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Human mitochondrial NAD(P)+-dependent malate dehydro-
genase (decarboxylating) (malic enzyme) can be specifically and
allosterically activated by fumarate. X-ray crystal structures have
revealed conformational changes in the enzyme in the absence and
in the presence of fumarate. Previous studies have indicated that
fumarate is bound to the allosteric pocket via Arg67 and Arg91.
Mutation of these residues almost abolishes the activating effect
of fumarate. However, these amino acid residues are conserved in
some enzymes that are not activated by fumarate, suggesting that
there may be additional factors controlling the activation mech-
anism. In the present study, we tried to delineate the detailed
molecular mechanism of activation of the enzyme by fumarate.
Site-directed mutagenesis was used to replace Asp102, which is one
of the charged amino acids in the fumarate binding pocket and is
not conserved in other decarboxylating malate dehydrogenases.
In order to explore the charge effect of this residue, Asp102 was
replaced by alanine, glutamate or lysine. Our experimental data

clearly indicate the importance of Asp102 for activation by fuma-
rate. Mutation of Asp102 to Ala or Lys significantly attenuated the
activating effect of fumarate on the enzyme. Kinetic parameters
indicate that the effect of fumarate was mainly to decrease the Km

values for malate, Mg2+ and NAD+, but it did not notably elevate
kcat. The apparent substrate Km values were reduced by increasing
concentrations of fumarate. Furthermore, the greatest effect of
fumarate activation was apparent at low malate, Mg2+ or NAD+

concentrations. The Kact values were reduced with increasing con-
centrations of malate, Mg2+ and NAD+. The Asp102 mutants,
however, are much less sensitive to regulation by fumarate.
Mutation of Asp102 leads to the desensitization of the co-operative
effect between fumarate and substrates of the enzyme.
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INTRODUCTION

MDH [malate dehydrogenase (decarboxylating); malic enzyme;
EC 1.1.1.39] is a homotetrameric enzyme with a double dimer
quaternary structure that catalyses the bivalent metal ion (Mn2+

or Mg2+)-dependent reversible oxidative decarboxylation of L-
malate to yield CO2 and pyruvate, with concomitant reduction of
NAD(P)+ to NAD(P)H [1–5]. The enzymes are widely distributed
in Nature, with conserved sequences and similar overall struc-
tural topology among different species ([6–9]; see [10] for a
review). In mammals, based on their nucleotide specificity, the
enzymes are grouped into three isoforms: cytosolic NADP+-
dependent (c-NADP-MDH), mitochondrial NADP+-dependent
(m-NADP-MDH), and mitochondrial NAD(P)+-dependent (m-
NAD-MDH) MDHs [11]. It has been shown that m-NAD-MDH
can use either NAD+ or NADP+ as a cofactor, but prefers NAD+

under physiological conditions [3].
In tumour cells, glutamine and glutamate, rather than glucose,

are the major energy sources [13,14]. Human m-NAD-MDH,
via the NADH and pyruvate products, is considered to have an
important role in the metabolism of glutamate in rapidly prolifer-
ating tissues, particularly in tumour cells [3,12,13,15–18]. Thus
the possible involvement of m-NAD-MDH in neoplasia has
attracted much attention. m-NAD-MDH is distinct from the other
two mammalian isoforms in that it shows co-operative behaviour
with respect to the substrate malate, as well as being an allosteric

enzyme, which is activated by fumarate and inhibited by ATP
[1,3,16,19]. The allosteric properties of this enzyme isoform are
integrated into a rationale for its specific role in the pathways
of malate and glutamine oxidation in tumour cell mitochondria
[17,19].

Various crystal structures of the enzyme in complexes with
substrate, metal ion, cofactor, regulator and inhibitor have been
successfully resolved since 1999 [6–9,20–22]. There are a total of
14 crystal structures available in the Protein Data Bank. From the
structural information, the enzymes are suggested to belong to a
new class of oxidative decarboxylases [6,10]. The availability of
these structures opens up a new avenue of research on the struc-
ture–function relationship of this important enzyme.

The catalytic activity of m-NAD-MDHs from both human and
Ascaris suum is activated by fumarate [19,23–25], and the binding
site for fumarate in human m-NAD-MDH has been identified
[20]. In the A. suum m-NAD-MDH, the same position is occupied
by a tartronate molecule, which could represent a comparable
allosteric binding site [21]. Figure 1(A) shows the fumarate bind-
ing site at the dimer interface, which is approx. 30 Å (3 nm) from
the active site, verifying that fumarate operates through an allo-
steric mechanism [20]. Structural and kinetic studies have revealed
that Arg67 and Arg91 are essential amino acid residues for activ-
ation of the enzyme by fumarate. One carboxylate group of fuma-
rate has bidentate ion-pair interactions with the side chain of
Arg91, whereas the other is in a monodentate ion pair with Arg67
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Figure 1 Crystal structure and fumarate binding pocket of human m-NAD-MDH

(A) Crystal structure of the enzyme in complex with NAD+, pyruvate, Mn2+ and fumarate (PDB code 1pj3). The active- and fumarate-site regions are highlighted with white boxes. Blue denotes
NAD+, green denotes pyruvate, and red denotes Mn2+ in the active site; yellow denotes fumarate in the dimer interface. This figure was generated with PyMOL (DeLano Scientific LLC, San Carlos,
CA, U.S.A.). (B) Fumarate binding ligands of human m-NAD-MDH are shown as a LIGPLOT diagram [29]. The bold bonds belong to the fumarate, 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.

(Figure 1B). Mutation of Arg67 and Arg91 of human m-NAD-MDH
leads to desensitization of the enzyme towards fumarate, confirm-
ing the importance of these residues in fumarate binding [20].
Both residues are conserved in A. suum m-NAD-MDH, as well
as among many other decarboxylating MDHs that are insensitive
to fumarate. Therefore additional amino acid residues may be in-
volved in the mechanism of activation by fumarate in the m-NAD-
MDHs from human and A. suum [20,25].

Here we report a detailed kinetic analysis of the activation of
human m-NAD-MDH by fumarate. We further explore the func-
tional role of the anionic residue Asp102 in fumarate activation. We
suggest that Asp102 is an essential residue in the mechanism of ac-
tivation by fumarate, due to its contribution to the charge balance
with other charged residues in the allosteric site of human m-
NAD-MDH.

MATERIALS AND METHODS

Expression and purification of recombinant human m-NAD-MDH

The expression and purification steps were modified from earlier
protocols [3,26]. m-NAD-MDH was overexpressed in Escheri-
chia coli BL21 cells in the expression vector pRH281 under
the control of the inducible trp promoter system [3], and puri-
fied by anion-exchange chromatography on DEAE-Sepharose
(Amersham Biosciences), followed by ATP–agarose affinity
chromatography (Sigma). The purified enzymes were exchanged
and concentrated using a Centricon 30000 instrument (Amicon)
with 30 mM Tris/HCl (pH 7.4). The enzyme purity was examined
by SDS/PAGE, and protein concentrations were determined by
the Bradford method [27].

Site-directed mutagenesis

Site-directed mutagenesis was carried out using the Quik-
ChangeTM kit (Stratagene). This mutagenesis method was per-

formed using Pfu DNA polymerase, which replicated both
plasmid strands with high fidelity in a 16–20-cycle PCR reaction.
Primers including the mutation site are 25–45 mers, which is re-
quired for specific binding of template DNA. The synthetic oligo-
nucleotides used as mutagenic primers were 5′ GAATACTGC-
AAGCTGACATTGAGAGTTTAATGCC 3′ for D102A, 5′ GA-
ATACTGCAAGAAGACATTGAGAGTTTAATGCC 3′ for
D102E, and 5′ GTTTTATAGAATACTGCAAAAAGACATTGA-
GAGTTTAATGCC 3′ for D102K (mutation positions are under-
lined). After completing the mutagenic reactions, plasmid con-
structs were sequenced to confirm the presence of the desired
mutations.

Enzyme kinetics

For the m-NAD-MDH activity assay, the reaction mixture con-
tained 50 mM Tris/HCl (pH 7.4), 15 mM malate (pH 7.4), 1.0 mM
NAD+ and 10 mM MgCl2 in a total volume of 1 ml. After the en-
zyme was added to the reaction mixture, the absorbance at
340 nm at 30 ◦C was traced continuously in a Beckman DU 7500
spectrophotometer. In this process, one enzyme unit was defined
as the amount of enzyme that can catalyse the production of
1 µmol of NADH per min. An absorption coefficient of 6220 M−1

for NADH was used in calculations. Apparent Michaelis con-
stants for the substrate and cofactors were determined by varying
the concentration of one substrate (or cofactor) around its Km value
while maintaining other components constant at the saturation
levels. Kact values for fumarate activation were obtained by fitting
the saturation curves to the following equation:

v = v0 + (Vmax · [fumarate])/(Kact + [fumarate]) (1)

All calculations were carried out with the Sigma Plot 8.0 program
(Jandel, San Rafael, CA).
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Table 1 Kinetic parameters for the WT and D102 mutant human m-NAD-
MDHs

Fumarate was added at 3 mM where indicated.

Fumarate K m,Malate K m,Mg K m,NAD

Enzyme added (mM) (mM) (mM) k cat (s−1)

WT (−) No 12.95 +− 2.46 3.53 +− 0.56 1.03 +− 0.04 130.50 +− 4.21
WT (+) Yes 3.53 +− 0.16 0.90 +− 3.53 0.35 +− 0.02 206.40 +− 5.83
D102E (−) No 13.01 +− 1.28 2.55 +− 0.39 0.80 +− 0.06 44.14 +− 1.23
D102E (+) Yes 4.53 +− 0.21 0.91 +− 0.10 0.33 +− 0.03 60.61 +− 2.11
D102A (−) No 9.12 +− 0.51 1.21 +− 0.10 0.40 +− 0.03 114.72 +− 5.95
D102A (+) Yes 3.81 +− 0.34 0.47 +− 0.05 0.23 +− 0.04 127.14 +− 2.63
D102K (−) No 7.86 +− 0.25 1.04 +− 0.09 0.44 +− 0.05 99.06 +− 0.59
D102K (+) Yes 5.47 +− 0.30 0.53 +− 0.03 0.31 +− 0.04 111.09 +− 1.17

Figure 2 Activation of human m-NAD-MDH by fumarate

The assay mixture contained 15 mM malate, 10 mM MgCl2 and 1 mM NAD+. �, WT enzyme;
�, D102E; �, D102A; �, D102K.

RESULTS

Kinetic properties of recombinant human m-NAD-MDH

The kinetic parameters for the WT (wild type) and mutant en-
zymes determined in the absence and presence of fumarate are
shown in Table 1. There were no significant differences between
the WT and mutant enzymes with regard to Km and kcat values;
however, the extent of the decrease in Km and of the increase
in kcat induced by fumarate was affected in the order: WT
(D102) > D102E > D102A > D102K. The Km values of malate,
Mg2+ and NAD+ for the WT enzyme were decreased 3–4-fold by
fumarate, but for the D102K enzyme the Km values were reduced
by only 1.5–2-fold.

Correlation of fumarate activation with substrate concentration

The activating effects of fumarate on the WT and Asp102 mutant
enzymes were examined. When the enzymes were assayed under
conditions of substrate concentrations around the Km, the maximal
activation by fumarate of the WT enzyme was approx. 1.6-fold,
and that for the D102E enzyme was 1.4-fold. The other mutants,
D102A and D102K, could be activated only slightly by fumarate
(Figure 2). These preliminary results indicated that the anionic
side chain of Asp102 seems to have a significant effect on activation
of the enzyme by fumarate.

To investigate further the relationship between activation by
fumarate and substrate concentration, a wide range of substrate
concentrations were used in the assay mixture. The activating
effect of fumarate was more pronounced at lower substrate con-
centrations. Figure 3(A) shows the initial rate of the WT enzyme

with or without fumarate at various malate concentrations. The
fold activation was obtained by measuring the rate in the pre-
sence of fumarate (vt) divided by each of the rates measured in
the absence of fumarate (v0). The activation of WT enzyme activ-
ity ranged from 14- to1.6-fold with increasing concentrations of
malate (Figure 3B). Not only malate, but also Mg2+ and NAD+,
had significant effects on activation by fumarate. The activation
gradually disappeared with increasing malate, Mg2+, or NAD+

concentrations (Figures 3B, 3C and 3D respectively). The WT
enzyme could be activated by 5–15-fold by low concentrations
of malate, Mg2+ and NAD+, but the activation diminished when
saturating concentrations were used.

Altering the charge properties of the side chain on residue 102
had a significant effect on activation of the enzyme by fumarate.
The fumarate activation of the D102K mutant was much less sen-
sitive to malate, Mg2+ or NAD+ concentration, and much lower
per se. Similar phenomena were observed for D102A, but the
activation of this mutant enzyme was slightly greater than for
the D102K enzyme. The D102E mutant, in which the negative
charge is preserved but the side chain is extended by one carbon,
showed significantly decreased sensitivity to activation by fuma-
rate compared with the WT enzyme. The activation of the
D102E enzyme was slightly dependent on malate, Mg2+ or NAD+

concentration, but to a significantly lesser extent than that of the
WT enzyme. The above results indicate that the allosteric regu-
lation of m-NAD-MDH enzyme activity by fumarate is highly
related to the active-site ligands, i.e. malate, Mg2+ and NAD+.

Activation constants for WT and D102 mutant human m-NAD-MDHs

In order to delineate the mechanism of activation of m-NAD-
MDH by fumarate, enzyme activities were assayed with a broad
range of fumarate concentrations at different fixed concentrations
of substrate (L-malate, Mg2+ or NAD+). Figure 4 shows the initial
rates for the WT and D102 mutant enzymes with varying fumarate
concentrations at each of the fixed malate concentrations. Simi-
lar concentration-dependent patterns were also observed for Mg2+

and NAD+ (results not shown). Each of the saturation curves
plotted by the measured initial rates was fitted to eqn (1), and the
activation constants (Kact) were obtained from these calculations.

The Kact,Fumarate values were greatly dependent on the malate,
Mg2+ or NAD+ concentration. Kact,Fumarate decreased as the con-
centration of malate, Mg2+ or NAD+ increased. The Kact,Fumarate

value with respect to malate for the WT enzyme was 2.1 mM at
the lowest malate concentration (25 µM) and fell gradually to a
plateau value of 1.1 mM, indicating that the enzyme was activated
by fumarate to the greatest extent at low malate concentrations, but
decreased its requirement for fumarate upon elevating the malate
concentration.

The dependence of Kact,Fumarate on malate concentration for the
D102E enzyme was similar to that of the WT enzyme, but
the value was smaller than for the WT enzyme. The Kact,Fumarate

value for D102E was 1.4 mM at 25 µM malate, and fell steadily to
a plateau value of 0.27 mM as the malate concentration increased,
indicating that the catalytic activity of the D102E enzyme was
significantly influenced by fumarate at low malate concentrations
and that, similar to the WT enzyme, this mutant was activated
less by fumarate as the malate concentration increased. However,
the D102E enzyme had a lower requirement for fumarate than
did the WT enzyme, since a lower Kact,Fumarate was observed for
this mutant, suggesting that the allosteric regulation of the D102E
enzyme by fumarate is somewhat impaired.

The enzyme activities of D102A and D102K were not stimu-
lated by fumarate (Figure 2), in agreement with the small and
constant Kact,Fumarate values of these mutants compared with those
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Figure 3 Substrate and cofactor concentration-dependence of the activation of human m-NAD-MDH by fumarate

The fumarate concentration was fixed at 3 mM to achieve maximal activation of the enzyme under the indicated conditions. (A) Initial rate of the WT enzyme with (�; v t) or without (�; v0) 3 mM
fumarate at various malate concentrations. The concentrations of MgCl2 and NAD+ were fixed at 10 mM and 1.0 mM respectively. In (B)–(D), each point was obtained from vt divided by v0 at various
concentrations of malate, MgCl2 and NAD+ respectively. The non-varied substrate concentrations in (B)–(D) were 15, 10 and 1.0 mM for L-malate, MgCl2 and NAD+ respectively. �, WT enzyme;
�, D102E; �, D102A; �, D102K.

Figure 4 Activation by fumarate of human m-NAD-MDH at various malate concentrations

The initial velocities were measured at 50 mM Tris/HCl (pH 7.4), 10 mM MgCl2 and 1.0 mM NAD+. The malate concentrations used were, from top to bottom, 0.25, 0.5, 1, 2, 3, 5, 10 and 15 mM.
(A) WT; (B) D102E; (C) D102A; (D) D102K.
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of the WT and D102E enzymes. The Kact,Fumarate values of these
two mutant enzymes in the presence of a broad range of malate
concentrations were 0.52–0.39 and 0.23–0.01 mM respectively.
The malate-concentration-independence of Kact,Fumarate for the
D102A and D102K enzymes indicated that mutation of this
residue to one with a neutral or positively charged side chain
significantly diminished allosteric activation by fumarate.

The effects of the concentrations of Mg2+ and NAD+ on
Kact,Fumarate for the WT and D102E enzyme were similar to those of
malate. For the WT enzyme, the Kact,Fumarate value with respect
to Mg2+ fell from 5.1 mM at the lowest Mg2+ concentration
(0.5 mM) to a plateau value of 1.2 mM; that for NAD+ fell from
2.2 mM to 0.6 mM. For the D102E enzyme, the Kact,Fumarate value
with respect to Mg2+ fell from 2.6 mM to a plateau value of
1.2 mM; that for NAD+ fell from 1.5 mM to 0.6 mM. For the other
two mutant enzymes, D102A and D102K, Kact,Fumarate was almost
independent of both Mg2+ and NAD+ concentrations, indicating
the significance of the regulatory role of Asp102 for activation by
fumarate. Among the WT and mutant enzymes, the Kact,Fumarate

value of D102K showed a minimum dependence on all three
ligands, implying that the balance of electrostatic interactions is
essential for allosteric regulation by fumarate.

Apparent K m values on activation by fumarate

Fumarate decreased the apparent Km values for malate, Mg2+ and
NAD+ of the recombinant WT and D102 mutant enzymes
(Table 1). We examined the dependence of Km on fumarate con-
centration in the range 0–10 mM for the WT and D102 mutant
enzymes. The apparent Km,Malate for the WT enzyme was 12.95 mM
without fumarate, and it fell gradually to a plateau value of
4.41 mM at a saturating fumarate concentration. The apparent
Km,Mg and Km,NAD values were 3.53 and 1.03 mM without fumarate,
falling to plateau values of 0.69 and 0.22 mM respectively. The
apparent value of Km,Malate was reduced by 2.9-fold, that of Km,Mg

was reduced by 5.1-fold, and that of Km,NAD was reduced by
4.7-fold, indicating that activation of the enzyme by fumarate
was due to the enhancement of the affinity of the enzyme for its
ligands (malate, Mg2+ and NAD+) at the active site. The mutant
enzymes showed a slightly smaller decrease in apparent Km values
compared with the WT enzyme. For the D102E enzyme, the
values of apparent Km,Malate and Km,Mg were reduced by 2.3-fold
(13.01 to 5.60 mM) and 4.3-fold (2.55 to 0.59 mM) respectively,
similar to the WT enzyme. The Km,NAD value of the D102E enzyme
was reduced by only 2-fold (0.80 to 0.45 mM), less than the de-
crease observed for the WT enzyme (4.7-fold). For the D102A
enzyme, the apparent Km values were reduced by only approx.
2-fold. The apparent Km,Malate, Km,Mg and Km,NAD values were 9.12,
1.21 and 0.40 mM respectively without fumarate, and decreased
steadily to plateau values of 4.53, 0.50 and 0.21 mM respectively.
For the D102K enzyme, the apparent Km values for malate and
NAD+ were not changed significantly in the presence of fumarate.
The apparent Km,Malate values were 7.86 and 6.87 mM, and Km,NAD

values were 0.44 and 0.33 mM, without and with 10 mM fumarate
respectively. The Km,Mg of the D102K enzyme was reduced by
1.9-fold (1.04 to 0.54 mM), similar to that of the D102A enzyme.

DISCUSSION

Binding site for the allosteric activator fumarate

Earlier studies have suggested that fumarate is an allosteric activ-
ator of human m-NAD-MDH, by decreasing the Km of malate
[19,28]. The catalytic activity of A. suum m-NAD-MDH is also
activated by fumarate [23,24]. The crystal structure of human m-

NAD-MDH complexed with fumarate has been resolved, and the
mode of binding of fumarate in human m-NAD-MDH has been
identified [20]. The allosteric regulation of human m-NAD-MDH
by fumarate is consistent with its role in glutamine metabolism for
energy production, since fumarate is the product of the preceding
step of this pathway [6]. The c-NADP-MDH isoform, which is in-
volved in the generation of NADPH for fatty acid synthesis, is
therefore not subject to regulation by fumarate.

Two arginine residues in the fumarate binding pocket, Arg67

and Arg91, have been identified as being essential for the binding
of fumarate to the enzyme (Figure 1B). However, both Arg67 and
Arg91 are conserved in many other decarboxylating MDHs (Fig-
ure 5A) that cannot be activated by fumarate. Glu59, which is
ion-paired with Arg67 in the structure but is not conserved among
the MDHs, has a profound influence on activation by fumarate:
mutation of this residue made the enzyme completely insensitive
to fumarate [20]. These results prompted us to look for additional
factors governing activation by fumarate. According to the crystal
structure, the fumarate binding pocket is highly hydrophilic
[20], and there are many charged residues in this binding site
(Figure 5B). We chose Asp102 because it is present only in the
human and A. suum m-NAD-MDHs, but not in other decarboxyl-
ating MDHs (Figure 5A). Figure 5(B) shows that Asp102 is close
to the Arg67–fumarate–Arg91 ion-pair network. Our kinetic data
clearly demonstrate that Asp102 is an important amino acid for
activation of the enzyme by fumarate. We verify that the negative
charge of the side chain in Asp102 is involved in this activation.
Altering the charge properties of this residue has a substantial
impact on activation by fumarate (Figure 2) and sensitivity of the
enzyme to substrates (Figure 3). Our experimental results suggest
that the negative charge of Asp102 is crucial for activation by
fumarate. Retaining the negative charge in the D102E enzyme
conserved approx. 80–90% of the activation capacity of the
WT enzyme (Figure 2), but activation was less sensitive to sub-
strates. Asp102 may be ion-paired with another positively charged
amino acid residue. Changing the length of the side chain may
impede this ionic interaction, thus interfering with the electrostatic
balance in this allosteric site that is crucial for fumarate activation.

The Kact values of the WT enzyme decrease upon increasing the
concentration of substrate (malate, Mg2+ or NAD+), indicating
that the binding of fumarate and substrates is synergistic in order
to optimize the catalytic machinery of the enzyme. Mutation of
Asp102, however, desensitizes this co-operative effect (Figure 3).
This result is corroborated by the allosteric binding of fumarate,
since competition for the same binding site by fumarate and
substrates would bring about an increase in the apparent Kact value.
Thus fumarate may bind to the active centre as well, albeit with
low affinity, and a high fumarate concentration (above 20 mM
fumarate) inhibits enzyme activation (results not shown).

Significance of Asp102 in the fumarate binding site

Structural data have clearly revealed that human m-NAD-MDH
without any active-site ligands (open form I) is not compat-
ible with fumarate binding, since the side chain of Phe68 assumes
a different conformation to block this binding site, and the guani-
dinium group of Arg91 is rotated away from the binding site [20].
Substrate binding (malate, Mg2+ and NAD+) induces a transition
of the enzyme from open form I to closed form I, which is cata-
lytically active to execute the chemical reaction. Open form II, in
which fumarate is bound, may have a higher affinity for the sub-
strates, since the Km values of the WT enzyme decrease as
the fumarate concentration increases, demonstrating that binding
of fumarate at the allosteric site enhances the binding of substrates
at the active site, and thus the maximal activity of the enzyme can
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Figure 5 Fumarate binding region of human m-NAD-MDH

(A) Sequence alignments around the fumarate binding site of the 35 decarboxylating MDHs with amino acid sequences available. Amino acid sequences of the enzymes were searched by Blast [30]
and alignments were generated by Clustal W [31]. The results are expressed by sequence logos with error bars [32]. The amino acid residues highlighted are charged residues in the fumarate binding
region; blue for positively and red for negatively charged amino acids. (B) Local structural representation of the charged amino acid residues at the fumarate (Fum) binding region. Blue indicates
basic residues (Lys and Arg) and red indicates acidic residues (Asp and Glu). This figure was generated with PyMOL (DeLano Scientific LLC). (C) Superimposition of the closed form I (PDB code
1do8; in pink) and closed form II (PDB code 1pj4) structures, indicating the location and conformation of Asp102 in the fumarate binding pocket. The green dashed lines representing hydrogen bonds
between amino acid residues and fumarate (in yellow) were generated by Swiss-Pdb Viewer [33].

be achieved. On the other hand, closed form I (substrates bound)
could be converted into closed form II after binding of fumarate to
the enzyme [10]. However, the requirement for fumarate for this

transition becomes negligible at high substrate concentrations. In
agreement with this, activation was up to 10-fold at the lowest
substrate concentrations, but was only 1.5-fold when saturating
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substrate was present (Figure 3), and decreases in the Kact values
of the enzyme were observed as the concentration of sub-
strate was elevated.

Figure 5(C) shows the superimposition of the fumarate binding
pocket of closed form I (PDB code 1do8), which is bound with
active-site ligands only, and closed form II (PDB code 1pj4),
which is bound with active-site ligands and the allosteric ligand
fumarate. In closed form I, even without a fumarate molecule, the
allosteric site is available for fumarate binding; the side chains of
Arg67 and Arg91, which are the fumarate binding ligands, display
almost the same conformations as observed in closed form II.
Asp102 is in close proximity to the Arg67–fumarate–Arg91 ion-pair
network, and its side-chain conformation is the same in closed
forms I and II. Asp102 does not interact directly with fumarate, and
is hydrogen-bonded and may be ion-paired with Arg98. From our
kinetic data, we suggest that the role of Asp102 is to maintain the
electrostatic balance in the fumarate binding pocket. Mutation of
Asp102 to Ala and Lys, however, abolishes the allosteric regulation
of the enzyme. Asp102 is not conserved in all the enzymes. In
pigeon c-NADP-MDH, which is not allosterically activated by
fumarate, the corresponding amino acid residue 102 is Ser, which
has a neutral side chain.

Conclusions

In summary, fumarate enhances the binding affinity of m-NAD-
MDH for its ligands at the active site, since it decreases the appar-
ent Km values of malate, Mg2+ and NAD+. The susceptibility of
substrate Km values to allosteric activation is partially conserved
in the D102E enzyme, but almost abolished in the D102A and
D102K enzymes, suggesting that mutation of Asp102 causes the
enzyme to be non-allosterically regulated by fumarate. The sig-
nificance of Asp102 in the fumarate binding site is in the main-
tenance of the electrostatic balance that may be a critical factor
governing the mechanism of regulation by fumarate.

This work was supported by the National Science Council, ROC (grants NSC 91-2320-B-
005-004 and NSC-93-2311-B-005-018 to H.-C. H.).
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