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ABSTRACT: An isothermal titration calorimetric study of the binding of substrates and inhibitors to different
complexes of tartrate dehydrogenase (TDH) fromPseudomonas putidawas carried out. TDH catalyzes
the nicotinamide adenine dinucleotide (NAD)-dependent oxidative decarboxylation ofD-malate and has
an absolute requirement for both a divalent and monovalent metal ion for activity. The ligands Mn2+,
meso-tartrate, oxalate, and reduced nicotinamide adenine dinucleotide (NADH) bound to all TDH complexes
with a stoichiometry of 1 per enzyme dimer. The exception is NAD, which binds to E/K+, E/K+/Mn2+,
and E/K+/Mg2+ complexes with a stoichiometry of two per enzyme dimer. The binding studies suggest
a half-of-the-sites mechanism for TDH. No significant heat changes were observed forD-malate in the
presence of the E/K+/Mn2+ complex, suggesting that it did not bind. In contrast,meso-tartrate does bind
to E/K+/Mn2+ but gives no significant heat change in the presence of E/Mn2+, suggesting that K+ is
required formeso-tartrate binding.meso-Tartrate also binds with a large∆Cp value and likely binds via
a different binding mode thanD-malate, which binds only in the presence of NAD. In contrast to all of
the other ligands tested, the binding of Mn2+ is entropically driven, likely the result of the entropically
favored disruption of ordered water molecules coordinated to Mn2+ in solution that are lost upon binding
to the enzyme. Oxalate, a competitive inhibitor of malate, binds with the greatest affinity to E/K+/Mn2+/
NADH, and its binding is associated with the uptake of a proton. Overall, withD-malate as the substrate,
data are consistent with a random addition of K+, Mn2+, and NAD followed by the ordered addition of
D-malate; there is significant synergism in the binding of NAD and K+. Although the binding ofmeso-
tartrate also requires enzyme-bound K+ and Mn2+, the binding ofmeso-tartrate and NAD is random.

The tartrate dehydrogenase (TDH)1 from Pseudomonas
putida is a homodimer with a subunitMr of 40 636 (1, 2).
The enzyme is reported to catalyze three distinct nicotinamide
adenine dinucleotide (NAD)-dependent reactions, the oxida-
tive decarboxylation ofD-malate to pyruvate and CO2, the
oxidation of (+)-tartrate to oxaloglycolate, and the formation
of D-glycerate and CO2 from meso-tartrate (1). The meso-
tartrate reaction is thought to occur with no net production
of reduced nicotinamide adenine dinucleotide (NADH); the
enolate of hydroxypyruvate produced during the reaction is
believed to remain on the enzyme and be reduced by the
bound NADH, which was produced in the initial oxidation
of meso-tartrate. The enzyme shows the greatest activity in
the oxidative decarboxylation ofD-malate (V/Et ) 9 s-1)
compared to the oxidation of (+)-tartrate (V/Et ) 0.6 s-1)
(3).

The enzyme requires both a monovalent and divalent metal
ion for activity. The best monovalent metal ion for activity
is K+. Both Mg2+ and Mn2+ support catalysis; however, on
the basis of initial velocity studies, Mn2+ binds to the enzyme
with about a 40-fold greater affinity than Mg2+. The kinetic
mechanism of TDH with eitherD-malate or (+)-tartrate as
the substrate is reported to be ordered with the divalent metal
ion binding first followed by NAD and eitherD-malate or
(+)-tartrate (1). On the basis of multiple-isotope-effect
studies, the oxidative decarboxylation reaction withD-malate
is stepwise (3). The initial step is oxidation ofD-malate to
form an oxaloacetate intermediate, which then decarboxylates
with a Lewis acid assistance from the divalent metal ion to
give enolpyruvate. The enolpyruvate intermediate is tau-
tomerized to the final product pyruvate with assistance from
an enzymatic general acid. It has been proposed that oxalate
is an analogue of the enolpyruvate intermediate formed
during the TDH reaction and is a slow-binding inhibitor of
the TDH reaction (4).

To further investigate the TDH reaction, an isothermal
titration calorimetric study of the binding of substrates and
inhibitors was carried out to determine the binding constants
and thermodynamic parameters associated with binding. In
addition, the kinetic mechanism of TDH was re-examined
in light of the isothermal titration calorimetry (ITC) results
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and also to investigate the role of the K+ ion in the kinetic
mechanism.

MATERIALS AND METHODS

Chemicals. The chemicals were acquired from the fol-
lowing companies: MgSO4, MnSO4, and oxalate from
Fisher;D-malate, (+)-tartrate, andmeso-tartrate from Sigma;
NAD and NADH from Sigma or USB; andN-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid (Hepes) and tris-
(hydroxymethyl)aminomethane (Tris) from Research Organ-
ics. All chemicals were used without further purification.
The enzyme was isolated fromEscherichia coli cells
harboring the plasmid pTDH1 (2) and purified according to
a previously published method (3). The enzyme was>95%
pure on the basis of sodium dodecyl sulfate-polyacrylamide
gel electrophoresie (SDS-PAGE).

ITC. Titrations were carried out with a Micro Calorimetry
System from MicroCal, Inc. The stirred cell contained TDH
at a typical concentration of about 0.2 mM (enzyme
monomer). Protein concentrations were determined either by
the method of Bradford (5) using bovine serum albumin as
a standard or by the intrinsic enzyme absorbance at 280 nm
(ε ) 61 360 M-1 cm-1) (6). The protein concentrations
determined by the two methods were identical within error.
In addition to the enzyme, the stirred cell typically contained
one or more of the metal ion cofactors (Mn2+ or K+) and
substrates at a concentration greater than 10 times their
respectiveKd. The injection syringe contained substrates or
inhibitors at a concentration of 2-10 mM depending upon
the experiment. For most experiments, a total of 21-25 injec-
tions of a 4µL injection volume were made at 240 s intervals.
In some cases, an initial pre-injection of 2µL volume was
made and the result from this injection was not used for
data analysis. The enzyme was prepared for ITC by dialysis
overnight against the desired buffer for the particular
experiment. The dialysis buffer concentration was either 50
or 100 mM and also contained 10% glycerol and 5 mM
2-mercaptoethanol. The dialysis buffer was used to make up
the ligand solution for the injection syringe to match pH and
the buffer concentration between the solutions in the stirred
cell and the injection syringe. The pH of the ITC experiments
was 7.2-7.5. Blank titrations were done in the absence of
the enzyme to control for heats of dilution and mixing. The
control titrations were subtracted from the experimental
titrations prior to data analysis. The data were analyzed by
the Origin software provided by MicroCal, Inc. In most cases,
the data were fitted to a single-site model (7, 8).

Initial Velocity Studies. Initial velocity data were collected
on a Beckman 640 UV/vis spectrophotometer in 1 cm path-
length cuvettes and 1 mL volumes. Assays were done at
25 °C. Typical assays contained 100 mM K+Hepes at pH 8,
30 mM KCl, and fixed or varied concentrations of uncom-
plexed Mn2+, uncomplexed NAD, uncomplexedD-malate,
or uncomplexed (+)-tartrate, depending upon the experiment;
uncomplexed indicates corrections were made for the forma-
tion of the chelate complex between the substrates and the
divalent metal ion (9). The appearance of NADH was
followed at 340 nm (ε ) 6220 M-1 cm-1). For initial velocity
studies using K+ as a pseudosubstrate, the enzyme was
dialyzed overnight versus 100 mM Tris(HCl) buffer at pH
7.5 containing 10% glycerol and 5 mM 2-mercaptoethanol,

and the buffer used in the initial velocity assays was 100 mM
Tris(HCl) at pH 8. Initial velocity data were fitted using
BASIC versions of the Fortran programs developed by
Cleland (10). Sequential initial velocity data were fitted using
eq 1, and equilibrium-ordered initial velocity data were fitted
using eq 2

whereV is the initial velocity,V is the maximum velocity,
Ka and Kb are the Michaelis constants forA and B,
respectively,Kia is the dissociation constant forA, and A
andB are substrate concentrations.

RESULTS

The binding of several substrates and inhibitors to TDH
was examined by ITC, which allows, in one experiment, the
determination of the association/dissociation constants, en-
thalpy, and stoichiometry of binding. The∆G° of binding
may be calculated using the relationship∆G° ) -RT ln K,
whereR is the gas constant,T is the temperature, andK is
the association constant. The entropy of binding∆S° may
be calculated from∆G° ) ∆H° - T∆S°.

The ITC data for binding of ligands to TDH are sum-
marized in Table 1. For all but one of the ligands examined,
the data were fitted best to a model that specifies one set of
sites. However, for NAD, the data fitted best to a model
that specifies two interacting sites per dimer for E/K+ or
E/K+/Mn2+ and two independent sites (one per monomer)
for E/K+/Mg2+. A binding isotherm and the fitted data for
binding of NAD to E/K+ are shown in Figure 1. The NAD
titration was repeated several times with similar results. The
binding of NAD to E/K+/Mn2+ gave a higher affinity site
with a Kd of about 19µM and a lower affinity site with aKd

of about 150µM. In contrast to NAD, the binding isotherm
for the reduced dinucleotide substrate, NADH, fitted best to
a model with one site per enzyme dimer. An attempt to titrate
the E/K+/Mn2+/NADH complex of TDH with NAD gave
no evidence for binding of NAD. Evidence for weak binding
of NAD to E in the absence of both K+ and Mn2+ was
obtained in an ITC titration, but the binding isotherm was
not well enough defined to obtain an adequate fit of the data
to any model. The only case that exhibited a positive∆H°
of binding was that of Mn2+; an example of a binding
isotherm and fitted data for Mn2+ binding to E/K+ is shown
in Figure 2.

The substratemeso-tartrate was found to bind to E/K+/
Mn2+ with a dissociation constant of about 70µM and a
negative∆H°. The heat capacity change (∆Cp) associated
with ligand binding may be determined by acquiring the
binding isotherm at different temperatures and then fitting
the data to∆Cp ) (∆H°1 - ∆H°2/T1 - T2) . There is a sig-
nificant temperature dependence for∆H° associated with
meso-tartrate binding giving an estimate of-1.6( 0.2 kcal
mol-1 K-1 for ∆Cp. In contrast tomeso-tartrate, no evidence
could be obtained for the binding ofD-malate to the E/K+/
Mn2+ complex. In addition, no evidence for the binding of

V ) VAB
KiaKb + KaB + KbA + AB

(1)

V ) VAB
KiaKb + KbA + AB

(2)
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meso-tartrate could be obtained in the presence of Mn2+ and
the absence of K+.

Oxalate is considered an analogue of the enolpyruvate
intermediate formed during the oxidative decarboxylation
reaction ofD-malate catalyzed by TDH. Oxalate binds to
the E/K+/Mn2+/NADH complex with a lowKd of about 1µM
and to the E/K+/Mn2+/NAD complex but with a higherKd

of about 27µM. The∆H° of binding for oxalate to the E/K+/
Mn2+/NADH complex is dependent upon the buffer used in
the experiment. A∆H° of +3.95 kcal/mol is observed with
Tris buffer, while-3.46 kcal/mol is obtained with Hepes
buffer; consequently, the values of∆H° in Table 1 are ap-

parent values. An estimate of the actual value for∆H° can
be determined from a plot of the apparent∆H° and the∆H°
of ionization of the two buffers (11) (see the Discussion).
In the absence of a dinucleotide substrate, no evidence for
binding of oxalate could be detected to the E/K+/Mn2+

complex.
Initial Velocity Studies. The previously reported kinetic

mechanism for TDH was proposed to be ordered with the
order of addition as Mn2+, NAD, andD-malate (1). However,
some of the complexes identified by ITC experiments are
not predicted by the ordered mechanism. In addition, the

Table 1: Summary of ITC Data for TDH

ligand T Na
K1

(µM)
K2

(µM)
∆H°1

(kcal/mol)
∆H°2

(kcal/mol)
∆G°

(kcal/mol)
∆S°1

(kcal mol-1 K-1)
∆G°2

(kcal/mol)
∆S°2

(kcal mol-1 K-1)

Mn (E/K+)b 15 1.02c 93 +9.59 -5.31 +51.7
Mn (E/K+) 25 0.94 90 +9.41 -5.52 +50.1
Mn (E/K+/NAD) 11 0.99 75 +8.15 -5.53 +46.7
Mn (E/K+/NAD) 20 1.11 64 +11.3 -5.45 +59.0
NADH (E/K+/Mn2+) 16 1.06 31 -16.6 -5.96 -36.8
NAD (E/K+/Mn2+) 16 2.18 19 159 -7.37 -20.0 -6.45 -3.2 -5024 -51.8
NAD (E/K+/Mg2+) 16 2 82 -17.1 -5.40 -40.6
NAD (E/K+) 16 2 54 79 -9.60 -16.0 -5.65 -13.7 -5426 -14.4
meso-tartrate (E/K+) 10 0.96 49 -16.4 -5.58 -38.4

17 0.83 71 -27.0 -5.51 -74.2
20 0.93 83 -32.7 -5.41 -93.1

oxalate
(E/K+/Mn2+/NAD)

17 0.99 27 -2.69 -6.05 -11.6

oxalate
(E/K+/Mn2+/NADH)

17 0.97 1.2 -3.46 -7.88 -15.2

oxalated

(E/K+/Mn2+/NADH)
17 1.1 3.9 +3.95 -7.38 -11.8

a The stoichiometry (N) refers to binding of ligand per enzyme dimer.b The enzyme form titrated is indicated in parentheses.c All titration data
were fitted to a one-set-of-sites model with the exception of the titrations of E/K+/Mn2+ and E/K+ with NAD, which were fitted to a two-interacting-
site model. The errors on the fitted parameters listed in the table are all less than 10%.d The titration was done in Tris buffer; all other titrations
were done in Hepes buffer.

FIGURE 1: Titration of E/K+ with NAD. The cell contained 0.217
mM TDH monomer concentration in 100 mM Hepes at pH 7.5, 4
mM 2-mercaptoethanol, 8% glycerol, and 30 mM added KCl. The
syringe contained 10 mM NAD in the same buffer. A total of 25
injections were made at 240 s intervals. (Top panel) Raw ITC data.
(Bottom panel) Data after the subtraction of the control titration
and peak integration. The solid line is the fit to a model that requires
two interacting sites.

FIGURE 2: Titration of TDH with Mn2+. The cell contained 0.21
mM TDH monomer concentration in 100 mM Hepes at pH 7.2, 4
mM 2-mercaptoethanol, and 8% glycerol. The syringe contained 4
mM MnSO4 in the same buffer. A total of 25 injections were made
at 240 s intervals. (Top panel) Raw ITC data. (Bottom panel) Data
after the subtraction of the control titration and peak integration.
The solid line is the fit to a one-site binding model.
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reported kinetic mechanism did not consider the order of
binding of the monovalent ion in the mechanism. These
observations prompted a re-examination of the kinetic
mechanism by initial velocity studies. Initial velocity patterns
are summarized in Table 2. The K+ versus NAD pattern
appears to intersect on the ordinate as shown in Figure 3.
The D-malate versus Mn2+ pattern also intersects on the
ordinate, indicating an equilibrium-ordered addition of Mn2+

prior to malate, while the NAD versus Mn2+ pattern intersects
to the left of the ordinate as shown in Figure 4, which differs
from earlier work. The K+ versusD-malate pattern also
intersects on the ordinate, indicating an equilibrium-ordered
addition, while the remaining patterns intersect to the left of
the ordinate.

DISCUSSION

Half-of-the-Sites ReactiVity. One of the most interesting
aspects to come out of the ITC binding studies is that, with
the exception of NAD, all of the substrate and inhibitors

tested bound to the enzyme dimer with a stoichiometry of
1. There is currently no crystal structure available for TDH;
however, the presumption is that the homodimeric enzyme
contains two active sites and results with NAD indicate this.
However, even in cases where NAD is present in the titration,
other ligands such as oxalate or Mn2+ bind with a stoichi-
ometry of 1 per dimer. The results suggest the possibility of
a half-of-the-sites or reciprocating-sites (flip-flop) mechanism
for TDH. The enzyme may have a natural asymmetry to its
structure that allows only one active site to bind most ligands.
It is worth noting that, with NAD, the higher affinity site
has aKd of about 20µM, while the lower affinity site has a
Kd of about 150µM. TheKm for NAD is about 150µM and
suggests that the lower affinity site is the functional active
site, assuming that theKm is similar to theKd. It is also
interesting that NADH binds to enzyme with a stoichiometry
of 1 per enzyme dimer. In a titration of the enzyme in the
presence of saturating NADH, in which one active site is
presumably occupied by NADH, a titration with NAD did
not lead to evidence for the binding of NAD to the second

Table 2: Steady-State Kinetic Parameters for TDHa

variable substrate fixed variable substrate fixed substrate Km (mM) Kia (mM) intersection point

D-malate NAD Mn (2 mM)
K+ (>30 mM)

0.090 (0.018)D-malate
0.143 (0.039) NAD

left of the ordinate

Mn2+ D-malate NAD (1.5 mM)
K+ (>30 mM)

0.092 (0.015)D-malate 0.11 (0.018) Mn2+ on the ordinate

K+ D-malate NAD (1.5 mM)
Mn2+ (0.2 mM)

0.43 (0.08)D-malate 4.2 (0.8) K+ on the ordinate

K+ NAD D-malate (2 mM)
Mn2+ (0.2 mM)

0.134 (0.026) NAD 32 (7) K+ on the ordinate

K+ NAD D-malate (0.2 mM)
Mn2+ (0.2 mM)

0.148 (0.022) NAD 29 (5) K+ on the ordinate

Mn2+ NAD (+)-tartrate (4 mM)
K+ (>30 mM)

0.38 (0.09) NAD
0.014 (0.005) Mn2+

left of the ordinate

Mn2+ NAD D-malate (0.1 mM)
K+ (>30 mM)

0.18 (0.03) NAD
0.055 (0.009) Mn2+

left of the ordinate

a Values in parentheses are standard errors.

FIGURE 3: Initial velocity pattern for NAD versus K+. The buffer
was 100 mM Tris (HCl) at pH 7.5, and fixed substrate concentra-
tions were 0.2 mM Mn2+ and 2 mMD-malate. The K+ concentra-
tions were ([) 2 mM, (9) 4 mM, (2) 10 mM, (×) 20 mM, and
(b) 45 mM. The initial rate (V) is in micromolar per minute.

FIGURE 4: Initial velocity pattern for NAD versus Mn2+. The buffer
was 100 mM Hepes at pH 7.5, and the fixed substrate concentrations
were 0.1 mMD-malate and>30 mM K+. The Mn2+ concentrations
were ([) 0.03 mM, (9) 0.05 mM, (2) 0.1 mM, and (b) 0.3 mM.
The initial rate (V) is in micromolar per minute.
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active site. Apparently, once NADH is bound to one active
site, the other site is inaccessible to NAD. It is not clear
from the current data whether, once an enzyme turnover
occurs at the functional active site, an enzyme conformational
change ensues that allows for the formally inactive site to
become the functional one and visa versa.

meso-Tartrate Binding. The TDH kinetic mechanism
appears to require all cofactors (Mn2+ and K+) and NAD to
bind before D-malate or (+)-tartrate (see below). The
substratemeso-tartrate is an exception in that it can bind in
the absence of NAD to the E/Mn2+/K+ complex. TDH has
about 38% identity to isopropylmalate dehydrogenase, and
it has been proposed that isopropylmalate dehydrogenase
(IPMDH) is the evolutionary progenitor of TDH (2). IPMDH
has a hydrophobic pocket that accommodates the isopropyl
group of the isopropylmalate substrate (12-15), and TDH
presumably retains this hydrophobic pocket in some manner.
The binding of meso-tartrate is associated with a large
negative ∆Cp, normally attributed to the formation of
hydrophobic interactions upon binding the substrate (16). It
does not seem likely that the relatively small and negatively
chargedmeso-tartrate could lead to such a large negative
∆Cp even if it does interact in some way with a hydrophobic
pocket within the enzyme binding site. The binding energy
for meso-tartate is likely derived from the charged carboxyl
groups and the polar hydroxyl groups interacting with the
bound Mn2+ and K+ ions; both are required formeso-tartrate
binding. The large negative∆Cp associated withmeso-tartrate
binding likely results from an induced protein conformational
change leading to desolvation and formation of hydrophobic
interactions within the protein. It has been proposed previ-
ously that there may be different modes of binding of the
dicarboxylic acid substrates of TDH (12). The observed
binding of meso-tartrate to the E/Mn2+/K+ complex, while
D-malate cannot bind to this complex, is consistent with
different binding modes for the two substrates. The different
manner in whichmeso-tartrate andD-malate bind to the
enzyme may be what results in the significant protein
conformational change suggested by the∆Cp data.

DiValent Metal Ion Binding. The divalent metal ion Mn2+

binds to both E/K+ and E/K+/NAD complexes with about
equal affinity and with a stoichiometry of binding of 1 per
dimer. The divalent metal ion is the only ligand tested that
exhibits entropically driven binding (Table 1). For a ligand
such asmeso-tartrate, negative contributions to∆S° would
generally come from losses in rotational, vibrational, and
translational degrees of freedom upon the formation of the
complex. These negative contributions to∆S° come from
losses in conformational flexibility in the ligand and/or
protein upon the formation of the complex. In solution, Mn2+

would have only translational degrees of freedom to lose.
Upon binding to the enzyme, the translational motion of
Mn2+ would be lost but the translational motion of the
enzyme would be retained in the complex. The loss of one
translational degree of freedom and whatever conformational
flexibility of the protein is lost upon binding the divalent
metal ion are not enough to overcome the positive contribu-
tions to∆S°. Favorable contributions to∆S° usually involve
the release of ordered water molecules into the bulk solvent.
On the basis of homology to IPMDH, the divalent metal ion
likely coordinates to aspartate residues D225, D250, and
D254. The binding of Mn2+ likely displaces waters that are

coordinated to the metal ion as it forms coordination bonds
with the aspartate residues.

Oxalate Binding. Oxalate is considered an analogue of the
enolpyruvate intermediate that would be formed in the TDH-
catalyzed oxidative decarboxylation ofD-malate. Oxalate was
shown to be a slow-binding inhibitor of TDH under initial
velocity turnover conditions. In addition, the slow addition
of oxalate to an E/Mn2+/NADH complex could be followed
by changes in intrinsic enzyme fluorescence. The maximum
rate of first-order decay of the enzyme fluorescence upon
addition of oxalate was about 0.09 s-1 (4). Examination of
oxalate binding by ITC gave a stoichiometry of binding of
1 per dimer to either the E/K+/Mn2+/NAD or E/K+/Mn2+/
NADH complex. TheKd for binding of oxalate to the NAD
complex is about 27µM and about 1µM to the NADH
complex. TheKd value for binding to the NADH complex
is similar to the previously reported value, but the previously
reported value for the NAD complex was about 80µM. In
any case, oxalate binds to the NADH complex about 10-
fold better than when NAD is bound. During enzyme
turnover, the enolpyruvate intermediate would be formed
with NADH bound; it is reasonable that an analogue of
enolpyruvate would bind with greater affinity to the NADH
complex. Oxalate did not bind in the absence of a dinucle-
otide substrate and indicates the requirement for either NAD
or NADH for oxalate binding.

The apparent enthalpy of binding of oxalate to E/K+/Mn2+/
NADH is dependent upon the buffer used in the titration.
The heat of ionization of Tris buffer is+11.3 kcal/mol at
25 °C (17), and the heat of ionization of Hepes buffer has
been reported as+3.92 (17) and +4.99 kcal/mol (18). If
proton(s) are taken up by the protein during the binding
process, the∆H° will reflect both the∆H° associated with
the binding of oxalate and the∆H° associated with the loss
of a proton by the buffer. Using an average value of+4.46
kcal/mol for ∆H°ion of Hepes, the difference in the∆H°ion

for Tris and Hepes is 6.84 kcal/mol. The difference in∆H°
for oxalate binding in Tris and Hepes buffer is 7.41 kcal/
mol and suggests that oxalate binding to the enzyme requires
a proton. The true∆H for oxalate binding can thus be cal-
culated by plotting apparent∆H° versus∆H°ion of the buffer
and, for oxalate binding to the NADH complex, gives a value
for ∆H° of about 8.7 kcal/mol. The entropy associated with
the binding of oxalate to the NADH complex can be cal-
culated as-2.8 cal mol-1 K-1 in Hepes and-4.5 cal mol-1

K-1 in Tris buffer. The uptake of a proton on oxalate binding
is reasonable because during turnover the general base would
accept a proton from the 2-hydroxyl of malate during hydride
transfer to form NADH. During the subsequent decarboxy-
lation step, a proton would be shuttled from the general base
back to form enolpyruvate. Thus, the NADH complex would
favor the protonated general base.

The small unfavorable entropy term associated with
oxalate binding may come from losses in rotational, vibra-
tional, and translational freedom of oxalate. Oxalate is
reported to be a slow-binding inhibitor of TDH, and it was
proposed that following the formation of the initial E/oxalate
complex a conformational change occurs to form the tight
E/oxalate complex. Although the ITC titration results with
oxalate did not reveal evidence for the slow-binding behavior
of oxalate, a protein conformational change associated with
oxalate binding is probable given the reported slow-binding
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inhibitory behavior of oxalate. The entropically unfavorable
protein closure likely associated with oxalate binding may
be compensated by other effects, such as desolvation of
oxalate, that lead to the relatively small unfavorable entropy
term for oxalate binding.

Kinetic Mechanism. The kinetic mechanism for TDH was
re-examined in light of the ITC results. The previously
proposed ordered mechanism of Mn2+, followed by NAD
and thenD-malate or (+)-tartrate would predict that NAD
cannot bind in the absence of Mn2+. The ITC results clearly
indicate that in the absence of Mn2+ the addition of NAD to
E/K+ occurs with a binding constant similar to theKm for
NAD. Initial velocity patterns were obtained to investigate
the kinetic mechanism. When the initial rate is measured as
a function ofD-malate at different fixed levels of Mn2+, the
pattern intersects on the ordinate, indicative of equilibrium-
ordered addition of the metal ion prior toD-malate. The ITC
results indicate thatD-malate does not bind to the E/K+/Mn2+

complex unless NAD is bound, and thus,D-malate binds to
the E/K+/Mn2+/NAD complex. However, ITC results suggest
NAD can bind to both the E/K+ and E/K+/Mn2+ complexes,
so that the divalent metal ion is not required for NAD
binding. These results are in contrast to previously reported
results (1) that suggested equilibrium-ordered addition of
Mn2+ prior to NAD. An ITC titration of E by NAD in the
absence of both Mn2+ and K+ suggests weak binding of NAD
to free E. Initial velocity data obtained varying K+ and NAD
give an estimate of about 30 mM forKK+, and it is reduced
to about 4 mM at saturating NAD. The 7-fold difference in
the binding constant for K+ binding to the free enzyme
(30 mM) and E/NAD (4 mM) likely leads to the apparent
equilibrium-ordered pattern for K+ versus NAD; i.e., the
addition of the two is equilibrium-random with synergism.
Fluorescence titrations of TDH with K+ at high NAD
concentrations (data not shown) also lead to an estimate of
3-4 mM for KK+.

In summary, the kinetic mechanism for TDH appears to
be random with respect to the binding of NAD, K+, and
Mn2+, but there is a requirement that all three be bound to
the enzyme beforeD-malate can bind. The binding of NAD
and K+ is synergistic. The kinetic mechanism associated with
binding of substrates to TDH is shown in Scheme 1. In most
cases, the measured dissociation constant is given for the
binding of each substrate to each complex in Scheme 1.
Although the dissociation constant for Mn2+ binding to E
and E/NAD was not directly determined in the current work,

the values are estimated at about 100µM because the Mn2+

dissociation constant is about 100µM to both E/K+ and
E/K+/NAD. At a low K+ concentration, aKm value for NAD
of about 3 mM was measured from initial velocity data
varying NAD. TheKd for NAD in the absence of K+ is likely
at least 3 mM. The kinetic mechanism withmeso-tartrate as
a substrate is different because it can bind to E/K+/Mn2+

with a dissociation constant similar to its reportedKm value.
Although meso-tartrate does not require NAD to be on the
enzyme, this substrate requires prior binding of K+ and likely
the divalent metal ion. Thus, withmeso-tartrate, there is
random addition ofmeso-tartrate and NAD, opposed to the
ordered addition of NAD prior toD-malate.

The role of the monovalent cation in the reaction is rather
interesting in that it appears to be required forD-malate
binding and enhances NAD binding. Data suggest the
monovalent cation may play a direct role inD-malate binding.
However, with just one exception, all of the amino acid
residues that are proposed to line the isopropylmalate site
in IPMDH are retained in TDH (2, 13-15) and none of these
residues seems to be a likely candidate for binding a
monovalent cation. Using the numbering for TDH, there are
three aspartate residues (D225, D250, and D254) that appear
to be the ligands to the divalent metal ion. There are arginine
residues (R98 and R108) that likely are involved in substrate
binding and two residues proposed to be catalytic residues
(K192 and Y141). In theThermus thermophilusIPMDH,
there are two leucine residues retained in TDH that line the
hydrophobic pocket of the isopropylmalate site and E87, for
which the methylene groups contribute to the hydrophobic
pocket, and theγ carboxylate is proposed to interact with
the nicotinamide of NAD; in TDH, E87 is replaced by W91.
Exactly where the monovalent metal ion may bind to the
enzyme and yet have such a profound effect on the binding
of both D-malate and NAD is still an open question, and
additional studies will be required to resolve this question.
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