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ABSTRACT: Tartrate dehydrogenase catalyzes the divalent metal ion- and NAD-dependent oxidative
decarboxylation ob-malate to yield C@ pyruvate, and NADH. The enzyme also catalyzes the metal
ion-dependent oxidation oft{)-tartrate to yield oxaloglycolate and NADH. pHate profiles and isotope
effects were measured to probe the mechanism of this unique enzyme. Data suggest a general base
mechanism with likely general acid catalysis in the oxidative decarboxylatianrmoélate. Of interest,

the mechanism of oxidative decarboxylationmemalate is stepwise with NADor the more oxidizing
thio-NAD™. The mechanism does not become concerted with the latter as observed for the malic enzyme,
which catalyzes the oxidative decarboxylationiefalate [Karsten, W. E., and Cook, P. F. (1994)
Biochemistry 332096-2103]. It appears the change in mechanism observed with malic enzyme is specific
to its transition state structure and not a generalized trait of metal ion- and NAD(P)-depgrdehbxy

acid oxidative decarboxylases. T naate pH—rate profile decreases at low and high pH and exhibits

pKa values of about 6.3 and 8.3, while that fétKarrae (Measured from pH 7.5 to pH 9) exhibits K

of 8.6 on the basic side. A singl&kpof 6.3 is observed on the acid side of tga.«x pH profile, but the

pKa seen on the basic side of tMeK pH profiles is not observed in thén.x pH profiles. Data suggest

the requirement for a general base that accepts a proton from the 2-hydroxyl group of either substrate to
facilitate hydride transfer. A second enzymatic group is also required protonated for optimum binding of
substrates and may also function as a general acid to donate a proton to the enolpyruvate intermediate to
form pyruvate. Thé3C isotope effect, measured on the decarboxylation-ofalate using NAD as the
dinucleotide substrate, decreases from a value of 1.80980006 withp-malate to 1.0078% 0.00006

with p-malate2-d, suggesting a stepwise mechanism for the oxidative decarboxylatmmeadate. Using
thio-NAD™ as the dinucleotide substrate t€ isotope effects are 1.00340.0007 and 1.002% 0.0002

with b-malate and-malate2-d, respectively.

The tartrate dehydrogenase (TBHjom Pseudomonas and a monovalent metal ion for activity. The oxidative
putidacatalyzes three different NAD-dependent reactid)s (  decarboxylation reaction is enantiomeric to the reaction
The enzyme catalyzes the oxidation of)ftartrate to catalyzed by malic enzyme, with TDH usimgmalate and

oxaloglycolate, the formation af-glycerate and C@from malic enzyme using-malate.

mesetartrate, and the oxidative decarboxylatiorbefalate On the basis of multiple isotope effect studies with NAD
to pyruvate and C® The dehydrogenase shows the greatest 55 the dinucleotide substrate, the related malic enzyme
activity in the oxidative decarboxylation reactionmmalate. reaction was shown to be stepwise with respect to its

All of the reactions catalyzed by TDH require both a divalent yiqative decarboxylation af-malate 2, 3). Malic enzyme

was also shown to proceed by a general bagmneral acid

< TThiS';/VOfdetaS S&lﬁﬂpggré%% fzyo%fams tOtl;’-F-Ct-h ff%”lzl tﬂe Nagonat“ mechanism. The general base abstracts a proton from the
clence Founaation ,agrantirom the anoma Center _ .
for the Advancement of Science and Technology (HR99-081), and funds hydroxyl oxygen ofi-malate during the course of the

for P.F.C. from an endowment to the University of Oklahoma to fund reaction, while the general acid donates a proton to the
the Grayce B. Kerr Centennial Professorship in Biochemistry. enolpyruvate formed upon decarboxylation of oxalacetate to

E_;gﬁ”ggggﬂg;%ear%heo& Jﬁ;}n4oou5é3(’jzlj5‘4581' Fax: 405-325-7182. yie|d the final product pyruvates( 5). Although the malic
tUniversity of Oklahoma. enzyme reaction is stepwise with NAD, the reaction is

8 University of Missouri-Columbia. concerted, with hydride transfer and decarboxylation occur-
1 Abbreviations: APAD, 3-acetylpyridine adenine dinucleotide; Ches, ring in the same step, when more Oxidizing dinucleotide

2-(N-cyclohexylamino)ethanesulfonic acid; Hepls(2-hydroxyethyl)- - .
piperazineN'-2-ethanesulfonic acid; IPMDH, isopropylmalate dehy- substrates such as APAD or thio-NAD are utilizéit-@).

drogenase; IPTG, isopropyi-p-thiogalactopyranoside; Mes, RH The change in mechanism has been attributed to the
morpholino)ethanesulfonic acid; NAD, nicotinamide adenine dinucleotide; oxalacetate intermediate in the reaction existing in a shallow

NADH, reduced nicotinamide adenine dinucleotide; 6-PGDH, 6-phos- ; idiz_
phogluconate dehydrogenase; TDH, tartrate dehydrogenase; thio-NAD gnergy well that effectively collapses when the more oxidiz

thionicotinamide adenine dinucleotide; thio-NADH, reduced thionico- INY (thermOdyr_‘amica"y favorable) dinUdthide substrates
tinamide adenine dinucleotide. are used, leading to the concerted mechanism. The enzyme

10.1021/bi026278g CCC: $22.00 © 2002 American Chemical Society
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6-phosphogluconate dehydrogenase catalyzes the metal ionammonium sulfate as before, and the enzyme was dialyzed
independent oxidative decarboxylation of 6-phosphoglucon- for 15 h against 25 mM Hepes, pH 7, 10% glycerol, and 0.5
ate. Multiple isotope effect studies carried out on 6-PGDH mM DTT. The enzyme was stored aR0 °C and is>95%
have shown that the reaction proceeds by a stepwisepure on the basis of SDSPAGE.
mechanism with both NAD and APAD®). The absence of Initial Velocity and pH StudiesEnzyme assays were
a change in mechanism with 6-PGDH suggested that thecarried out in 1 mL volumes in 1 cm path-length cuvettes
metal ion may be responsible for destabilizing the oxalacetate using either an HP-8453 diode array spectrophotometer or a
intermediate, thus leading to the change in mechanismBeckman DU 640 spectrophotometer. Assays were done at
observed with malic enzyme. 25 °C. Typical assays contained 100 mM{epes, pH 8,
The present studies were carried out to investigate the30 mM KCI, 1 mM MnSQ, 0.5 mM NAD, and varied
mechanism of TDH by multiple isotope effect studies to concentrations ob-malate or {-)-tartrate. The appearance
determine if a change in mechanism from stepwise to of NADH was followed at 340 nme(6220 Mt cm™). In
concerted is a general phenomenon of divalent metal ion-cases where thio-NAD was used as substrate, the reaction
dependent oxidative decarboxylases. In addition, pH studieswas followed at the absorbance maximum of 395 nm for
were carried out to further examine the proposed-abimse  thio-NADH (e 11300 M cm™).

mechanism of TDH. Initial velocity studies as a function of pH studies were
carried out essentially as above, except the buffers employed
MATERIALS AND METHODS were Mes (pH 6), Hepes (pH 7 and 8), and Ches (pH 9) at

o i the pH indicated and mixtures of the above were used to

Cell Growth and Purification TDH was isolated from  gyan the intermediate pH values. Buffers were checked for
Escherichia colcells carrying the plasmid pTDHILQ) that  ponspecific enzyme inhibition, and none was found. The pH
expresses TDH in the presence of IPTG. The cells were of the assay mixtures was determined immediately after
grown in 12 L of LB media at 34C with aeration. When  completion of the assay. A substrate saturation curve varying
the cells reached an QR of 0.5, IPTG was added to afinal  gjtherp-malate or ¢)-tartrate was obtained at each pH value,
concentration of 0.5 mM. The culture was allowed to grow maintaining the other substrates and metal ion cofactors at
an additional 4 h. The cells were harvested by centrifugation 5 -oncentration at least 10 times their respeciyeor Kac
at 600@ for 10 min. The harvested cells were suspended in 51 es.
10 mM potassium phosphate, pH 7, containing 5 MM primary Deuterium Isotope Effects,L-Malate2-d was
p-mercaptoethanol (buffer A). The cells were sonicated for repared according to the method of Tiptatl)( by the
2 min on ice, and the cell debris was removed by centrifuga- yoqyction of oxalacetate with NaB, with one modification.
tion at 15008 for 20 min. Streptomycin sulfate froman 11%  gjince it was determined that themalate at concentrations
solution was added to the supernatant to brmg the _fmal at least 10 times those used in determining the primary
concentration to 1% in the supernatant. After being stirred yeyterium isotope effect did not inhibit the TDH reaction,
at 4°C for 10 min, the solution was centrifuged for 20 min e | malate2-d formed on reduction of OAA was not
at 1500@. The supernatant was collected, an_d a hegt stePremoved as done by TiptorLY). The primary deuterium
was done as previously described. (The protein solution  jsotope effects were determined by the direct comparison
from the heat step was concentrated by slowly adding solid hethod in assays containing 100 mM Hepes, pH 7.5, 1 mM
ammonium sulfate to 80% saturation with stirring at@ NAD or thio-NAD, 1 mM MnSQ, and 30 mM KCl V\;ith

After being stirred for an additional 1 h, the solution was _malate om-malate2-d varied from 50 and 50@M with
centrifuged for 25 min. The precipitated proteins in the pellet NAD or from 0.2 and 2 mM with thio-NAD.

were dissolved in buffer A and dialyzed for 15 h against  13¢ Isotope EffectsThe technique for the determination
two 2 L volumes of the same buffer. of 13C isotope effects is that of O’'LearyL®) in which the
The dialyzed enzyme solution was chromatographed on anatural abundance éfC in the C-4 position ob-malate-
3 x 30 cm DEAE-Spherilose column preequilibrated with  2-h(d) is used. Both a 100% and a partial conversion sample
buffer A using an ISCO liquid chromatography system. The are used, and tHéC/A3C ratio of the isolated C&from each
enzyme was eluted with a linear 800 mL potassium sample is determined. The relative rates of reactioff@f
phosphate gradient from 10 to 600 mM. The fractions vys 13C are determined from these ratios and thus @&
containing TDH activity were combined and precipitated by jsotope effect®). The concentration af-malate2-h(d) was
addition of ammonium sulfate as described above. The determined by end-point assay prior to making the reaction
precipitated enzyme was dissolved in buffer B consisting of mixtures. Reaction mixtures for the low-conversion samples
25 mM Hepes, pH 7, containing 5 mpkmercaptoethanol  ysing NAD contained 25 mM Hepes, 0.5 mM DTT, 2 mM
and dialyzed for 15 h against 6A2 L volumes of the same  MnSQ,, 10 mM KCI, 10 mM NAD, and 12 mNMb-malate-
buffer. 2-h(d) in 30 mL. Full conversion samples using NAD
The dialyzed enzyme solution was chromatographed on acontained 25 mM Hepes, 0.5 mM DTT, 2 mM MngQ0
2.5 x 17 cm Blue A-agarose column preequilibrated with mM KCI, 10 mM NAD, and 2 mMb-malate2-h(d) in 30
buffer B containing 25 mM MgS@ Prior to loading of the mL. The partial conversion samples using thio-NAD con-
enzyme on the column, MgSQvas added to the enzyme tained 25 mM Hepes, 0.5 mM DTT, 30 mM KCI, 2 mM
solution to a concentration of 25 mM. The column was MnSQ, 7 mM thio-NAD, and 10 mMbp-malate2-h(d) in
washed with buffer B containing Mg until the absorbance 30 mL. The full conversion samples using thio-NAD
at 280 nm was near zero. The enzyme was eluted with 500contained 25 mM Hepes, 0.5 mM DTT, 30 mM KCI, 2 mM
mM NaCl in the Mg"-containing buffer B. The fractions MnSQ,, 7 mM thio-NAD, and 2 mMp-malate2-h(d) in 30
containing TDH activity were combined and precipitated with mL. The pH was adjusted to 6 with KOH, and the reaction
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mixtures were sparged with G@ree nitrogen for at least 3 v=VA(K,+ A) (3)
h. The pH was adjusted to pH 8.2 Wil M KOH, and the

mixture was sparged for another 2 h. The reactions were v =VAB(KB + K,A + AB) 4
carried out in sealed reaction vessels to prevent contamination

with atmospheric C@® The full conversion sample was v=VAI[K(1+ FE,k) + Al + FE)] (5)
initiated by the addition of 0.95 mg of TDH in 1Qd., and

the reaction was allowed to proceed overnight. The full logy = log[C/(1 + H/K; + K,/H)] (6)
conversion sample was monitored for completeness of

reaction by removing an aliquot of the reaction mixture and logy = log[C/(1 + K, /H)] (7)
checking the absorbance at 340 nm. Concentrated sufuric

acid (200uL) was added to the reaction mixture prior to logy = log[C/(1 + H/K,)] (8)

isolation of the CQ. The partial conversion samples were
initiated by addition of 0.095 mg of TDH in 5@L. Aliquots wherew is the initial velocity,V is the maximum velocity,
were removed at time intervals to check reaction progress,Ka and Ky are the Michaelis constants fok and B,
and the reaction was quenched by addition of concentratedrespectivelyA andB are the substrate concentratioRsis
sulfuric acid (200uL) prior to CO, isolation. Isotopic  the fraction of deuterium in the labeled compound, Eod
composition of the C@was determined using an isotope and Ev are the isotope effects minus 1 aAK and V,
ratio mass spectrometer (Finnigan Delta E). All ratios were 'espectively. In eqs-68,y is the parameter of interedt, is
corrected for'’0 according to Craig1(3). the pH-mdgpendent value of, H is the _hydrogen' ion
Oxalacetate PartitioningOAA partitioning experiments concentration, and; and K, are the_ acid dlssoqlatlon
were carried out following the method of Karsten et ). ( constants for enzyme or su_bstrate fur)ct|onal groups important
. for binding and/or catalysis. ThEC isotope effects were
after the method developed by Grissom and Clelaid. ( calculated using eq 9
Partitioning assays were carried out using a HP-8453 diode

array spectrophotometer at 28. Typical partitioning 13 _ _ _
reactions contained 100 mM buffer, Mes or Hepes, or a (V/K) = log(1 = f)/log[1 f(RP/R‘”)] ©)
mixture of both, at different pH values. Reactions contained wheref is the fraction of conversion of the reaction aRgl
30 mM KClI, 1 mM MnSQ, 0.2 mM NADH(D) or 0.1 mM d the isot " £ th duct €& partial
thio-NADH(D), 1 mM OAA. and 36-50 ug of TDH in 1 2ndR= are the isotope ratios of the product £& partia

L total vol T 1 ' th-lenath ttes. C i and complete reaction, respectively. The isotope effect
?1 0 ?S/X:rrleskm Ictr_n pa -eng tcuv_e 355 oné:en .ra;- nomenclature of Northroplg) as modified by Cook and
lons o SIOCK Solutions were determined by end-point - 034 (L7) and Hermes et al2] is used in this paper.

Calculation of Intrinsic Isotope Effects and Commitment

assay containing 100 mM Hepes, pH 7, 0.2 mM NADH,
about 50uM OAA, and 7 units of malate dehydrogenase. Factors Theory for calculation of intrinsic isotope effects
and commitment factors assuming a stepwise mechanism is

An effective extinction coefficient for OAA at 282 nM was

determ:jn;ed éor .ea;ch d atssay. TEe rkeactlor:j W?S altlozvfxslgd t‘()jgiven in Karsten and Cool6) for malic enzyme and should

proceed for > min to determin€ background rates a an apply to TDH under the conditions used to determine the
isotope effects. An ordered kinetic mechanism has been

340 nm [NADH(D)] or 395 nm [thio-NADH(D)] at which
time TDH was added and the reaction monitored simulta- reported for TDH with NAD binding prior t@-malate and
the divalent metal ion adding in rapid equilibrium prior to

neously at 282 and 340 nm or at 395 nm for 5 min. After
p-malate. The kinetic mechanism, with metal ions and

subtraction of the background rates the partition ratig) (
expressed as [pyruvate]/[malate] was calculated from dinucleotide substrates at saturating concentration, may be
described as in Scheme 1, where M is WnA is the

d[OAAJ/dt — d[NADH]/dt = d[pyruvate[/d (1) oxidized dinucleotide, B isp-malate, X is the bound
(d[pyruvate)/d)/(d[NADH/dt) =1, ) oxalacetate intermediate, and R is the reduced dinucleotide.

Scheme 1
The thio-NADH(D) was prepared in mixtures containing K
75 mM Ches/25 mM Hepes, pH 8.4, 30 mM KClI, 0.38 mg EMA + B f
of TDH, 1 mM MnSQ, 10 mM b-malate2-h(d), and 5 mM

thio-NAD in 5 mL volume. The TDH was removed by  The rate constantss and ks are for malate binding and

ultafiltration, and the protein-free solution was chromato- re|easek7 andk8 represent any precata|ytic conformational

graphed on a DEAE-Spherilose column (2517 cm)  change leading to a complex poised for catalysigndkio

preequilibrated with 25 mM Hepes, pH 8.2. The thio-NADH-  are for forward and reverse hydride transfer steps, kand

(D) was eluted with a linear 6400 mM KCI gradient.  represents the decarboxylation step. The affinity of the

Fractions containing the highest concentrations of thio- enzyme for CQis low; a concentration of 100 mM HGO

NADH(D) (typically 1.5-2 mM) were used for the partition-  is required to see any inhibition at all)( consequently, the

Ing reactions. release of C@ is likely fast, making decarboxylation
Data ProcessingData were fitted using BASIC versions irreversible. The equations for the isotope effects are

of the Fortran programs developed by Clelada8)( Initial

velocity data were fitted using eq 3, data for sequential intial PVIK) = [Pkg + ¢ + DKeq(C,)]/[l +c+c] (10)

velocity data were fitted using eq 4, and the data for the | i 144 DL, 14

deuterium isotope effects were fitted using eq 5 (VIK) = [Pks™*+ ¢ + Ko™ VL + ¢ +¢] (11)

k7 kQ kll
EMAB <= (EMAB) £= (EMXR) —
10
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Log V/KE, ,
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Ficure 1: pH dependence Of/Kmalate (¢) and V/Kiartrate (M) for

Karsten et al.

Table 1: Summary of I§, Values Estimated for TDH-Catalyzed
Reactions

parameter pH-independent value Kip pK2
V/Ko-malatE 8.3x 10*M1s? 6.3+0.2 8.3+0.2
Vo-malad Bt 9.3st 6.3+0.2
VIK artratdEt 1.7x 1M 1st ND? 8.62+ 0.05
Viartratd Et 0.56 st ND2

2 Not determined in the present work. Tipton and Peisafheported
a K, value of about 6.5 oV/Kiarrae@nd 6.6 0MViartrate

Table 2: Isotope Effects for TDH with NAD or Thio-NAD as the
Dinucleotide Substrate

sub-
strate  P(VIK) Y B(VIK)n BVIK)p
NAD 1.46+ 0.14 1.09+ 0.09 1.0096+ 0.0006 1.0078% 0.00006
) (5 (5) (2) (3
thio- 1.514+0.11 1.4+ 0.4 1.0034+ 0.000? 1.00274+ 0.0002
NAD

(4 4) ©) 3

2The values in parentheses are the number of replicate determinations
done, and the standard errors reported are on the average of the
replicates? One additional individual determination of th€ isotope
effect was made for both(V/K)y and*3(V/K)p; however, inclusion of
these values, 1.0065 and 0.9976, respectively, resulted in average values
of 1.0042+ 0.0017 for'¥(V/K)y and 1.0015+ 0.0025 for*3(V/K)p.
Using these average values for tH€ isotope effects results in a
calculated value foP(V/IK) of 3.3 using the equatio?{V/IK)y — 1)/
(B(VIK)p — 1) = P(VIK)/PKeq (see text), which is quite dissimilar to
the experimentally determined value of 1.51 R§i//K). Since these

TDH. The points are the experimental data, and the curves areyyq yvajues for the isotope effects are quite different from the average

derived from a fit of the data using eq 6 fIfKyaaeand eq 7 for
V/Ktartrate

BVIK) = [Pk, + (L + /cl[L + (1 + ¢)ic] (12)

BVIK)p = [y + (Ch/PKe )L + clPkg)l
[1 + (Pke/ Ko (L + c/"kg)] (13)

ry =1+ c)lc, (14)

', = (kll/klo)(DkQ + Cf)/DKeq

where the forward commitment to catalysis ¢ =
(ko/ks)(1 + ks/ks), the reverse commitment to catalysis is
¢ = kio/kis, Pkg is the intrinsic primary deuterium isotope
effect, 2% is the intrinsic primary3C isotope effectyy is

the partition ratio for the OAA intermediatg; is the partition
ratio determined with NADD, an®Keq is the deuterium
isotope effect on the equilibrium constant [determined by
Cook et al. 18) to be 1.18]. The commitment factors and
intrinsic isotope effects were calculated as described in
Karsten and Cooké).

(15)

RESULTS

Initial Velocity Studies and pH Dependence of the TDH
Reaction Initial velocity data using-malate and thio-NAD

and inclusion leads to a calculated valu€@#/K) considerably different

from the experimentally determined value, the determination of these
two values was thought to be in error for an unknown reason and was
consequently not included in calculating the values reported in the table.

of +1 and—1 at low and high pH, respectively, giving
calculated K, values of about 6.3 and 8.3. TN&K artratepPH
profile decreases at high pH with a limiting slope of,
giving an estimated i, of about 8.6. A K, of about 6.3 is
estimated from thé&/naae pH profile, Figure 2, similar to

the K, on the acid side of the/KmaatepH profile. The K,
observed on the basic side of themalate and tartrate/K
profiles is not observed in either of théprofiles. The K,
values and pH-independent values of the kinetic parameters
are summarized in Table 1.

Isotope EffectsThe primary deuterium antC isotope
effects are summarized in Table 2. The primary deuterium
isotope effect orv/K with NAD as the dinucleotide substrate
is 1.46 and is within error identical to the value reported
previously (1). The primary deuterium isotope effect is
nearly the same (1.51) when thio-NAD is the dinucleotide
substrate. Th&C isotope effects are small with either NAD
or thio-NAD and decrease in both cases upon deuteration
of b-malate. Using eqs-812, the data for the isotope effects,
partition ratios (see below), and the value of 2.08™M/K)
from Tipton (11), estimates of the intrinsic deuterium isotope
effect and commitment factors may be calculated with NAD

as the varied substrates were fitted using eq 2 and yieldedas the dinucleotide substrate. The values 2ke= 7.8,

the following values for the kinetic parameterKimajate =
0.5 £ 0.1 mM, Kio-nap = 0.11 £+ 0.03, VIKnaaE: =
1.86 x 10* M1 571, V/Kihio-napE: = 9.3 x 10* M1 s
andV/E; = 9.3 s%.

The pH dependence of the TDH reaction with either
pD-malate or {+)-tartrate as the varied substrate is shown in
Figure 1. TheV/KnaaepH profile decreases to limiting slopes

¢ = 5.2,¢ = 14.5, and*k = 1.014.

Partitioning of OxalacetatePartitioning of oxalacetate was
found to be pH dependent as shown in Figure 3. The
pyruvate/malate partition ratios and thi&pvalues, deter-
mined from a fit of the partitioning data using eq 5, are
summarized in Table 3. The partition ratios increase on
deuteration of the dinucleotide substrate and are considerably
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acid side of thev/K profiles is similar to the K, of about

3- 8 6.7 reported earlier foi/Kmaate and to the value of 6.5
/ﬁ—“’_“:" reported for théV/Kiarrate pH—Tate profiles {). The K, on
2] the acid side of the profiles is likely an enzymatic group
o (+) tartrate required to be unprotonated for activity which accepts the
Log V/E¢ © D-malate proton from the 2-hydroxyl group af-malate or {)-tartrate

to facilitate hydride transfer as suggested previouklyKor
the oxidative decarboxylation reaction catalyzed by TDH,
04 in a stepwise mechanism (see below) where hydride transfer

% % go® o precedes decarboxylation, an oxalacetate intermediate will
1 . : i . be formed. Decarboxylation of the oxalacetate intermediate
5 6 7 8 9 10 will initially result in the formation of enolpyruvate. The
pH pKa, on the basic side of the-malate V/IK pH profile

FIGURE 2: pH dependence MmaiaeandViaaefor TDH. The points represents an enzymatip group, since neither tartrate nor
are the experimental data, and the curve is derived from a fit of malate has a K value in this pH range. The lack of

the data using eq 8 fOVmaiate observation of the group in thé,aaepH profile suggests it
05 is required to be protonated for optimal binding of the
’ ° p-carboxylate ofb-malate or tartrate. Consistent with this

idea is the observation that the baskK,ps present on the
V/Karrateprofile. TDH catalyzes the oxidation ofH)-tartrate
to oxaloglycolate using NAD. Therefore, there is no obvious
need for a catalytic acid in this reaction, but sinceka pn
the basic side of the/Kriraeprofile is observed, this group
is likely involved in binding tartrate. Since this interaction
would be anticatalytic once the oxalacetate intermediate is
formed, there must be rearrangement of bound oxalacetate
in order to facilitate decarboxylation. The group may also
participate in catalysis as a general acid donating a proton
to enolpyruvate to form pyruvate as is the case in the
oxidative decarboxylation of-malate by malic enzyme
5 5.5 6 6.5 7 75 8 (4,5, 22.

pH Possible Identity of Catalytic/Binding Groupghe IPMDH
Ficure 3: pH dependence of the malate/pyruvate partition ratio from Severf_;ll species shares about 50% identity with th_e TDH
it NApr(Q), N ADD (©). thio-NADH (.p)y e e ADD ¢ from P. putidaand has been proposed to be the evolutionary

(@). The points are the experimental data, and the curves are derived®rogenitor of TDH (0, 19)-_ Of the 11 amino acid feSidueS
from a fit of the data using eq 7. of the Thermus thermophiluBPMDH proposed to interact

with IPM in the closed conformation2(Q), all but one is
Table 3: pH Dependence of the Pyruvate/Malate Partition Ratios ~ conserved in TDH. The exception is E87 in IPMDH that
for the Oxalacetate Intermediate in the TDH-Catalyzed Oxidative was proposed to interact with the isopropy| group of IPM.

-1.5 4

log D-malate/pyruvate
1

Decarboxylation Reaction The homologous residue in TDH is a tryptophan. IPMDH
partition has a lysine/tyrosine pair, K186 and Y139 in tAe
dinucleotide rzag‘r’i o oK thermophilusenzyme; a similar lysine/tyrosine pair has been
2 implicated as important in the structarinction relation-
“ﬁgg g'giiooéile 0.2 E;Eii 8'3 ships of ICDH @1) and malic enzyme2Q). In malic enzyme
thio-NADH 9+1 ' 6.5+ 0.1 the_lysme has been proposed to be the.general .aC|d. In TDH
thio-NADD 12+1 0.75 6.5+ 0.1 residues homolgous to the IPMDH lysine/tyrosine pair are

2 The partition ratios are the pH-independent values calculated from K192 and Y141. Consequently, K192 may be the group that

a fit of the data using eq 5. The partition ratio is defined as the ratio Must be prOth_‘ated to bind tifecarboxylate i_n TDH and

of the net rate constants for formation and release of pyruvate to that may additionally serve as a general acid as proposed
formation and release of malate beginning with theNADH—Mg— for K199 in theAscaris suunNAD-malic enzyme reaction
oxalacetate complex. (22)

) ) ] In IPMDH there are three aspartate residues in close
greater with thio-NADH(D) than with NADH(D). Thels  yjicinity to the bound M&*. The homologous residues in
values on the partition ratios range from about 5.7 to 7.0 TpH are D225, D250, and D254, and these residues may
with an average value around 6.5. provide the primary coordination ligands to the divalent metal
DISCUSSION io_n activator. Asparta_te resi_dues provide the ligands to the
divalent metal ion activator in malic enzym24j, and one

Interpretation of the pH-Rate Profiles.The pH studies  of these has been proposed to be the general B&sedne
of Tipton and PeisacHl] were extended in the current work  of the homologous aspartate ligands to the divalent metal in
to include a higher pH range and revealed a sectéhd/alue TDH may also be the general base in TDH.
for an enzymatic group that must be protonated for optimum  The NAD analogues thio-NAD, APAD, and PAAD are
activity at limiting reactant concentration. Th&pon the substrates for the TDH reactioB6). Thio-NAD has av/E;
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value very similar to NAD, but th&, value forp-malate is enzyme 26). For hydride transfer from the reduced dinu-
increased about 10-fold compared to the value with NAD. cleotide to OAA to proceed, this group would need to be
Beecher et al. 26) have reported that th&,, values for protonated, acting as a general acid, donating a proton to
D-malate were not significantly altered with the alternative the carbonyl oxygen of OAA to assist hydride transfer. At
dinucleotides. The reason for this discrepancy is unknown. higher pH values, where the general base is not fully pro-
Interpretation of Isotope Effects and Partition Ratid$ie tonated, decarboxylation could proceed regardless of the
theory of multiple isotope effects on enzyme-catalyzed protonation state of the group, leading to higher partition
reactions developed by Hermes et &) @llows one to ratios. Consequently, only at low pH where the group is fully
distinguish between a concerted and a stepwise mechanismprotonated and hydride transfer can proceed at a maximum
Two isotope effects are measuré&V/K)y, a *°C isotope rate will the true partition ratio be observed. Substituting
effect usingp-malate, and3(V/K)p, a3C isotope effect using  NADD or thio-NADD for the reduced protio dinucleotide
p-malatez-d. If ¥(V/K)p is equal to or greater that¥(V/ substrate increases the pyruvate/malate ratio as expected since
K)y, data suggest a concerted reaction with respect to thedeuteration should decrease the rate of hydride transfer.
two isotope effects. If3(V/K)p is less than'3(V/K)y, data Substituting thio-NADH for NADH leads to higher partition
suggest the reaction is stepwise since substitution with ratios since hydride transfer is thermodynamically less
deuterium will slow the hydride transfer step, a step separatefavorable with thio-NAD, and thus there is likely a higher
from the3C sensitive step of decarboxylation, and serve to energy barrier to hydride transfer with the less reducing
partially mask the decarboxylation step. Qualitatively, the dinucleotide.
mechanism for TDH is stepwise with either NAD or thio- Comparison to Other Oxidate DecarboxylasesMalic
NAD since the'C isotope effect decreases upon deuteration enzyme catalyzes the same oxidative decarboxylation reac-
of p-malate. Hermes et al2) developed equations that tion as does TDH, albeit with the-isomer rather than the
should be satisfied for a stepwise mechanism where hydridep-isomer. The intrinsi¢3C isotope effect in the malic enzyme
transfer precedes decarboxylatfoim this case the equation  reaction is about57% depending on the divalent metal ion
is F(VIK)n — 1)[*¥(VIK)p — 1] = P(VIK)/PKeq WherePKey, used ¥) and is similar to the average value of about 5%
is equal to 1.18%8). Substituting the average values of the measured in solutior2f). This observation suggests a similar
isotope effects into the equation gives 1:22.24 for NAD late transition state for decarboxylation both in solution and
and 1.26= 1.28 for thio-NAD. The equation holds for both in the malic enzyme reaction. It also suggests that in the
dinucleotide substrates and also suggests that the experimalic enzyme-catalyzed reaction as in solution the OAA
mentally determined average values are well determined. intermediate is directly coordinated to the divalent metal ion
The 1°C isotope effect data and the partitioning data may activator. Additional evidence for direct coordination of the

be used to calculate an estimate of the intriniSi¢ iso- substrate to the metal ion in the malic enzyme reaction comes
tope effect %K) using the equation*k = ¥(V/K)y + from the observation that the inhibition constants for a series
ru[B(VIK)y — 1] or 13k = ¥(V/IK)p + rp[*¥(VIK)p — 1] if the of malate analogues could be correlated with the metal
values with deuterium-labeled substrates are usdd {Vith ligand dissociation constants. Also, tkg for malate changes

NAD as the dinucleotide substrate the calculated intrinsic with the identity of the metal ion and is correlated with the
13C isotope effect is 1.014 and 1.025 with protium- and metalkligand dissociation constan?)( In contrast, in the
deuterium-labeled substrates, respectively. There is fair TDH reaction theK, for b-malate is unchanged when the
agreement between the two values, suggesting the averagemetal ion is changed from Mg to Mrl), suggesting the
1.02, is a good estimate féik. For thio-NAD the calculated  metal ion plays no significant role in binding substrate in
values of**k are 1.034 and 1.035, giving better agreement TDH. In the IPMDH-IPM complex the crystal structure
between the two calculated values '8k than with NAD. indicates that the M activator is >4.0 A from the
The theoretical maximum value for*8C primary kinetic isopropylmalate substrate, which is too great a distance for
isotope effect is about 6%, but values around 5% are obtainedinteractions between the two. If IPMDH is a good model
for the malic enzyme reactior3,(6, 7). The relatively small ~ for TDH, then p-malate likely also binds a significant
values for the intrinsié3C isotope effect in the TDH reaction ~ distance from the divalent metal ion activator in an open
suggest an early transition state for decarboxylation. conformation and could explain why there is no effect on
The partition ratio,ry, is the ratio of the rate of decar- thep-malateK, value with metal ion. Fluorescence and slow-
boxylation to the rate of reduction of the OAA and was found binding inhibition studies with oxalate¢) have indicated
to be pH dependent. The value of the pyruvate/malate ratiothat there is a conformation change after TDH binding
increases as the pH increases. TKHeyalues on the partition ~ substrates. Closure of the active site on formation of the
ratios are similar to thelf, observed on the acid side of the ternary IPMDH-NAD—IPM complex could bring the metal
VIK profiles and likely represent the same enzymatic group, ion closer to the substrate to provide direct interactions
the general base. This would correspond well with the between the metal and substrate. The ESEEM data on TDH
expected protonated form of the general base once hydrideof Tipton and Peisact2@) placed M@t in close vicinity to
transfer has occurred. The pH dependence of the partitionsubstrate but could not determine if the metal was directly
ratio results from OAA binding to enzyme when this group coordinated t@w-malate. An outer sphere complex between
is either protonated or unprotonated, unlike the malic enzyme malate and M#™ and by extension between Ffhand the
from A. suumwhere the partition ratio is pH independent as OAA intermediate may account for some of the differences
a result of OAA binding to only the protonated form of the seen between malic enzyme and TDH. In malic enzyme the
change from a stepwise to a concerted mechanism on
2 Application of Student's-test indicates that the two values are ~ changing the dinucleotide substrate from NAD to APAD or
significantly different atP = 0.5. thio-NAD has been attributed to the OAA intermediate
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existing in a shallow energy well that collapses on changing
to the more oxidizing dinucleotide substrate. The metal ion
is thought to be involved in destabilizing the keto acid
intermediate leading to the shallow energy welbdmalate

in the TDH reaction is in outer sphere complex with ¥n
the decarboxylation reaction could still be assisted by the
divalent metal ion but may lead to a more stable OAA
intermediate. Consequently, changing to a more oxidizing
dinucleotide substrate would not result in a switch from a

stepwise to a concerted mechanism as seen in the malic
enzyme reaction. The metal ion in an outer sphere complex

with OAA would be a less efficient Lewis acid than if
directly coordinated to OAA where the metal could delo-
calize more of the electron density from the carbonyl oxygen
and thus the C3C4 bond of OAA. A greater degree of
delocalization should lead to an earlier transition state, not
later, as seen in malic enzyme. It seems more likely that
other differences associated with the orientation of OAA in
the active site and interactions with groups lining the active
site are more important in determining the transition state
structure of the decarboxylation reaction.

REFERENCES

1. Tipton, P. A., and Peisach, J. (198pchemistry 291749-1756.
2. Hermes, J. D., Roeske, C. A., O’Leary, M. H., and Cleland, W.
W. (1982)Biochemistry 215106-5114.
3. Weiss, P. M., Gawva, S. R., Harris, B. G., Urbauer, J. C., Cleland,
W. W., and Cook, P. F. (199Biochemistry 305755-5763.
4. Schimerlik, M., and Cleland, W. W. (197B)jochemistry 16576~
583.
. Kiick, D. M., Harris, B. G., and Cook, P. F. (198B)ochemistry
16, 227—-236.
6. Karsten, W. E., and Cook, P. F. (19%lipchemistry 332096~
2103.

(&2}

10.
11.
12.
13.
14.

15.
16.

18.

19.
. Kadono, S., Sakurai, M., Moriyama, H., Sato, M., Hayashi, Y.,

21.
22.

23

Biochemistry, Vol. 41, No. 40, 20022199

. Karsten, W. E., Gavwva, S. R., Park, S.-H., and Cook, P. F. (1995)

Biochemistry 343253-3260.

.Edens, W. A., Urbauer, J. G., and Cleland, W. W. (1997)

Biochemistry 361141-1147.

. Hwang, C.-C., Berdis, A. J., Karsten, W. E., Cleland, W. W., and

Cook, P. F. (1998Biochemistry 3712596-12602.

Tipton, P. H., and Beecher, B. S. (19%4th. Biochem. Biophys.
313 15-21.

Tipton, P. H. (1993Biochemistry 32282—2827.

O’Leary, M. H. (1980Methods Enzymol. 683—104.

Craig, N. (1957)seochim. Cosmochim. Acta 1233—140.
Grissom, C. B., and Cleland, W. W. (19&ipchemistry 24944~
948.

Cleland, W. W. (1979Methods Enzymol. 63.03-108.
Northrop, D. B. (1977) insotope Effects on Enzyme Catalyzed
Reactions(Cleland, W. W., O’Leary, M. H., and Northrop, D.
B., Eds.) p 122, University Park Press, Baltimore, MD.

. Cook, P. F., and Cleland, W. W. (19&ipchemistry 201790-

1796.

Cook, P. F., Blanchard, J. S., and Cleland, W. W. (1980)
Biochemistry 194853-4858.

Tipton, P. A. (2000Protein Pept. Lett. 7323—-332.

Oshima, T., and Tanaka, N. (199%) Biochem. 118745-752.
Lee, M. E., Dyer, P. H., Klein, O. D., Bolduc, J. M., Stoddard, B.
L., and Koshland, D. E. (1998iochemistry 34378—-384.

Lui, D., Karsten, W. E., and Cook, P. F. (20@»chemistry 39
11955-11960.

. Tipton, P. A., and Peisach, J. (19®ipchemistry 30739-744.
24,

Xu, Y. W., Bhargava, G., Wu, H., Loeber, G., and Tong, L. (1999)
Structure 7 877—889.

. Karsten, W. E., Chooback, L., Liu, D., Hwang, C.-C., Lynch, C.,

and Cook, P. F. (199Biochemistry 381052710532.

. Park, S.-H., Harris, B. G., and Cook, P. F. (19B&chemistry

25, 3752-3759.

. Grissom, C. B., and Cleland, W. W. (19868)Am. Chem. Soc.

108 5582-5583.

. Beecher, B. S., Koder, R. G., and Tipton, P. A. (1984gh.

Biochem. Biophys. 31255-261.
BI1026278G



