in the C-terminal

VOLUME 284 +-NUMBER 27-JULY 3, 2009


http://www.jbc.org/cgi/content/full/M109.005082/DC1
http://www.jbc.org/cgi/content/full/M109.005082/DC1
http://www.jbc.org/cgi/content/full/M109.005082/DC1
http://www.jbc.org/cgi/content/full/M109.005082/DC1
http://www.jbc.org/cgi/content/full/M109.005082/DC1

m-NAD(P)-ME
05 M_D T
04l A wT
g 0.3
® o2f
[T} - 0.1 mg/ml
| 0.3 mg/ml
01 B 0.9 mg/ml
0.0 L .
0 20
0.4
T B Q51A
__ 03t
Q -
-
: 0.2 -
(2 L - 0.1mg/ml
o — — —  0.3mg/ml
0.1 0.9mg/ml
0.0 .
0 5 10 15 20
0.8
i E90A
— 0.6 -
Q L
-
= 04
g L
(3} 0.1mg/ml
02 —  0.3mg/ml
u 0.9mg/mi
0.0 .
0 20
0.8
B D139A
__ 06
Q L
-
: 04 -
@, L
© 02+ 0.1 mh/ml
0.3 mg/ml
B 0.9 mg/ml
0.0 L
0 20
0.6
- E Q51A/E90A
n 04
<
@
o 02p 0.1mg/ml
L — — — 0.3mg/ml
0.9mg/ml
0.0 —=
0 15 20

Svedberg (S)

FIGURE 4. Continuous sedimentation coefficient distribution of the WT
and dimer interface mutant m-NAD(P)-ME. The enzyme concentrations
were 0.1, 0.3, and 0.9 mg/ml in 50 mm Tris-HCI buffer, pH 7.4, at 20 °C. M,
monomer; D, dimer; T, tetramer.
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FIGURE 5. Continuous sedimentation coefficient distribution of the WT
and tetramer interface mutant m-NAD(P)-ME. The enzyme concentrations
were 0.1, 0.3, and 0.9 mg/ml in 50 mm Tris-HCI buffer, pH 7.4, at 20 °C. M,
monomer; D, dimer; T, tetramer.

domain are also an important factor for the tetramer interface
organization. Mutation of the hydrophobic amino acid residues
(Tyr-570, Trp-572, and Pro-573) in the C-terminal domain
makes the tetramer interface unstable causing the enzyme to
dissociate into dimers.

The stabilities of the tetramer interfaces in c-NADP-ME and
m-NAD(P)-ME have unique qualities. The c-NADP-ME iso-
form exists as a stable tetramer (Fig. 2A4), whereas
m-NAD(P)-ME exhibits a dimer-tetramer equilibrium (Fig.
4A). The ionic bond formed between His-142(A) and
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FIGURE 6. Continuous sedimentation coefficient distribution of the WT and C-terminal mutant m-NAD(P)-ME. The enzyme concentrations for WT, Y570A,
and P580A were 0.1, 0.3, and 0.9 mg/ml. The enzyme concentration for the other C-terminal mutants was 0.3 mg/ml. M, monomer; D, dimer; T, tetramer.

Asp-568(D) and the hydrophobic amino acid residues Tyr-570, Trp-572, and Pro-573 for tetramer interface stability. The
Trp-572, and Pro-573 are conserved at the interfaces of both  C-terminal tail of these two isoforms is not conserved, espe-
isoforms. Our data suggest that the hydrophobic amino acid cially from residues 575 to 584. In this nonconserved region,
residues Pro-579, Pro-580, and Val-581, which lie in the C-ter- ¢-NADP-ME contains additional ionic residues (Glu-575, Lys-
minal tail of m-NAD(P)-ME, are not as important as Tyr-570, 578, and Lys-582), where m-NAD(P)-ME contains Ser or Ile.
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Investigating the role of these ionic residues at the tetramer
interface may be helpful in finding additional factors governing
the differential stability observed for the tetramer interfaces of
these two isoforms.

The D139A mutant is rather unique. Of all the mutants, it
produces the highest percentage of monomer relative to
other forms. In the structure, Asp-139 participates in the
subunit-subunit interactions both at the dimer and tetramer
interfaces. Asp-139(A) is hydrogen-bonded with His-51(B)
in c-NADP-ME or with GIn-51(B) in m-NAD(P)-ME at the
dimer interface. In addition, Asp-139(A) is hydrogen-
bonded with Tyr-570(D) and Trp-572(D) at the tetramer
interface of c-NADP-ME and m-NAD(P)-ME (supplemental
Fig. 3). Thus, the mutant shows the highest percentage of
monomer relative to others.

In summary, we demonstrate that the dimeric form of
¢-NADP-ME has similar enzyme activity to the tetrameric
form. The quaternary structure of c-NADP-ME is mainly for
protein stability. For m-NAD(P)-ME, dissociation of subunits
at the dimer or tetramer interface causes the enzyme to be less
active, less cooperative for malate binding, and less responsive
to fumarate. Thus the tetramer organization for this isoform is
principally for enzyme regulation.
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