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ABSTRACT. An isothermal titration calorimetric study of the binding of substrates and inhibitors to different
complexes of tartrate dehydrogenase (TDH) frBseudomonas putidaas carried out. TDH catalyzes

the nicotinamide adenine dinucleotide (NAD)-dependent oxidative decarboxylatmmafate and has

an absolute requirement for both a divalent and monovalent metal ion for activity. The ligarfds Mn
mesetartrate, 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 tg ,EAK/Mn?+,

and E/Kr/Mg?" 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 observedralate in the
presence of the E/KIMn?* complex, suggesting that it did not bind. In contrasgsetartrate does bind

to E/K*/Mn2* but gives no significant heat change in the presence of EfMsuggesting that K is
required formesetartrate bindingmeseTartrate also binds with a larg&C, value and likely binds via

a different binding mode thab-malate, which binds only in the presence of NAD. In contrast to all of
the other ligands tested, the binding of Mris entropically driven, likely the result of the entropically
favored disruption of ordered water molecules coordinated t&"Nmsolution that are lost upon binding

to the enzyme. Oxalate, a competitive inhibitor of malate, binds with the greatest affinity toNGK"/
NADH, and its binding is associated with the uptake of a proton. Overall, svittalate as the substrate,
data are consistent with a random addition of, KIn?*, and NAD followed by the ordered addition of
D-malate; there is significant synergism in the binding of NAD and Klthough the binding omese
tartrate also requires enzyme-bound &nd Mrt, the binding ofmesetartrate and NAD is random.

The tartrate dehydrogenase (TBHjom Pseudomonas The enzyme requires both a monovalent and divalent metal
putidais a homodimer with a subunitl, of 40 636 (, 2). ion for activity. The best monovalent metal ion for activity
The enzyme is reported to catalyze three distinct nicotinamideis K. Both Mg?™ and Mr#™ support catalysis; however, on
adenine dinucleotide (NAD)-dependent reactions, the oxida- the basis of initial velocity studies, Mhbinds to the enzyme
tive decarboxylation ob-malate to pyruvate and GOthe with about a 40-fold greater affinity than Mg The kinetic
oxidation of (+)-tartrate to oxaloglycolate, and the formation mechanism of TDH with eithep-malate or {)-tartrate as
of p-glycerate and C®from mesetartrate (). The mese the substrate is reported to be ordered with the divalent metal
tartrate reaction is thought to occur with no net production jon binding first followed by NAD and eithep-malate or
of reduced nicotinamide adenine dinucleotide (NADH); the (+)-tartrate (). On the basis of multiple-isotope-effect
enolate of hydroxypyruvate produced during the reaction is studies, the oxidative decarboxylation reaction witmalate
believed to remain on the enzyme and be reduced by thejs stepwise ). The initial step is oxidation ob-malate to
bound NADH, which was produced in the initial oxidation  form an oxaloacetate intermediate, which then decarboxylates
of mesetartrate. The enzyme shows the greatest activity in yith a Lewis acid assistance from the divalent metal ion to

the oxidative decarboxylation af-malate V/E; = 9 571) give enolpyruvate. The enolpyruvate intermediate is tau-
compared to the oxidation oft{-tartrate V/E: = 0.6 ) tomerized to the final product pyruvate with assistance from
). an enzymatic general acid. It has been proposed that oxalate
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is work w. u % .F.C. i . . . i
Science Foundation (MCB 0091207) and the Grayce B. Kerr endow- during the TDH reaction and is a slow-binding inhibitor of
ment to the University of Oklahoma to support the research of P.F.C. the TDH reaction 4).
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titration calorimetry; NAD, nicotinamide adenine dinucleotide (the  an¢ thermodynamic parameters associated with binding. In
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dinucleotide; TDH, tartrate dehydrogenase: Tris, tris(hydroxymethyl)- @ddition, the kinetic mechanism of TDH was re-examined

aminomethane. in light of the isothermal titration calorimetry (ITC) results
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and also to investigate the role of the kon in the kinetic and the buffer used in the initial velocity assays was 100 mM

mechanism. Tris(HCI) at pH 8. Initial velocity data were fitted using
BASIC versions of the Fortran programs developed by

MATERIALS AND METHODS Cleland (0). Sequential initial velocity data were fitted using

) ) ) eq 1, and equilibrium-ordered initial velocity data were fitted
Chemicals The chemicals were acquired from the fol- using eq 2

lowing companies: MgS& MnSQ, and oxalate from

Fisher,p-malate, {-)-tartrate, ananesetartrate from Sigma; VAB )

NAD and NADH from Sigma or USB; andl-(2-hydroxy- v=

ethyl)piperazineN'-2-ethanesulfonic acid (Hepes) and tris- KiaKp + KB + KA+ AB

(hydroxymethyl)aminomethane (Tris) from Research Organ- VAB

ics. All chemicals were used without further purification. v= K K, T KA+ AB (2)

The enzyme was isolated frorscherichia coli cells
harboring the plasmid pTDHZ2) and purified according to ) L , i , ,
a previously published metho8)( The enzyme was 95% wherev is the initial velocity,V is the maximum velocity,

pure on the basis of sodium dodecy! sulfapelyacrylamide ~ Ka a@nd Ky are the Michaelis constants foh and B,
gel electrophoresie (SDPAGE). respectively K, is the dissociation constant f@k, and A

ITC. Titrations were carried out with a Micro Calorimetry andB are substrate concentrations.

System from MicroCal, Inc. The stirred cell contained TDH ResuLTS

at a typical concentration of about 0.2 mM (enzyme

monomer). Protein concentrations were determined either by The binding of several substrates and inhibitors to TDH
the method of BradfordS) using bovine serum albumin as  was examined by ITC, which allows, in one experiment, the
a standard or by the intrinsic enzyme absorbance at 280 nmdetermination of the association/dissociation constants, en-
(e = 61360 M cm™) (6). The protein concentrations thalpy, and stoichiometry of binding. Th®G° of binding
determined by the two methods were identical within error. may be calculated using the relationsi@® = —RTIn K,

In addition to the enzyme, the stirred cell typically contained whereR is the gas constant, is the temperature, and is

one or more of the metal ion cofactors (Mnor K*) and the association constant. The entropy of bindx®& may
substrates at a concentration greater than 10 times theibe calculated fromAG® = AH®° — TAS.

respectiveky. The injection syringe contained substrates or  The ITC data for binding of ligands to TDH are sum-
inhibitors at a concentration of-2L0 mM depending upon  marized in Table 1. For all but one of the ligands examined,
the experiment. For most experiments, a total of 2% injec- the data were fitted best to a model that specifies one set of
tions of a 4uL injection volume were made at 240 s intervals. sites. However, for NAD, the data fitted best to a model
In some cases, an initial pre-injection o volume was  that specifies two interacting sites per dimer for E/&r
made and the result from this injection was not used for E/K*/MnZ" and two independent sites (one per monomer)
data analysis. The enzyme was prepared for ITC by dialysisfor E/K*/Mg?*. A binding isotherm and the fitted data for
overnight against the desired buffer for the particular binding of NAD to E/K" are shown in Figure 1. The NAD
experiment. The dialysis buffer concentration was either 50 titration was repeated several times with similar results. The
or 100 mM and also contained 10% glycerol and 5 mM binding of NAD to E/K"/Mn2* gave a higher affinity site
2-mercaptoethanol. The dialysis buffer was used to make upwith a K4 of about 19uM and a lower affinity site with &gy

the ligand solution for the injection syringe to match pH and of about 15QuM. In contrast to NAD, the binding isotherm
the buffer concentration between the solutions in the stirred for the reduced dinucleotide substrate, NADH, fitted best to
cell and the injection syringe. The pH of the ITC experiments a model with one site per enzyme dimer. An attempt to titrate
was 7.2-7.5. Blank titrations were done in the absence of the E/K/Mn2"/NADH complex of TDH with NAD gave
the enzyme to control for heats of dilution and mixing. The no evidence for binding of NAD. Evidence for weak binding
control titrations were subtracted from the experimental of NAD to E in the absence of both ‘Kand Mr#* was
titrations prior to data analysis. The data were analyzed by obtained in an ITC titration, but the binding isotherm was
the Origin software provided by MicroCal, Inc. In most cases, not well enough defined to obtain an adequate fit of the data
the data were fitted to a single-site modé| 8). to any model. The only case that exhibited a posithig¢°

Initial Velocity Studieslnitial velocity data were collected ~ of binding was that of M#"; an example of a binding
on a Beckman 640 UV/vis spectrophotometer in 1 cm path- isotherm and fitted data for Mh binding to E/K" is shown
length cuvettes and 1 mL volumes. Assays were done atin Figure 2.

25°C. Typical assays contained 100 mM{epes at pH 8, The substratenesetartrate was found to bind to EfiK
30 mM KClI, and fixed or varied concentrations of uncom- Mn2" with a dissociation constant of about Z01 and a
plexed Mri#*, uncomplexed NAD, uncomplexentmalate, negativeAH®. The heat capacity changA(,) associated

or uncomplexed-f)-tartrate, depending upon the experiment; with ligand binding may be determined by acquiring the
uncomplexed indicates corrections were made for the forma-binding isotherm at different temperatures and then fitting
tion of the chelate complex between the substrates and thethe data toAC, = (AH®1 — AH®/T; — T,) . There is a sig-
divalent metal ion 9). The appearance of NADH was nificant temperature dependence #hH° associated with
followed at 340 nmd{ = 6220 Mt cm™Y). For initial velocity mesetartrate binding giving an estimate ofl.6 + 0.2 kcal
studies using K as a pseudosubstrate, the enzyme was mol~* K~ for AC,. In contrast tanesetartrate, no evidence
dialyzed overnight versus 100 mM Tris(HCI) buffer at pH could be obtained for the binding ofmalate to the E/K/

7.5 containing 10% glycerol and 5 mM 2-mercaptoethanol, Mn?* complex. In addition, no evidence for the binding of
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Table 1: Summary of ITC Data for TDH

K1 Kz AH°y AH®; AG° AS AG°, AS;
ligand T N (M)  (uM) (kcal/mol) (kcal/mol) (kcal/mol) (kcal moitK=1) (kcal/mol) (kcal molt K1)

Mn (E/KT)P 15 1.02 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) 20 111 64 +11.3 —5.45 +59.0
NADH (E/K*/Mn?") 16 1.06 31 —16.6 —5.96 —36.8
NAD (E/K*/Mn?%) 16 2.18 19 159 —7.37 —20.0 —6.45 —-3.2 —5024 —51.8
NAD (E/K*/Mg?) 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
mesetartrate (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 17 099 27 —2.69 —6.05 -11.6
(E/K*/Mn2+/NAD)
oxalate 17 0.97 1.2 —3.46 —7.88 —15.2
(E/K*/Mn?"/NADH)
oxalaté 17 11 3.9 +3.95 —7.38 -11.8
(E/K+/Mn2+/NADH)

aThe stoichiometry) refers to binding of ligand per enzyme diméiThe enzyme form titrated is indicated in parenthe&ddl titration data
were fitted to a one-set-of-sites model with the exception of the titrations of/Ei2" 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 thad Tieé4titration was done in Tris buffer; all other titrations

were done in Hepes buffer.
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Ficure 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 KCI. 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.

mesetartrate could be obtained in the presence ofivand
the absence of K
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FicUre 2: Titration of TDH with Mr™. 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 MnSQy 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.

parent values. An estimate of the actual valueA#ét® can

Oxalate is considered an analogue of the enolpyruvatebe determined from a plot of the apparéii® and theAH®

intermediate formed during the oxidative decarboxylation
reaction ofp-malate catalyzed by TDH. Oxalate binds to
the E/Kf/Mn?"/NADH complex with a lowKy of about 1uM

and to the E/K/Mn?"/NAD complex but with a higheKy

of about 27uM. The AH° of binding for oxalate to the E/K
Mn?*/NADH complex is dependent upon the buffer used in
the experiment. AAH® of +3.95 kcal/mol is observed with
Tris buffer, while —3.46 kcal/mol is obtained with Hepes
buffer; consequently, the values AH® in Table 1 are ap-

of ionization of the two buffers1(l) (see the Discussion).

In the absence of a dinucleotide substrate, no evidence for
binding of oxalate could be detected to the EMn?"
complex.

Initial Velocity Studies The previously reported kinetic
mechanism for TDH was proposed to be ordered with the
order of addition as Mtt, NAD, andp-malate (). However,
some of the complexes identified by ITC experiments are
not predicted by the ordered mechanism. In addition, the
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Table 2: Steady-State Kinetic Parameters for FDH

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

D-malate NAD Mn (2 mM) 0.090 (0.018p-malate left of the ordinate
K* (>30 mM) 0.143 (0.039) NAD

Mn2*+ p-malate NAD (1.5 mM) 0.092 (0.015p-malate 0.11 (0.018) M on the ordinate
K* (>30 mM)

K+ p-malate NAD (1.5 mM) 0.43 (0.08)p-malate 4.2 (0.8) K on the ordinate
Mn2*t (0.2 mM)

K+ NAD p-malate (2 mM) 0.134 (0.026) NAD 32 (7)K on the ordinate
Mn?* (0.2 mM)

K+ NAD p-malate (0.2 mM)  0.148 (0.022) NAD 29 (5) K on the ordinate
Mn2*t (0.2 mM)

Mn2+ NAD (+)-tartrate (4 mM)  0.38 (0.09) NAD left of the ordinate
K* (>30 mM) 0.014 (0.005) MA*

Mn2* NAD p-malate (0.1 mM)  0.18 (0.03) NAD left of the ordinate
K* (>30 mM) 0.055 (0.009) M#&*

aValues in parentheses are standard errors.

3.5 0.9

2.5

v

0.1

0.5

. 0 2 4 6 8 10 12
0 2 4 6 8 10 12 14 VNAD (mD
1/NAD (mM) Ficure 4: Initial velocity pattern for NAD versus Mri. The buffer

R . was 100 mM Hepes at pH 7.5, and the fixed substrate concentrations
Ficure 3: Initial velocity pattern for NAD versus K The buffer were 0.1 mMp-malate and>30 mM K*. The Mr#* concentrations

was 100 mM Tris (HCI) at pH 7.5, and fixed substrate concentra-
tions were 0.2 mM M#"™ and 2 mMb-malate. The K concentra- ¥ﬁéeir$?a?}%?enagﬂilsgg ?ﬁ%?on%'\gl'ar“%gflm%wt‘eénd ®) 0.3 mM.

tions were #) 2 mM, (W) 4 mM, (a) 10 mM, (x) 20 mM, and
(®) 45 mM. The initial rate £) is in micromolar per minute.

o ) ] ) tested bound to the enzyme dimer with a stoichiometry of
reported kinetic mechanism did not consider the order of 1 There is currently no crystal structure available for TDH;
binding of the monovalent ion in the mechanism. These powever, the presumption is that the homodimeric enzyme
observations prompted a re-examination of the kinetic onains two active sites and results with NAD indicate this.
mechanism l?y |n|t_|al velocity studies. Initial velocity patterns  owever, even in cases where NAD is present in the titration,
are summarized in Table 2. The'kersus NAD pattern  giher ligands such as oxalate or Mrbind with a stoichi-
appears to intersect on the ordinate as shown in Figure 3.ometry of 1 per dimer. The results suggest the possibility of
The p-malate versus Mii pattern also intersects on the 5 hait-of.the-sites or reciprocating-sites (flip-flop) mechanism
ordinate, indicating an equilibrium-ordered addition of Mn ¢4 TDH. The enzyme may have a natural asymmetry to its
prior to malate, while the NAD versus Mnpattern intersects gt cture that allows only one active site to bind most ligands.
to the left of the ordinate as shown in Figure 4, which differs ; is worth noting that, with NAD, the higher affinity site
from earlier work. The K versusp-malate pattern also  pag g, of about 20uM, while the lower affinity site has a
intersects on the ordinate, indicating an equilibrium-ordered Kq of about 15QuM. The Ky, for NAD is about 15Q:M and
addition, while the remaining patterns intersect to the left of gggests that the lower affinity site is the functional active
the ordinate. site, assuming that thk, is similar to theKq. It is also
DISCUSSION interesting that NA[_DH binds to_enzyme with a stoichiometry

of 1 per enzyme dimer. In a titration of the enzyme in the

Half-of-the-Sites Reacfity. One of the most interesting presence of saturating NADH, in which one active site is
aspects to come out of the ITC binding studies is that, with presumably occupied by NADH, a titration with NAD did

the exception of NAD, all of the substrate and inhibitors not lead to evidence for the binding of NAD to the second
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active site. Apparently, once NADH is bound to one active coordinated to the metal ion as it forms coordination bonds
site, the other site is inaccessible to NAD. It is not clear with the aspartate residues.
from the current data whether, once an enzyme turnover Oxalate BindingOxalate is considered an analogue of the
occurs at the functional active site, an enzyme conformational enolpyruvate intermediate that would be formed in the TDH-
change ensues that allows for the formally inactive site to catalyzed oxidative decarboxylationminalate. Oxalate was
become the functional one and visa versa. shown to be a slow-binding inhibitor of TDH under initial
meso-Tartrate Binding The TDH kinetic mechanism  velocity turnover conditions. In addition, the slow addition
appears to require all cofactors (frand K') and NAD to of oxalate to an E/M#/NADH complex could be followed
bind before p-malate or f+)-tartrate (see below). The by changes in intrinsic enzyme fluorescence. The maximum
substratamesetartrate is an exception in that it can bind in rate of first-order decay of the enzyme fluorescence upon
the absence of NAD to the E/MWK™ complex. TDH has  addition of oxalate was about 0.09'g4). Examination of
about 38% identity to isopropylmalate dehydrogenase, andoxalate binding by ITC gave a stoichiometry of binding of
it has been proposed that isopropylmalate dehydrogenasel per dimer to either the E/KMn?t/NAD or E/K*/Mn?*/
(IPMDH) is the evolutionary progenitor of TDH2). IPMDH NADH complex. TheKq for binding of oxalate to the NAD
has a hydrophobic pocket that accommodates the isopropylcomplex is about 2%M and about 1uM to the NADH
group of the isopropylmalate substrafe?{15), and TDH complex. TheKy value for binding to the NADH complex
presumably retains this hydrophobic pocket in some manner.is similar to the previously reported value, but the previously
The binding of mesetartrate is associated with a large reported value for the NAD complex was about/8@. In
negative AC,, normally attributed to the formation of any case, oxalate binds to the NADH complex about 10-
hydrophobic interactions upon binding the substra®. (It fold better than when NAD is bound. During enzyme
does not seem likely that the relatively small and negatively turnover, the enolpyruvate intermediate would be formed
chargedmesetartrate could lead to such a large negative with NADH bound; it is reasonable that an analogue of
AC, even if it does interact in some way with a hydrophobic enolpyruvate would bind with greater affinity to the NADH
pocket within the enzyme binding site. The binding energy complex. Oxalate did not bind in the absence of a dinucle-
for mesetartate is likely derived from the charged carboxyl otide substrate and indicates the requirement for either NAD
groups and the polar hydroxyl groups interacting with the or NADH for oxalate binding.
bound Mr#* and K' ions; both are required fanesetartrate The apparent enthalpy of binding of oxalate to Efn>*/
binding. The large negativ&C, associated witinesetartrate NADH is dependent upon the buffer used in the titration.
binding likely results from an induced protein conformational The heat of ionization of Tris buffer i3-11.3 kcal/mol at
change leading to desolvation and formation of hydrophobic 25 °C (17), and the heat of ionization of Hepes buffer has
interactions within the protein. It has been proposed previ- been reported as-3.92 (17) and +4.99 kcal/mol (8). If
ously that there may be different modes of binding of the proton(s) are taken up by the protein during the binding
dicarboxylic acid substrates of TDHLZ). The observed  process, the\H® will reflect both theAH® associated with
binding of mesetartrate to the E/M#/K* complex, while the binding of oxalate and theH° associated with the loss
p-malate cannot bind to this complex, is consistent with of a proton by the buffer. Using an average valuetdf46
different binding modes for the two substrates. The different kcal/mol for AH®,, of Hepes, the difference in th&H®,
manner in whichmesetartrate ando-malate bind to the  for Tris and Hepes is 6.84 kcal/mol. The differenceAH°®
enzyme may be what results in the significant protein for oxalate binding in Tris and Hepes buffer is 7.41 kcal/
conformational change suggested by &€, data. mol and suggests that oxalate binding to the enzyme requires
Divalent Metal lon BindingThe divalent metal ion Mt a proton. The trué\H for oxalate binding can thus be cal-
binds to both E/K and E/K'/NAD complexes with about  culated by plotting apparetH® versusAH®j,, of the buffer
equal affinity and with a stoichiometry of binding of 1 per and, for oxalate binding to the NADH complex, gives a value
dimer. The divalent metal ion is the only ligand tested that for AH® of about 8.7 kcal/mol. The entropy associated with
exhibits entropically driven binding (Table 1). For a ligand the binding of oxalate to the NADH complex can be cal-
such asmesetartrate, negative contributions ®S> would culated as-2.8 cal mot* K~*in Hepes and-4.5 cal motf?
generally come from losses in rotational, vibrational, and K™1in Tris buffer. The uptake of a proton on oxalate binding
translational degrees of freedom upon the formation of the is reasonable because during turnover the general base would
complex. These negative contributions A& come from accept a proton from the 2-hydroxyl of malate during hydride
losses in conformational flexibility in the ligand and/or transfer to form NADH. During the subsequent decarboxy-
protein upon the formation of the complex. In solution,n  lation step, a proton would be shuttled from the general base
would have only translational degrees of freedom to lose. back to form enolpyruvate. Thus, the NADH complex would
Upon binding to the enzyme, the translational motion of favor the protonated general base.
Mn?* would be lost but the translational motion of the The small unfavorable entropy term associated with
enzyme would be retained in the complex. The loss of one oxalate binding may come from losses in rotational, vibra-
translational degree of freedom and whatever conformationaltional, and translational freedom of oxalate. Oxalate is
flexibility of the protein is lost upon binding the divalent reported to be a slow-binding inhibitor of TDH, and it was
metal ion are not enough to overcome the positive contribu- proposed that following the formation of the initial E/oxalate
tions toAS’. Favorable contributions tAS’ usually involve complex a conformational change occurs to form the tight
the release of ordered water molecules into the bulk solvent.E/oxalate complex. Although the ITC titration results with
On the basis of homology to IPMDH, the divalent metal ion oxalate did not reveal evidence for the slow-binding behavior
likely coordinates to aspartate residues D225, D250, andof oxalate, a protein conformational change associated with
D254. The binding of M#" likely displaces waters that are  oxalate binding is probable given the reported slow-binding
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Scheme 1: Kinetic Mechanism for TDH
E:K:Mn

EK=——rx
K (90 M)
Kn (54 uM, 79 M) Kic+ (30 mM)
(30 mM) Ky (54 uM, 79 uM)

E=<——=EMn

(100 uM)

E:K:N

Ky (>3mM) K (4 mM)

E:N=——=—===E:MnN
K (100 uM)

K (100 M)
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E:K:Mn:N E:K:Mn:N:M —

Ky (90 uM)

a2 The scheme shows dissociation and Michaelis constants, where known, associated with-esubstrate complexes. Estimated values of
dissociation constants are shown in parentheses. The Michaelis constant is givemdtate. In the scheme, ¥ K*, Mn = Mn?t, N = NAD,

and M= p-malate.

inhibitory behavior of oxalate. The entropically unfavorable
protein closure likely associated with oxalate binding may

the values are estimated at about 100 because the Mt
dissociation constant is about 10 to both E/K" and

be compensated by other effects, such as desolvation ofE/K*/NAD. At a low K* concentration, &, value for NAD
oxalate, that lead to the relatively small unfavorable entropy of about 3 mM was measured from initial velocity data

term for oxalate binding.

Kinetic MechanismThe kinetic mechanism for TDH was
re-examined in light of the ITC results. The previously
proposed ordered mechanism of Mnfollowed by NAD
and thenp-malate or {-)-tartrate would predict that NAD
cannot bind in the absence of K The ITC results clearly
indicate that in the absence of Rinthe addition of NAD to
E/K* occurs with a binding constant similar to tKg, for
NAD. Initial velocity patterns were obtained to investigate

varying NAD. TheKq for NAD in the absence of Kis likely

at least 3 mM. The kinetic mechanism wittesetartrate as

a substrate is different because it can bind to "##kn>*
with a dissociation constant similar to its reportegvalue.
Although mesaetartrate does not require NAD to be on the
enzyme, this substrate requires prior binding ofaad likely
the divalent metal ion. Thus, witmesetartrate, there is
random addition ofmesetartrate and NAD, opposed to the
ordered addition of NAD prior t@-malate.

the kinetic mechanism. When the initial rate is measured as The role of the monovalent cation in the reaction is rather

a function ofo-malate at different fixed levels of Mn, the
pattern intersects on the ordinate, indicative of equilibrium-
ordered addition of the metal ion prior temalate. The ITC
results indicate that-malate does not bind to the EffIn?*
complex unless NAD is bound, and thusmalate binds to
the E/K/Mn?*/NAD complex. However, ITC results suggest
NAD can bind to both the E/Kand E/K'//Mn?" complexes,

so that the divalent metal ion is not required for NAD

interesting in that it appears to be required femalate
binding and enhances NAD binding. Data suggest the
monovalent cation may play a direct roleormalate 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 TDHZ, 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

binding. These results are in contrast to previously reportedthree aspartate residues (D225, D250, and D254) that appear

results ) that suggested equilibrium-ordered addition of
Mn2* prior to NAD. An ITC titration of E by NAD in the
absence of both Mt and K' suggests weak binding of NAD
to free E. Initial velocity data obtained varying kand NAD
give an estimate of about 30 mM fél+, 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 Kversus NAD,; i.e., the
addition of the two is equilibrium-random with synergism.
Fluorescence titrations of TDH with 'Kat high NAD

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 thermophilus®MDH,
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 thes 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

concentrations (data not shown) also lead to an estimate ofof both p-malate and NAD is still an open question, and

3—4 mM for Kg+.
In summary, the kinetic mechanism for TDH appears to
be random with respect to the binding of NAD;Kand

Mn?*, but there is a requirement that all three be bound to

the enzyme before-malate can bind. The binding of NAD

and Kt 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 Kinbinding to E
and E/NAD was not directly determined in the current work,

additional studies will be required to resolve this question.
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