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ABSTRACT: The kinetics and mechanism of the citrate synthase from a moderate thermophile,Thermoplasma
acidophilum(TpCS), are compared with those of the citrate synthase from a mesophile, pig heart (PCS).
All discrete steps in the mechanistic sequence of PCS can be identified in TpCS. The catalytic strategies
identified in PCS, destabilization of the oxaloacetate substrate carbonyl and stabilization of the reactive
species, acetyl-CoA enolate, are present in TpCS. Conformational changes, which allow the enzyme to
efficiently catalyze both condensation of acetyl-CoA thioester and subsequently hydrolysis of citryl-CoA
thioester within the same active site, occur in both enzymes. However, significant differences exist between
the two enzymes. PCS is a characteristically efficient enzyme: no internal step is clearly rate-limiting
and the condensation step is readily reversible. TpCS is a less efficient catalyst. Over a broad temperature
range, inadequate stabilization of the transition state for citryl-CoA hydrolysis renders this step nearly
rate-limiting for the forward reaction of TpCS. Further, excessive stabilization of the citryl-CoA intermediate
renders the condensation step nearly irreversible. Values of substrate and solvent deuterium isotope effects
are consistent with the kinetic model. Near its temperature optimum (70°C), there is a modest increase
in the reversibility of the condensation step for TpCS, but reversibility still falls short of that shown by
PCS at 37°C. The root cause of the catalytic inefficiency of TpCS may lie in the lack of protein flexibility
imposed by the requirement for thermal stability of the protein itself or its temperature-labile substrate,
oxaloacetate.

Citrate synthase catalyzes a Claisen condensation between
the carbonyl of oxaloacetate (OAA)1 and the acetyl methyl
of the thioester, acetyl-coenzyme A (AcCoA). This enzyme
is critical to the energy-yielding and biosynthetic pathways
of a wide range of organisms from psychrophiles (13) to
hyperthermophiles (14). Consequently, the catalytic machin-
ery has been optimized for a corresponding wide range of
environmental temperatures. A detailed dissection of the
kinetics and mechanisms of enzymes isolated from evolu-
tionarily distant organisms thriving in diverse environments
may be expected to reveal what catalytic strategies are
essential as well as how they may be fine-tuned to accom-
modate large differences in environmental temperature.

Citrate synthase is particularly appropriate for such
comparative studies. It is a prototype system, illustrating
several of the important issues in mechanistic enzymology.
Citrate synthases use substrate destabilization to increase
reactivity (OAA carbonyl polarization) while stabilizing a
reactive nucleophile, AcCoA enolate, resulting from proton
transfer from a carbon acid (methyl group of AcCoA)
possibly via a strong, short hydrogen bond. There is evidence
for the functioning of catalytic residues in unusual ionization
states (possible imidazolate intermediates at H274 and H320).
Changes in macromolecular conformation and protein flex-
ibility are necessary components of the catalytic machine.
A great deal of structural (15), kinetic (16-19), and
mechanistic information (5) is available for the mesophile
enzyme from pig heart (PCS). Structural and preliminary
kinetic data are available for several extremophile enzymes
(13, 14). This report is the first in a series in which we will
examine in depth the mechanism of citrate synthases isolated
from various extremophiles.

The citrate synthase (TpCS) originates in a thermophilic
archaeon,Thermoplasma acidophilum, which grows at 55-
60 °C, pH 1-2. The primary sequence homology with PCS
is low, 20% (20). However, the active sites of the two
enzymes display almost identical composition and conforma-
tion. The three main catalytic residues and several substrate
binding residues, as well as a number of residues near the
active site whose roles have not yet been identified, are either

† Supported by National Institutes of Health Grant GM33851
(L.C.K.) and the Biotechnological and Biological Science Research
Council, U.K. (M.J.D. and R.J.M.R.). Support for M.J.T. was provided
in part by a grant to Washington University from the Howard Hughes
Medical Institute through the Undergraduate Biological Sciences
Education Program.

‡ Washington University School of Medicine.
§ University of Bath.
1 Abbreviations: AcCoA, acetyl-coenzyme A; CD, circular dichro-

ism; CitCoA,S-citryl-coenzyme A; PCS, citrate synthase from pig heart;
DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); OAA, oxaloacetate; CM-
CoA, carboxymethyl-coenzyme A; CMX, carboxymethyldethia-coen-
zyme A; dethiaAcCoA, dethiaacetyl-coenzyme A; cMDH, cytoplasmic
malate dehydrogenase from pig heart; PfCS, citrate synthase fromPyro-
coccus furiosus; SAS, saturated ammonium sulfate solution; TMDH,
malate dehydrogenase fromThermus aquaticus;TIM, triosephosphate
isomerase; TpCS, citrate synthase fromThermoplasma acidophilum.

2283Biochemistry2000,39, 2283-2296

10.1021/bi991982r CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/12/2000



identical or conservative replacements. In addition, several
residues (which may be involved in obligate conformational
changes) are also retained in the domain interface and
elsewhere. While all 16 helices of TpCS have their coun-
terparts in PCS, TpCS is a more compact protein than PCS.
The loops connecting elements of secondary structure are
shorter in TpCS and it is missing four surface-accessible
helices found in PCS. Both proteins are homodimers. Each
subunit has a large and a small domain. The active site
contains residues from the large domain of one subunit and
the small domain of the other.

The X-ray structures of citrate synthases fall into two
general conformational classes, open and closed forms. Open
and closed refer to the accessibility of the active site to bulk
solvent. The open conformation is believed to allow associa-
tion of substrates and dissociation of products. All chemical
transformations, including both condensation and hydrolysis,
are believed to take place in closed forms in which the active
site is buried deep within the protein. While the only X-ray
structure available for TpCS is in the open conformation,
solution studies (NMR, CD) of various ternary complexes
(vide infra) have unmistakable spectroscopic signatures of
the closed forms. Figure 1A shows the active site of one of
the closed forms of PCS, the citrate-CoA ternary complex
(21), and Figure 1B shows the active site of the closed form
of the corresponding citrate-CoA complex of PfCS, a related
archaeal enzyme isolated fromPyrococcus furiosis(14).

The broad outlines of the catalytic strategies of the two
enzymes are similar even in the absence of extensive primary
sequence identity, perhaps as a consequence of similarities
in local active site structures and overall secondary, tertiary,
and quaternary structures. All the discrete steps in the
mechanistic sequence of PCS can be identified in TpCS. Both
enzymes polarize the carbonyl of oxaloacetate, enhancing
its reactivity toward an acetyl-CoA carbon nucleophile,
acetyl-CoA enolate. To generate the enolate, they catalyze
proton transfer from the acetyl-CoA methyl group to an
active-site Asp. The overall reaction proceeds in two steps
with a stable intermediate, citryl-CoA, as the immediate
product of the condensation reaction. This tightly bound
chemical intermediate is then hydrolyzed to the eventual
products, citrate and CoA, within the same active site.
Conformational changes between open and several closed
forms accompany the binding of oxaloacetate, the formation
of the ternary complexes, and the switch from catalysis of
condensation to catalysis of hydrolysis. However, differences
do exist. Notable is the lower catalytic efficiency of TpCS.

Even at 70°C, thekcat for TpCS is still only 5200 min-1

compared to 21 000 min-1 for PCS at 37°C. The lowerkcat

is offset slightly by tighter substrate binding to TpCS. The
cause of this lower catalytic efficiency may lie in suboptimal
internal thermodynamics (as explained in ref22). Efficient
enzymes have no step overwhelmingly rate-determining.
Their internal equilibria are readily reversible with equilib-
rium constants substantially closer to 1.0 than are those of
the corresponding free solution reaction. Unlike PCS, TpCS
has the hydrolysis step nearly rate-determining over a wide
range of pH’s and temperatures. Furthermore in contrast to
PCS, the condensation step for TpCS is practically irrevers-
ible. While the catalytic efficiency improves at the environ-
mental temperature of the source organism, it falls short of
that for PCS. Catalytic efficiency may be compromised by
the requirement for thermal stability of the protein itself or
its temperature-labile substrate, OAA.

MATERIALS AND METHODS

Enzymes.2 Crystalline citrate synthase from pig heart (PCS)
was obtained from Sigma Chemical Co., St. Louis, MO.

Citrate Synthase from Thermoplasma acidophilum (TpCS).
The citrate synthase gene fromT. acidophilumin plasmid
pCSEH19 (23) was recloned into expression vector pRec7-
NdeI (M. Bittner), an NdeI site-containing version of
pARC306A (24) having a consensus sequence synthetic
RecA promoter and T7 translation enhancer. The gene was
cloned viaAseI sites at either end into the compatibleNdeI
site of the vector, such that the ribosome-binding site of the
vector was retained but translation would initiate at the
normal start codon of the TpCS gene. The correct construct
was confirmed by restriction analysis and sequencing of the
resultant plasmid DNA (named pRec7-ArCS).

The preparation of TpCS fromEscherichia colistrain
MG1655 transformed with pRec7-ArCS generally follows
the procedures of ref25 with some modifications. After the
heat treatment, the supernatant solution is made 0.25% (w/
v) with neutralized poly(ethylenimine) to remove polynucle-
otides. Some protein impurities are removed by precipitation
by bringing the solution to 50% SAS. The TpCS is
precipitated at 85% SAS and stored at 4°C until affinity
chromatography on Dyematrex Gel Red A (Millipore Corp.).
After dialysis against buffer (20 mM Tris and 1 mM EDTA,
pH 8.0), the enzyme activity is absorbed on a minimum
amount of the resin, which is then packed into a column
containing an additional 10% resin. After washing the column
with loading buffer, the enzyme is eluted with a linear salt
gradient from 0 to 0.5 M NaCl in loading buffer. The active
fractions are pooled, concentrated to 5-10 mg mL-1 using
a Centricon 20 centrifuge concentrator (Amicon Corp.), and
then precipitated with 85% SAS for storage. The enzyme is
at least 95% pure by SDS-polyacrylamide gel electrophore-
sis (data not shown).

Isoelectric focusing experiments under native conditions
were run in precast agarose gels, pH range 3-10 (FMC
Corp.). A broad range pI standard (Pharmacia Corp) was
run adjacent to lanes containing protein samples. Electro-
phoresis under native conditions on 1% agarose gels was

2 Enzyme concentrations are given in terms of active sites (not the
dimer).

FIGURE 1: Active-site similarities. Citrate-CoA complexes of citrate
synthases from pig heart (21) and fromPyrococcus furiosus(14)
are shown.
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run in 25 mM Tris buffer, pH 8.0. To detect migration in
either direction, samples were loaded in the middle of the
gel.

Substrates and Inhibitors. [2-13C]-OAA was prepared as
described in ref26; CMCoA and [1-13C]-CMCoA according
to ref 27 with modifications as described previously (26);
and CitCoA as in ref28. For experiments that required
CitCoA in D2O, the final G-10 desalting column was run in
1 mM DCl. Dethiaacetyl-CoA was obtained from Dr. Dale
Drueckhammer, who prepared it according to ref29. CD3-
AcCOA was prepared by the reaction of acetic anhydride-
d6 with an excess of CoA according to ref30 and purified
according to ref31.

Kinetic Methods and Substrate Concentrations.Absor-
bance data were collected on a Cary 3 spectrophotometer.
Temperature of solutions was controlled to(0.1 °C.
Concentrations of AcCoA, OAA, and CitCoA were measured
enzymatically with PCS or TpCS. CoA concentrations were
measured by a DTNB assay (32). Citrate synthase activity
(33) with the normal substrates, OAA and AcCoA, was
monitored through the reaction of the sulfhydryl product,
CoA, with DTNB, producing TNB, which absorbs at 412
nm (ε ) 14.1 mM-1; 32). Alternatively, AcCoA-OAA
disappearance was monitored by the absorbance change at
233 nm (∆ε ) 5.4 mM-1; 34), which is dominated by the
thioester absorbance. With CitCoA as substrate, three dif-
ferent assays have been employed as indicated in the
description of individual experiments. The concentrations of
thioesters (AcCoA/CitCoA) are monitored directly through
the characteristic absorption at 236 nm (∆ε ) -4.96 mM-1;
28). CoA produced from hydrolysis is monitored at 412 nm
(∆ε ) 14.1 mM-1) through reaction of its sulfhydryl with
the thiol reagent DTNB (32). OAA produced from cleavage
of CitCoA is reduced to malate by cMDH with concomitant
oxidation of NADH (∆ε ) -6.22 mM-1). At temperatures
above 35°C, the thermostable MDH fromThermus aquaticus
(Sigma Chemical Co.) was used for the same purpose. No
significant temperature or pH dependence was found for
thioester (AcCoA and CitCoA) and NADH extinction
coefficients. The pH values of reaction mixtures were
measured in the cuvettes after the reactions had gone to
completion by use of a microcombination pH electrode
(model MI-412, Microelectrodes, Inc.) with a 2-point cali-
bration against pH standard buffers at the temperature of the
experiment.

Circular Dichroism. Spectra and titration data were
collected and analyzed as previously described (26).

Fluorescence.Spectra and titration data were obtained on
a PTI Alpha scan spectrofluorometer with a thermostatted
cell compartment. Excitation and emission wavelengths and
other instrument parameters are included in Results where
appropriate.

Carbon-13 NMR.C-13 spectra were obtained at 150.7
MHz on a Varian Unity 600 spectrometer or at 125.7 MHz
on a Varian VXR-500 spectrometer, both equipped with a
5-mm multinuclear probe. Proton-decoupled spectra were
obtained by Waltz decoupling. The sample buffer was 50
mM Tris-HCl and 1 mM EDTA, “pH”) 7.50, and included
25% D2O (for internal lock) and 0.15 M acetonitrile (as
internal chemical shift standard). Samples were thermostatted
at various temperatures as indicated in Results. Other details
were as described previously (26).

Proton NMR.Proton spectra were obtained at 500 MHz
on a Varian Unity-Plus 500 spectrometer equipped with a
5-mm reverse probe (Nalorac, Martinez, CA). Residual water
signals were suppressed by transmitter presaturation (con-
tinuous wave decoupling centered on the water frequency)
during the delay between acquisitions. Spectra were collected
at 25°C with a 90° pulse, and the delay between acquisitions
was set to at least 5 times theT1 value of the slowest relaxing
proton of interest. Conditions were similar to those described
in ref 5.

SolVent Exchange of the Methyl Protons of DethiaAcCoA
and AcCoA.Enzyme samples for all exchange experiments
were exchanged into the D2O buffer for the experiment. Data
were collected and analyzed as previously described for PCS
and its mutants (24).

SolVent Exchange into the Methylene of Citrate with
AcCoA and CitCoA as Substrates.The exchange of solvent
deuterons into the methylene of citrate starting with either
AcCoA or CitCoA was done as in the exchange experiments
reported for PCS (5). Data for CitCoA were collected under
two conditions, OAA release reversible and OAA release
irreversible. In all cases, theoVerall reaction, net citrate
production, was made irreversible by including DTNB in
the reaction mixture. The first condition (OAA release revers-
ible) has only DTNB trapping so that any OAA released by
CitCoA cleavage also eventually ends up as citrate. The
second type of experiment (OAA release irreversible)
includes cMDH and NADH to capture and reduce any OAA
released after cleavage of CitCoA. The incorporation of
deuterium into citrate isolated from reactions was determined
by mass spectrometry as described previously (5).

RESULTS

Preparation and Additional Properties of TpCS. Recloning
of the gene into a high-yield expression system was required
because of the large amounts of protein needed for NMR
experiments. The correct construct was identified by rescue
of a GltA- strain for growth on acetate. Further confirmation
was obtained by isolation of an enzyme having heat-resistant
citrate synthase activity, the expected size (42 941 Da by
electrospray mass spectrometry), and the expected N-terminal
amino acid sequence (electrospray and sequencing data not
shown). Synthesis of recombinant protein in this system is
induced with nalidixic acid and yields 150-200 mg of
enzyme/L of culture in rich medium.

Isoelectric Point(data not shown). Plots of pI of standard
proteins vs distance from the cathode were linear and the pI
of the native TpCS is found to be 8.9. The calculated pI
based on the composition (and confirmed under denaturing
conditions) is 8.0. It is clear that one or more of the residues
in this protein has an unusual pKa. When loaded on a native
gel at pH 8.0, TpCS and its complexes are found to migrate
toward the cathode, while PCS and its complexes migrate
in the opposite direction toward the anode.

Near-UV (250-300 nm) CD Spectra of Free Enzymes and
Binary and Ternary Complexes.The near UV (λ > 250 nm)
CD spectra of proteins arise from induced CD in the
chromophores of the aromatic amino acids. The specific
positions of chromophore side chains relative to the chiral
peptide backbone are the origins of these signals, and changes
in them are sensitive monitors of conformational changes.
An induced CD signal is also frequently observed for
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complexes of enzymes with ligands whose chromophores
absorb in this region.

The spectra for the free enzymes and various binary and
ternary complexes are shown in Figure 2.

The CD changes that accompany formation of complexes
with CS are large enough to be quantitatively useful. The
stoichiometric (active-site) titration of TpCS-OAA (prepared
from a stock of known 280 absorbance) with the intermediate
analogue, CMCoA, was used to measure the TpCS 280 nm
extinction coefficient. We obtained a value of 1.43 OD280

mL mg-1. At lower enzyme concentrations, these CD
changes accompanying formation of ternary and binary
complexes are used to determine ligand dissociation constants
(24, 26) as shown in Table 1. The wavelength of maximum
change was used for these titrations.

The differences between the spectra of the free enzymes
reflect their differences in amino acid compositions. The
changes in the CD spectra of the enzymes that accompany
OAA or citrate binding are a result of conformational changes
in the enzymes since citrate and the keto form of OAA
(which is the form that binds to CS;34-36) have no
chromophore in this spectral region. Much of the large
change near 260 nm in the CD spectra of ternary complexes
with CoA analogues (AcCoA, dethiaAcCoA, CMCoA, and
CoA) (24) may be attributed to induced CD from the strong
immobilization of the coenzyme’s adenine chromophore
against the chiral enzyme surface.

The shapes and amplitudes of the spectra of CoA analogue
complexes reveal some qualitative and quantitative differ-
ences between the enzymes (Figure 2). Both ternary and
binary TpCS complexes have larger amplitudes than the
corresponding PCS complexes. The binary CoA analogue
complexes with TpCS have over a 2-fold greater extent. The
differences in shapes of spectra may be attributed to
contributions from the respective protein chromophores or
to slight differences in the conformation of bound ligands.

Fluorescence Spectra of Binary and Ternary Complexes.
For PCS, the changes in the fluorescence spectra (excitation
at either 280 or 295 nm) induced in the protein emission
spectrum by formation of complexes are small and uninter-
esting (data not shown). On the contrary, with TpCS, large
changes in amplitude and shape accompany OAA binding
(Figure 3A). A further, but much smaller, change results from
formation of the ternary complex with CMCoA. Surprisingly,
changes induced by product complex formation are again
small; no significant protein fluorescence changes occur on
binding CoA, citrate, or both (Figure 3B).

Inhibitor and Substrate Dissociation Constants.Table 1
compares binary and ternary complex dissociation constants
for substrates and inhibitors. DethiaAcCoA is a sulfurless
ketone analogue of the substrate AcCoA and is competent
to undergo efficient enzyme-catalyzed proton transfer from
its methyl group (24). Although exchange requires OAA,
dethiaAcCoA does not react further by condensing with OAA
to form a ketone analogue of CitCoA (24). CMCoA is a
tight-binding analogue of the enolate intermediate/transition
state of AcCoA (26, 27, 37). TpCS binds most substrates
and products more tightly than PCS but the affinity of its
OAA binary complex for the intermediate analogue is about
the same.

NMR Probes of OAA and AcCoA ActiVation.Table 2 gives
the chemical shift data for [2-13C]-OAA and [1-13C]-CMCoA
(AcCoA enolate analogue) bound in PCS and TpCS binary
and ternary complexes, as well as the chemical exchange
regime (free ligand exchanging with ligand in the complex).
There is substantial deshielding (∼7 ppm) of the carbonyl
carbon of OAA when bound in the ternary complex of either
CS with CMCoA, the enolate analogue inhibitor. CMCoA’s
carboxyl carbon is shielded by∼2 ppm and CMCoA is in
slow exchange with excess ligand in these ternary complexes.

FIGURE 2: Near-UV CD spectra of PCS, TpCS, and some of their
complexes. (A) From the top: TpCS-OAA (15 µM TpCS and
100µM OAA, 1 cm path length), TpCS (15µM, 1 cm path length),
TpCS-OAA-CMCoA (15µM TpCS, 100µM OAA, and 50µM
CMCoA, 1 cm path length, excess CMCoA subtracted). (B) From
the top: TpCS-Cit (15 µM TpCS and 40 mM citrate, 1 cm path
length), TpCS (15µM, 1 cm path length) TpCS-CoA (150 µM
TpCS and 1 mM CoA, 0.1 cm path length, excess CoA subtracted),
TpCS-Cit-CoA (150µM TpCS, 40 mM citrate, and 1 mM CoA,
0.1 cm path length, excess CoA subtracted). (C) From the top:
PCS-OAA (15 µM PCS and 100µM OAA, 1 cm path length),
PCS (15µM PCS, 1 cm path length), PCS-CMCoA (150µM PCS
and 1 mM CMCoA, 0.1 cm path length, excess CMCoA subtracted),
PCS-OAA-CMCoA (15 µM PCS, 100µM OAA, and 50 µM
CMCoA, 1 cm path length, excess CMCoA subtracted).

Table 1: Ligand Dissociation Constantsa for PCS and TpCS at 20
°C

complex
OAA
(µM)

AcCoA
(µM)

dethiaAcCoA
(µM)

CoA
(µM)

citrate
(µM)

CMCoA
(µM)

TpCS 0.86b 26c nd 16c 108d nd
PCS 4e 64c nd 111f nd 52c

147f

TpCS-OAA 1.6c nd 0.043c

PCS-OAA 5f 2.3c,g 14c 0.023c,h

TpCS-CoA nd ?
PCS-CoA nd 500f

TpCS-citrate nd nd 20c nd
PCS-citrate nd nd 59c nd

a Uncertainties (standard deviation) range from 5% to 10% of the
value.b Determined by fluorescence titration exciting at 290 nm with
emission measured at 315 nm.c Determined by CD titration at 260
nm. d Determined by CD titration at 280 nm.e Reference 70.f Deter-
mined by competition with a bound spin-labeled analogue of AcCoA
or by effects of addition of second ligand on dissociation of the spin-
labeled analogue (71). g Reference 24.h Reference 26.
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kcats for AcCoA/OAA, CoA/Citrate, and CitCoA.Table 3
compares thekcat values of the enzymes with the various
substrates and the CitCoA partitioning ratio at pH 8.0 and
20 °C. The partitioning ratio of CitCoA as substrate is
calculated as the initial rate for production of reactants (OAA
detected by the MDH reaction) divided by the initial rate
for production of products (CoA detected by the DTNB
reaction). Solvent and substrate deuterium isotope effects are
also tabulated as determined under conditions noted in the
table.

pH and Temperature Dependencies of kcats for AcCoA/
OAA, CoA/Citrate, and CitCoA and the CitCoA Partitioning
Ratio. Figure 4 shows thekcat values for AcCoA and CitCoA
as substrates for TpCS over a pH range of 5.5-10. The pH
ranges covered by the various buffers overlap by at least
one value. For phosphate buffers and low-pH buffers,
progress curves for AcCoA/CitCoA were zero-order over a
smaller percentage of the time course than with other buffers.
Runs at two AcCoA concentrations (100 and 200µM) were
used to ensure that the rate constants reported reflect true
rates at saturation. The lack of pH dependence simplifies
the interpretation of solvent isotope and temperature effect
(vide infra).

The reverse reaction for TpCS was studied between pH 6
and 8 (inset in Figure 4) and thekcat was found not to depend

on pH over this range. In D2O solutions, between pD 6.4
and 8.4 thekcat also remained constant, albeit at a value 1.8-
fold lower (data not shown). Thus, the interpretation of the
solvent isotope effects on the reverse reaction is not
complicated by ionizations of the ES complexes.

Table 2: Chemical Shifts and Exchange Regime (Ternary Complexes) of [2-13C]OAA and [1-13C]CMCoA for Complexes of PCS and TpCSd

enzyme CS-OAA* b (ppm) CS-OAA* -CMCoA (ppm) CS-CMCoA* (ppm) CS-OAA-CMCoA* (ppm)

none 199.8c 178.1(-COO-), 174.9(-COOH)d

PCS 204.4c 206.6c (slow exchange) 177.4d (fast exchange) 175.2d (slow exchange)
TpCS 202.1 205.8 (slow exchange) nd 174.9 (slow exchange)

a Apparent pH values (pH*) were 7.5, relative to H2O standard buffers. No correction was applied for the 25%/V D2O content.b The asterisk
indicates the labeled ligand.c Reference43. d Reference26.

FIGURE 3: Fluorescence spectra of TpCS and some of its
complexes. (A) From the top: TpCS (no ligand 1.36µM, excitation
at 290 nm), TpCS-OAA-CMCoA (1.36µM TpCS, and 100µM
OAA, and 4µM CMCoA), TpCS-OAA (1.36 µM TpCS and 100
µM OAA). (B) From the top: TpCS-Cit-CoA (1.36µM TpCS,
100 mM citrate, and 50µM CoA), TpCS-citrate (1.36µM TpCS
and 100 mM citrate), TpCS (no ligand, 1.36µM).

Table 3: Turnover Numbers (min-1), Substrate and Solvent Isotope
Effectsa

PCSb TpCS

kcat(AcCoA) (min-1) 10 000 (pH 7.5) 550 (pH 8)
k-cat(Cit,CoA) (min-1) 282c (pH 6) 0.73 (pH 8)
kcat(CitCoA) (min-1) g7000d 550 (pH 8)
Vi

OAA/Vi
CoA e 0.4f 0.03

DVAcCoA 1.40( 0.03g (H2O) 1.17( 0.03 (H2O)
1.12( 0.03g (D2O) 1.17( 0.04 (D2O)

D2OVH3AcCoA 2.40( 0.08g 2.41( 0.07
D2OVD3AcCoA 2.70( 0.08g 2.33( 0.07
D2OVCit,CoA(reverse) 2.05h 1.80( 0.20
D2OVCitCoA ndi 2.80( 0.15

a Data reported were obtained at 20°C except for the PCS isotope
effect data, which were obtained at 22°C. See ref72 for detailed
discussion of the symbolic representation for the various isotope effects.
b In general, the values for the isotope effects for PCS can only be
approximately correct. At the time these studies were done (36), it was
not fully appreciated that exchange of the methyl protons of AcCoA
with those of solvent can occur within the ternary complexes (5, 38).
This is the same reason that the value of the intrinsic isotope effect of
2.0 determined by intramolecular competition using chiral methyl
AcCoA must be regarded as a lower limit on the actual value.
c Calculated from data in ref34 which were obtained at 22°C.
d Estimated from initial burst rate (6). Kinetic cooperativity with PCS
makes a quantitative estimate difficult (28). e Vi

OAA/Vi
CoA ) CitCoA

partitioning ratio. For TpCs,kOAA ) 24 min-1 andkCoA,Cit ) 660 min-1.
f References6 and 5. g Calculated from Table 2 of ref36. Note that
solvent exchange with the hydrogens of the methyl group of AcCoA
makes difficult the interpretation of solvent isotope effects with PCS.
h Calculated from Figure 3 of ref36 at their respective pH(D) optima.
i Kinetic cooperativity makes a determination difficult to interpret.

FIGURE 4: pH dependencies of TpCSkcats for AcCoA/OAA,
CitCoA, and CoA/citrate at 20°C. Solid symbols are for AcCoA/
OAA; open symbols are for CitCoA. Squares are 50 mM MES
buffer, circles are 50 mM phosphate buffer, triangles are 50 mM
EPPS buffer, and inverted triangles are CHES buffer. The pHs of
reactions were measured in the cuvettes after completion of the
reaction. Inset:kcat for the reverse reaction with CoA and citrate
as substrates.
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The temperature dependencies ofkcats for AcCoA/OAA
and CitCoA for TpCS are shown as the Eyring plots [ln (kcat/
T) vs 1/T] in Figure 5A. No curvature or changes in slope
were found.∆Hq and∆Sq were calculated from the slopes
and intercepts. Values of∆Hq of 8.3 ( 0.3 and 7.0( 0.3
kcal mol-1 and values of∆Sq of 18 ( 1 and 22( 1 cal
mol-1 K-1 are found for AcCoA/OAA and CitCoA as
substrates for TpCS, respectively. The instability of CitCoA
and OAA renders data collected at high temperatures
increasingly unreliable, and the errors quoted from the linear
regression may be underestimates.

A plot of natural logarithm of the partition ratio vs 1/T is
found in Figure 5B. This plot is quite curved and, as implied
by the results above, the curvature in this plot results from
the increasing rate of cleavage of CitCoA relative to its
hydrolysis (Figure 5A) as the temperature increased. As
indicated in Figure 5A, the∆Hq for the hydrolysis of the
intermediate CitCoA shows no temperature dependence. The

partition ratio data were fit by nonlinear regression to

A ∆∆Cp
q of 319( 19 cal mol-1 K-1 was obtained from the

fitted curve (solid line in Figure 5B). Analyzing the higher
temperature data with a linear regression (dotted line in
Figure 5B) yielded values of 12( 1 kcal mol-1 for ∆∆Hq

and 34( 5 cal mol-1 K-1 for ∆∆Sq.
Rate of Exchange of SolVent Protons into the Methyl

Group of AcCoA or DethiaAcCoA.Consistent with the ability
to catalyze proton transfer from the methyl group of AcCoA
to generate a high-energy enolate intermediate, these enzymes
can catalyze exchange of the protons of the methyl group of
AcCoA and AcCoA analogues with those of solvent. Data
for PCS, some mutants of PCS, and TpCS are given in Table
4. The rates of these exchanges are probes of the rates of
proton transfer relative to other processes within the active
site, which may include conformational changes modulating
the accessibility of the active site to solvent (5, 28, 38).

CS-Catalyzed Exchange of SolVent Protons into Product
Citrate.Even when solvent exchange of the AcCoA methyl
protons cannot be detected in substrate AcCoA for whatever
reason, exchanged hydrogens from the AcCoA moiety may
appear in the methylene of citrate. Using mass spectrometry
to assess exchange into the methylene of citrate is sensitive
and accurate and allows study of exchange when the initial
substrate is the chemical intermediate CitCoA (5). The
deuteriumexcessesfor the exchange reactions for some PCS
mutants and wild-type PCS and TpCS are recorded in Table
4; a maximum value of 2.0 (expressed as additional
deuterium excess in this case) is possible for reactions starting
with OAA-d2/AcCoA. Reactions starting with OAA-d2 and
CH3-AcCoA should produce 100% citrate-d2 if no enzyme-
catalyzed exchange occurred while complete exchange would
have 100%d4. (If OAA preexchange is complete, no isotopic
species containing less thand2 should be present.) Starting
with CitCoA-d0 as substrate, it is possible to obtain citrate
containing from 0 to 4 deuteriums. OAA released into
solution can undergo nonenzymatic exchange to OAA-d1 or
-d2 and then subsequently react with activated AcCoA
containing from 0 to 2 deuteriums.

Results of exchange experiments with CitCoA allow an
interesting distinction when they are considered together with
the CitCoA partitioning data. If significant amounts of
exchange are occurring because the condensation reaction
is reversing all the way back to free OAA, then the released
OAA will exchange its methylene protons nonenzymatically.

Table 4: Solvent Exchange Rates and Extents for Citrate Synthase

deuterium excess in citrate

exchange rate into CH3 moietya CitCoA-d0

enzyme dethia-AcCoA AcCoA AcCoA and OAA-d2 OAA release reversible OAA release irreversible

PCSb 0.48 NDc 0.36 0.23d 0.14
PCS H320Qb 0.03 e0.05 0.18 ND ND
PCS H320Gb 0.06 1.0 0.59 ND ND
PCS H320Nb 0.11 1.2 1.4 ND ND
PCS D375Eb 2.7 0.6 1.25 1.5d 0.65
TpCSe 1.0 ND ND ND ND
a Relative to reaction rate with AcCoA under the same conditions.b References38 and5. c None detected.d Significant peaks for citrate-d3 and

-d4 are present in citrate produced from d0CitCoA with D375E but none with WT PCS.e This work.

FIGURE 5: Temperature dependencies of TpCSkcats for AcCoA
and CitCoA and partition ratio. (A) Solid line is the linear least-
squares fit for data with AcCoA/OAA as substrate. Dashed line is
the linear least-squares fit of data with CitCoA as substrate.
Thermodynamic constants are calculated from the slope and
intercepts of the linear least-squares fits. (B) Dashed line is the
linear least-squares fit of partition ratio data for three highest
temperatures. Solid line is the nonlinear regression fit of all partition
ratio data to eq 1.

ln k ) A(1T) + B ln T + C (1)
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Significant amounts of citrate-d3 and -d4 will be obtained
when this released OAA reacts with deuterated AcCoA. If
all the exchange is occurring without release of substrates
bound to the enzymes, then only citrate-d1 and -d2 will be
obtained. This distinction between exchange occurring from
reversal of the entire condensation step back to free reactants
vs exchange occurring as a consequence of exchange of
bound states was not possible in previous experiments (38).

DISCUSSION

PCS and TpCS have nearly identical binding and catalytic
residues and very similar secondary, tertiary, and quaternary
structures. Data reported here demonstrate that the two
enzymes have the same formal kinetic mechanism and use
basically the same catalytic strategies at the molecular level.
The additional question we have sought to answer in this
work is what subtle differences are responsible for the
markedly lower catalytic efficiency of TpCS. In the following
section we will develop the theme that the differences
between the enzymes strongly implicate the increased rigidity
of the thermostable enzyme with a concomitant difficulty in
undergoing conformational changes as the underlying cause
of catalytic inefficiency in TpCS. Evidence has previously
been presented suggesting an inverse relationship between
the impact of changes in conformational flexibility on protein
stability and enzymatic catalytic efficiency (39).

Catalytic Strategies Are the Same for PCS and TpCS.
These include carbonyl polarization, the generation of a
nucleophilic intermediate/transition state from the methyl
group of AcCoA, and the sequence of macromolecular
conformational changes between several open and closed
forms that are integral steps of the catalytic cycle.

Carbonyl polarizationis a general strategy used by many
enzymes that catalyze reactions involving nucleophile attack
on an electrophilic carbonyl carbon. By increasing the posi-
tive charge at the reaction center, these enzymes increase
reactivity for condensation with the nucleophile derived from
AcCoA in the case of citrate synthases. Several in the long
list of enzymes utilizing carbonyl polarization [TIM (40),
LDH (41, 42), and PCS (31, 43)] have a similar constellation
of positively charged residues surrounding the carbonyl.
Since this constellation is also present in TpCS, it may be
responsible for a local electrostatic potential increasing the
carbonyl carbon’s electrophilicity toward the AcCoA nu-
cleophile.

Experimental techniques demonstrating carbonyl polariza-
tion of OAA bound to citrate synthase detect the decreased
electron density around the carbonyl carbon [increased
chemical shift in carbon NMR spectra (5, 28, 43)] or the
consequent reduced double-bond character [decreased car-
bonyl stretching frequency in IR spectra (31)]. While already
apparent in binary CS-OAA complexes, the maximal
carbonyl deshielding is seen in13C NMR spectra of ternary
complexes of [2-13C]-OAA with AcCoA analogues, particu-
larly the enolate analogue, CMCoA. As seen by the closely
similar chemical shifts for the OAA carbonyl carbon in
CMCoA complexes (Table 2), TpCS is able to polarize the
OAA carbonyl as well as PCS.

The nucleophile in the CS reaction is derived from the
methyl group of AcCoA. Both CS enzymes catalyze proton
transfer from the methyl group to generate either anenolate/
carbanion intermediate or transition state.

Evidence for the existence of this intermediate/transition
state carbanion includes tight binding of structural, albeit
stable, analogues of this high-energy species. In comparison
with ground-state analogues, stable analogues of an inter-
mediate or transition state that possess its critical features
will exhibit some of the enzyme’s extraordinary affinity for
these high-energy states (44-46). The critical structural
features of the enolate/carbanion are the planar sp2 geometry
of the nucleophile carbon and its negative charge. CMCoA
(and the related compound CMX) mimic these features (27,
47). The tight binding of CMCoA (Table 1) to both PCS-
OAA and TpCS-OAA complexes is strong evidence that
the same enolate/carbanion of AcCoA is the high-energy
intermediate/transition state for both enzymes.

Other evidence for the carbanion/enolate intermediate/
transition state is the abilities of the two enzymes to catalyze
exchange of the methyl protons of substrate or substrate
analogues at a rate comparable to turnover. Table 4 shows
exchange data.

The exchange results with the substrate analogue (dethi-
aAcCoA) are particularly easy to interpret. DethiaAcCoA
does not react further to condense with OAA to form a ketone
analogue of CitCoA (24) and thus it is possible to study the
proton-transfer step in isolation. While both enzymes are
efficient catalysts of proton transfer from a carbon acid as
monitored by dethiaAcCoA exchange, relative to their overall
kcats, exchange is more rapid with TpCS than with PCS
(Table 4). The increased exchange rate relative to turnover
for TpCS is consistent with the conclusion (vide infra) that
the proton-transfer step in TpCS is less rate-limiting to the
overall turnover rate than it is in PCS.

Exchange during actual turnover is sensitive to the relative
rates of several processes within the ternary complex. Failure
to detect exchange in the free AcCoA substrate pool while
detecting it in the citrate methylene (Table 4) can result from
a substantial commitment to catalysis after the proton-transfer
step. The exchanged AcCoA bound to the enzyme reacts
further before it has a chance to dissociate from the enzyme.
This describes the situation with WT PCS (5, 38). In contrast,
TpCS fails to catalyze solvent proton exchange intoeither
the AcCoA methyl or citrate methylene. Combined with the
failure of TpCS to cleave CitCoA to OAA/AcCoA at a
significant rate, the failure of TpCS to catalyze exchange
during turnover is a consequence of functional irreversibility
of boththe condensation producing the chemical intermediate
and the proton-transfer step itself (vide infra).

Unusual Hydrogen-Bonding Structures InVolVing the Eno-
late Analogue and Catalytic Residues Are Present in Both
Enzymes. For PCS, solid-state NMR (9) and structural studies
(47) have found the hydrogen bond between the carboxyl
oxygen of the active site base (D375) and the carboxyl
oxygen of the enolate-analogue inhibitor to be extremely
short (O-O distance< 2.4 Å) and to possess unusual
geometry. The solid-state NMR studies have unequivocally
demonstrated that the carboxyl of the analogue is an anion.
The hydrogen bond between the oxygen of the inhibitor and
the active-site base is in the less basic anti conformation
relative to the inhibitor’s carbonyl, while it is in the more
basic syn conformation relative to the carbonyl of the active-
site base, D375 (9, 47, 48). This geometry is consistent with
the role of the active-site base in the actual enolate
intermediate-active-site base complex. This hydrogen-bond
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arrangement is responsible for the shielded isotropic chemical
shifts of the carboxylate of the enolate analogue observed
in NMR spectra of CS-OAA-CMCoA complexes (Table
2). In comparison to a carboxylate anion in solution, the
NMR isotropic chemical shifts of the CMCoA/carboxylate
carbon bound in these complexes is shielded almost as much
as the protonated (COOH) species in solution. Nearly
identical isotropic chemical shifts are observed for this carbon
in ternary complexes with both enzymes.

It is worth noting that despite the short heteroatom-
heteroatom distance (47) and the evidence for proton uptake
upon complex formation (26, 37), this is not a low-barrier
hydrogen bond stabilizing anenol inhibitor analogue as
originally proposed (12, 49). The negative charge resides
on the carboxylate of the inhibitor and the proton is bound
to the oxygen of the active-site base (9). This conclusion
does not rule out the possibility that the actual (unstable)
intermediate is an enol since stable CMX and CMCoA
analogues cannot fully mimic the actual unstable species.

Conformational changes and the required underlying
protein flexibility are integral parts of the catalytic strategy
of CS. Many of the activated substrates and chemical
intermediates implicated in the mechanism of citrate synthase
either could not form or would be too unstable in the
presence of bulk solvent water. Successive conformational
changes must thus occur to admit or exclude substrates and
water from the active site during the catalytic cycle. The
enzymes catalyze two kinds of reactions of thioesters (ligase
and hydrolase) within the same active site with the same
catalytic residues, certainly requiring further subtle confor-
mational rearrangements.3,4 Solution and structural evidence
supports the existence of comparable conformational states
for both PCS and TpCS.

X-ray structure results have captured a static picture of
some of these conformers. The X-ray structures of CS fall
into either of two conformational classes (21, 50). The “open”
forms of the enzyme have free access of solvent to the active
site and are believed to function in substrate/product binding
and dissociation. The various “closed” forms totally exclude
bulk solvent with the active site over 15 Å from the nearest
surface water contact. All of the chemical transformations
are believed to take place in closed forms. The conversions
of the “open” to “closed” forms results from anet4 rotation
of the small domain of one subunit with respect to the large
domain of the other. Structural evidence supports the same
kinds of conformation forms in TpCS. The TpCS structure
presently available is in the open form (20) but two other
archael citrate synthase structures are in a closed form with
bound products (Figure 1), citrate/CoA (13, 14). In addition,
at the primary sequence level, several residues implicated
in the conformation change in PCS are also present in TpCS.
Several PCS residues have been identified as “hinge”
residues with respect to the relative motion of the two
domains (1, 3, 15, 47, 50-52). In PCS, changes at these
sites destroy the capacity to carry out the overall reaction

(53). All of the hinge residues are conserved in TpCS (20).
Solution studies (UV, CS, fluorescence, and NMR) also

give some insight into the nature and dynamics of confor-
mational changes in the two enzymes. The conformation
change that is initiated by OAA binding has been detected
by changes in UV difference spectra (35) and in high-
wavelength CD spectra of the enzymes (5, 26). When OAA
binds to the enzymes, the CD signal intensity generally
increases over the entire near-UV region (Figure 2). This
presumably reflects a reduction of freedom of motion relative
to the chiral peptide backbone of the side-chain aromatic
chromophores of tryptophan, tyrosine, and phenylalanine,
which absorb in this region. PCS mutants (H320R,N,G,Q
(5, 28)] for which the formation of the hydrogen bond
between the residue at 320 and the OAA carbonyl is made
difficult or impossible show no change in their CD spectra
with OAA binding. NMR studies of these same PCS mutants
show the polarization of the carbonyl also requires this
hydrogen bond. Preliminary studies of a TpCS mutant in
the active-site histidine analogous to PCS H320 support the
importance of this residue for TpCS as well (Kurz et al.,
1999, unpublished data).

The fluorescence changes accompanying the binding of
OAA to TpCS (Figure 3) strengthen our hypothesis that the
OAA binary complex is a closed or partially closed
conformer. The emission spectrum of TpCS has its main
emission peak at 315 nm and a pronounced shoulder around
328 nm, reflecting the presence of several tryptophan residues
with varied exposure to solvent. In comparison to the free
enzyme spectrum, that of the OAA complex has a greatly
reduced overall intensity and is missing the long-wavelength
shoulder. Of the four W residues found in the unliganded
enzyme, one is exposed (W17) and two seem to be mostly
buried (W115 and W245). W348 lines the active site pocket
and in the absence of substrates is likely accessible. In the
closed form, however, W348 will become inaccessible (20)
and its emission should shift to the blue, as is observed
(Figure 3).

Conformational changes are also detected when the other
possible binary complexes (CS-citrate, CS-CoA analogue)
are formed. Thus, CD changes accompany the binding of
citrate to both PCS and TpCS (Figure 2). However,
quantitatively, the changes are not the same as those induced
by OAA binding, and most telling is the absence of any
change in the fluorescence spectrum of TpCS induced by
formation of the citrate binary complex (Figure 3). This
observation suggests that the citrate complex is open. Indeed,
the citrate complex of PCS crystallizes in the open confor-
mation (21). The induced CD in the binary citrate complex
may reflect increased rigidity of an open form or a dynamic
equilibrium between open and closed forms that is easily
perturbed by crystal forces.

The binary complexes of PCS with CoA analogues have
only about half the CD intensity change at 260 nm as the
ternary complexes (Figure 2). Less immobilization of the
chromophore against the chiral surface might reflect either
an open form structure for these complexes or a complex
with increased flexibility. Rapid exchange of the ligands on
the NMR time scale is consistent with an open form structure
(Table 2). In comparison, the extents in TpCS binary CoA
complex CD spectra are significantly greater, close in
magnitude to PCS ternary complexes. Binary TpCS com-

3 The only evidence ever found for futile hydrolysis of AcCoA occurs
in the D375G PCS mutant, which has negligible activity.

4 The CS open-closed conformation change involves more than just
a rigid-body rotation of the two domains. There are substantial changes
in the packing of interior side chains (1, 2). At least three types of
closed structures have been identified in solid-state structures (1, 3)
and in solution spectroscopic studies (4, 5).
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plexes seem generally more “closed” than PCS complexes.
Structural data show that even the “open” form structure
determined for unliganded TpCS is more “closed” than the
corresponding structure for PCS (20). For PCS, a net rotation
of the small domain relative to the large by 19° is required
to interconvert the open and closed forms. TpCS requires
only a 12° rotation.

Ternary complexes and binary complexes containing
binding determinants from both substrates are in the “closed”
form. Their formation is accompanied by the largest induced
CD signal in the adenine absorption of the bound CoA
analogue. CD spectra of substrate analogue ternary com-
plexes, intermediate analogue ternary complexes, and product
ternary complexes are all very similar but not identical and
are detecting subtle differences in conformation. The NMR
studies of these complexes (Table 2) also show the bound
ligands to be in slow exchange (on the NMR time scale).
All the crystal structures of citrate synthase ternary com-
plexes are closed forms (13, 14, 20, 50, 54).

While the above results argue that corresponding confor-
mational changes occur for both enzymes, it must be kept
in mind that conformation change during the catalytic cycle
is a dynamic process. While the solid-state structures have
given valuable insight, they have limited usefulness in
determining either the rate of interconversion or the position
of equilibrium between conformers. Supporting the existence
of a dynamic equilibrium between conformers is the observa-
tion (3) that both open and closed PCS forms can crystallize
from a single drop containing CoA and citrate (1 M). Various
conformational forms also differ in the flexibility of side
chains [arguing from differences in temperature factors (3),
which seem to depend on the identity of bound ligands]. A
dynamic equilibrium between more than one form of OAA
binary complex has been invoked to explain OAA carbon
line widths in NMR spectra of the binary complex (43).

Structural data indicate less overall flexibility in the citrate
synthases isolated from thermophiles (14, 20). Solution data
also indicate increased rigidity. We were impressed by the
large increase in the amplitude of the induced CD signals in
the CoA analogue binary and ternary complexes of TpCS
when compared to the amplitude of the corresponding
complexes in PCS (Figure 2). At the same temperature of
20 °C, the dissociation constants of TpCS complexes (Table
1) almost uniformly reflect tighter binding. To the extent
that stronger interactions between enzyme and ligand groups
indicate a more strongly immobilized final state, then this

trend in the binding data is certainly consistent with our
picture of the complexes of the thermophile enzyme as rigid,
less flexible species.

The Formal Kinetic Mechanisms of the Two Enzymes Are
Very Similar. The relative values of substrate binding
constants (Table 1) support a preferred ordered bi-bi mech-
anism in the forward direction with OAA binding first. In
addition, for both PCS (50) and TpCS (20), the structural
data show that if CoA bound first, it would sterically interfere
with subsequent OAA binding.

CitCoA Is a Stable Intermediate in the Catalytic Cycle of
Both Enzymes. Supporting data are the rapid initial rates of
CitCoA hydrolysis by both enzymes. The very high affinity
of the two enzymes for the intermediate suggests that it is
never released into solution during normal turnover.

CitCoA as a substrate for PCS shows kinetic cooperativity
yielding a complex pattern of kinetic phases with widely
differing rates (5, 6, 28), with the initial rate of the burst
phase approximately equal to the turnover rate. The lack of
substrate concentration dependence of the burst rate indicates
tight binding. All the models explaining the kinetic coop-
erativity observed with PCS require tight binding of CitCoA
(6, 28).

There is no kinetic cooperativity in TpCS-catalyzed
CitCoA hydrolysis. The very tight binding of CitCoA to the
TpCS enzyme is indicated by the zero-order nature of
progress curves and the virtual independence of the values
of the initial rates on CitCoA concentration.

The mechanistic significance of kinetic cooperativity in
PCS and it absence in TpCS is unknown. However, its
absence is perhaps another symptom of increased rigidity
of TpCS since kinetic cooperativity (allostery) is presently
understood by models requiring dynamic equilibria between
conformational forms (55, 56).

The relatiVe stabilities of internal states differ substantially
for the two enzymes,even to the extent that the rate-
determining step is changed and the condensation step, which
is reversible for PCS, becomes almost irreversible for TpCS.
This occurs despite the identities of catalytic groups and the
similarity of their overall mechanisms.

We will discuss the kinetic mechanism using Scheme 1.
This scheme shows kinetic mechanisms for an ordered bi-bi
reaction with a ternary interconversion occurring with two
(A) or three (B) steps. The schemes omit separate steps
related to conformational changes as well as several possibly
reversible steps during hydrolysis (38). In Scheme 1A, the

Scheme 1
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overall condensation step producing CitCoA is given rate
constantskc andk-c, while the hydrolysis step is given the
rate constantskh and k-h. In Scheme 1B, the overall
condensation step is represented as two steps in which the
proton transfer (kpt and k-pt) from AcCoA to generate an
enolate intermediate occurs first, followed by the actual
condensation (kac and k-ac) with the OAA to give the
relatively stable intermediate, CitCoA.

It is clear that no single step is rate-determining for PCS.
Despite the limitations imposed on analysis by kinetic
complexities,5 Pettersson et al. (6) have developed a kinetic
model for PCS that is consistent with the values of the kinetic
constants and CitCoA partition data. In this model, conden-
sation is readily reversible with an internalKeq value of about
1; hydrolysis is the slowest step but only by about a factor
of 10. Other data support this picture. The observed substrate
isotope effect (deuterium substitution in the methyl group
of AcCoA) is quite small [Table 3 (36)], substantially lower
than would be expected if proton transfer was mainly rate-
limiting. The lower limit (5) on the value of the intrinsic
primary isotope effect on proton transfer in the PCS reaction
was determined to be about 2 from intramolecular isotope
effect measurements using chiral methyl-AcCoA (57, 58).
The further diminishment of the value of the observed
substrate isotope effect when it is measured in solvent D2O
(Table 3) suggests that barriers for the steps affected by
substrate and solvent isotopes are not greatly different in
height. Given that proton transfer from carbon is thermo-
dynamically and kinetically difficult in small molecule
models (49, 59), we were surprised that this step presents
such a small barrier in both the CS-catalyzed reactions.

The Internal Steps, Which Generate Intermediates, Are
Readily ReVersible in the PCS Reaction.CitCoA is the most
stable of these intermediates. The initial6 ratio of the rate of
CitCoA cleavage to hydrolysis for PCS is 0.4 (5, 6, 60),
indicating that while hydrolysis is somewhat favored over
cleavage, the condensation step is readily reversible. Most
if not all of the exchange with solvent protons appearing in
the methylene of citrate product (under conditions of irrevers-
ibility of the overall reaction) comes from reversal of the
condensation all the way back to bound OAA/AcCoA (5,
38).

Data supporting existence and reversible formation of a
discrete enolate intermediate in PCS WT are considerably
weaker. Reversal of the proton-transfer step alone can lead
to exchange, as we have already observed in the case of
dethiaAcCoA. Our current hypothesis is that proton transfer
and condensation are concerted for all practical purposes in
wild-type PCS. However, if condensation is made sufficiently
difficult, as in mutants with impaired OAA polarization (or
for the case of the dethiaAcCoA substrate analogue), a
decoupling of these steps certainly occurs and extensive
exchange may sometimes be observed [Table 4 (5, 24)].7

Unlike PCS, TpCS Has a Clear Rate-Determining Step,
the Hydrolysis of CitCoA. Thekcat starting with AcCoA/OAA
as substrate is very close in value (within about 5%) to the
kcat with CitCoA (Table 3, Figures 4 and 5A). This identity
is not an accident of experimental conditions because pH
(Figure 4) and temperature dependencies (Figure 5A) of both
kcats are nearly identical. For initial velocities in the forward
direction, the dissociation constants for both TpCS (and PCS)
suggest that product off rates are not kinetically significant
(Table 1). Under these circumstances thekcat is given by

kcat (AcCoA/OAA) can equalkcat (CitCoA) ) kh, only if k-c

andkh are much less thankc.
The lack of significant pH dependence of thekcats for

TpCS is a consequence of the nature of its rate-determining
hydrolysis step. The only active-site residue implicated in
the hydrolysis is D375, whose carboxylate side chain is
apparently acting as a general base. This carboxylate should
remain ionized over the experimental pH range. The pH
independence of thekcats follows. The high pI (vide supra)
of TpCS strongly suggests that one or more histidine active-
site residues either do not ionize in the expected pH range
or, if compensating charge changes occur, they do not affect
the rate constant for hydrolysis.

PCS shows a much more normal pH dependence, having
bell-shaped pH-rate profiles with maxima at pH 8 forkcat

of the forward reaction and near pH 6 fork-cat of the reverse
reaction. The pH dependence of PCS is not easily interpreted
in terms of specific residues but is consistent with rate
contributions from additional steps (condensation). The
condensation involves several residues [certainly including
H320, H274, and H238 as well as D375 (5, 61)] that are
either likely or required to change protonation states during
the catalytic cycle.8

5 PCS shows a number of complexities that allow only a limited
disentanglement of the kinetic constants into rate constants for individual
steps in the mechanism (5, 6). Most notable complexities are the
exchange of solvent protons into the methyl of substrate and methylene
of product and the kinetic cooperativity with CitCoA as substrate. The
first complicates the interpretation of substrate and solvent isotope
effects because isotope can be lost or gained in the substrate. The second
complicates the measurement of the partition of the chemical intermedi-
ate between the forward and reverse reactions.

6 The initial rate referred to here is in the burst phase.

7 The proposed enolate intermediate resulting from proton transfer
from AcCoA must be very unstable and its lifetime before the actual
condensation must be short. In some circumstances the lifetime of
intermediates may be so short that their existence as a separate species
can be debated (see ref7) for an informative discussion of “when an
intermediate is an intermediate”). Successful simulations of the
exchange experiments (5) require the rate constant for a separate
condensation step (kac in Scheme 1B) to beg100 fold greater than the
rate constant for the reverse proton transfer (k-pt).

8 The active sites of both citrate synthases contain homologous
essential histidine (3) and aspartate (1) residues. Histidine residues
normally titrate in the pH 6-8 range. Steps involving the active-site
histidines would be expected to show some pH dependence over the
studied pH range, as in fact is observed in thekcat for PCS WT. We
also expect the states of ionization of several catalytic residues to change
during the catalytic cycle itself. The carboxylate side chain of Asp375
accepts a proton from the methyl of AcCoA in the condensation reaction
and is thus at least transiently protonated. It acts again as a general
base catalyst in the hydrolysis reaction (5, 8). The imidazole side chains
of His320, His274, and His238 appear to be neutral, judging from their
hydrogen-bonding pattern in a number of crystal structures. Yet the
protonated form of H320 is the logical choice to donate a proton to
the carbonyl of OAA to form the alcohol of citrate. H274 lies at the
amino terminus of anR-helix and should be neutral, although a
convincing argument has been made that it is protonated in the D375G
mutant (9). Theoretical calculations (10) indicate that a positive charge
on H238 is necessary to stabilize the enolate despite the contrary
inference from the structural data.

kcat )
kckh

kc + k-c + kh

≈ kh if kh, k-c , kc (2)
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Thesubstrate and solVent isotope effectsare also consistent
with a single rate-determining step (hydrolysis) for TpCS
and several kinetically significant steps for PCS.

In the case of TpCS a more detailed analysis is possible
since no isotope is lost through exchange with solvent (Table
4). The substrate isotope effect is given by

The elimination ofk-c and the terms multiplied by it follows
because its value is known to be small from CitCoA partition
data (Table 3, vide infra). Even if the equilibrium isotope
effect on proton transfer is normal, its value is unlikely to
affect this conclusion.9 Since the remaining term in the
numerator and denominator (kc/kh) is likely to be substantially
greater than 1, a commitment is likely to reduce the observed
substrate isotope effect well below the intrinsic value, as is
observed. Note that if the proton transfer and actual
condensation take place in discrete kinetic steps (Scheme
1B), then an additional commitment may contribute to
reducing the observed isotope effect.

If Dkc is g2 (5, 57), then the observed value ofDkcat of
1.17 implies thatkc/kh g 5. Almost certainly these are lower
limits on both quantities (Dkc andkc/kh). Use of D2O (which
raises the barrier forkh) does not affect the observed value
of Dkcat (Table 3). Whenkh is reduced by a solvent isotope
effect of 2 (Table 3), a value ofkc/kh as low as 5 would
make kcat(AcCoA, OAA) less thankcat(CitCoA) by about
17%, a difference that is much larger than we observe (e5%).
So the commitment ratio reducing the substrate isotope effect
must be significantly greater than 5.

ThesolVent isotope effectson TpCSkcats are also consistent
with rate-determining hydrolysis. It is reasonable to assume
that any significant isotope effect can be attributed to the
rate-determining step. We just presented the case that the
observed solvent isotope effect for TpCS is associated with
a single step, which isnot the condensation step. For TpCS,
the size of the solvent isotope effect is not affected by use
of deuterated AcCoA, nor is the size of the apparent substrate
isotope effect changed by the use of D2O as solvent (Table
3). The latter observation confirms a single rate-limiting step
for TpCS and contrasts with the behavior of PCS, where
more than one step is kinetically significant.

It has generally been assumed that the hydrolysis step
involves general acid-base catalysis by the carboxylate side
chain of D375 (5). A significant solvent isotope effect is
likely to be associated with this general acid-base catalysis.
Admittedly, there are many other steps in this and other
enzyme-catalyzed reactions that might be subject to solvent
isotope effects, including conformational changes (62).
Neglecting this possibility and assuming rapid product
dissociation, the solvent isotope effect onkcat is given by eq

4 and has a value of 2.3 in Table 3:

The sizes of the commitment terms reducing the observed
solvent isotope effect are likely to be modest. We know that
k-c is small (vide infra) and this term may immediately be
dropped in comparison to the value ofkc. Thus the major
commitment reducing the solvent isotope effect,kh/kc, is the
inverse of that reducing the substrate isotope effect (eq 3).
We just showed above that this termkc/kh g 5. So this would
imply that the inverse has a valuee 0.2.The observed solvent
isotope effect is then close in value to the intrinsic effect on
the hydrolysis step.

More information may be obtained from specific rates for
production of products when CitCoA is used as substrate
and will be used to demonstrate the consistency of our kinetic
model. The isotope effect forD2Okcat

CitCoA is simply equal to
D2Okh for the mechanism in Scheme 1 (under the assumption
of rapid product dissociation). The additional commitment
that appears in the expression (eq 4) forD2Okcat, kh/kc, arising
from the condensation part of the reaction pathway, does
not appear. The solvent isotope effect (Table 3) observed
for production of CoA from CitCoA is in fact slightly larger
than that on the overall reaction with AcCoA/OAA as
substrates. With this small difference, the commitment
reducing the solvent isotope effect with AcCoA as substrate
is then 0.3, in good agreement with the preceding calculation.

TpCS fails to catalyze exchange of solvent protons into
the methyl of the substrate acetyl-CoA or into the methylene
of product citrate.10 The low rate of cleavage of the CitCoA
intermediate back to reactant AcCoA/OAA indicates that the
overall condensation step is not readily reversible. These data
require that the condensation of the enolate intermediate of
acetyl-CoA with OAA is either concerted or rapid compared
to reverse proton transfer (Table 4).

This requirement is dramatically demonstrated by contrast-
ing TpCS results with those from mutants of PCS where
one but not both of the steps is irreversible. Like TpCS, the
H320 mutants of PCS show little or no cleavage of CitCoA
back to AcCoA/OAAsthe overall condensation step is
irreversible. Consequently, these mutants show no exchange
with CitCoA as substrate whether OAA release is reversible
or irreversible (Table 4). Some of these mutants show
extensive exchange of solvent protons into both the substrate
(AcCoA) and products when the reaction is started from
AcCoA (Table 4). The only source of exchange with solvent
protons in these mutants is reversal of the proton transfer

9 The value ofDKc,eq is estimated to be slightly inverse with a value
of 0.91 if the thioester methyl protons in the reactant and the proton of
the active-site Asp carboxyl have normal fractionation factors (11). If
the transferred proton is in a low-barrier hydrogen bond, it could have
a fractionation factor as low as 0.4 (12); then the value ofDKeq could
be normal, with a value as great as 2.0.

10 One cautionary note is that there is the possibility that the
accessibility of the protonated active-site base to solvent protons is
limited and that the rate of exchange of this protonated base is a
kinetically significant step for the overall exchange of solvent protons
into substrate and/or products. Slow exchange of the protonated active-
site base is unlikely even with TpCS. The TpCS-catalyzed exchange
of the methyl of dethiaAcCoA is rapid (Table 4). Preliminary stopped-
flow data monitoring the fluorescence change that results from the
open-closed conformation change accompanying OAA binding indi-
cate that the conformation change is fast and is not an event separate
from the encounter step.

Dkcat )

Dkc + 1
kh

(kc + k-c
DKc,eq)

1 + 1
kh

(kc + k-c)
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Dkc +
kc

kh

1 +
kc

kh

(3)

D2Okcat )

D2Okh +
kh

kc + k-c

1 +
kh

kc + k-c
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D2Okh +

kh

kc

1 +
kh

kc

(4)
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step occurring prior to the actual condensation, so the enolate
intermediate must have a finite lifetime. The WT PCS also
shows substantial exchange, which is believed to arise mostly
from reversal from CitCoA (5, 38). The total absence of
exchange for TpCS suggests that proton transfer and actual
condensation are very tightly coupled processes in this
enzyme. Other things being equal, the presence of a rate-
limiting hydrolysis should have led to greater exchange. This
is illustrated by another PCS mutant, D375E. D375E has
the hydrolysis nearly rate-determining, as does TpCS (Cit-
CoA kcat equals overallkcat). In contrast to TpCS, however,
the formation of CitCoA is easily reversed, and moreover
CitCoA partitioning actually favors reactant OAA/AcCoA
over product CoA/citrate. For this mutant, CitCoA formation
reverses many times before going on to products. This results
in very high exchange levels (Table 4) under all conditions.

CitCoA Partition Ratio and SolVent Isotope Effect on k-cat.
The solvent isotope effect on the reverse reaction,D2Ok-cat,
can also be explained by Scheme 1A, further demonstrating
the consistency of our kinetic model. Before elaborating this
conclusion, it is necessary to develop quantitative expressions
for the partition ratio,k-cat, andD2Ok-cat, the solvent isotope
effect on the reverse reaction.

According to Scheme 1A, the partition ratio for CitCoA
as substrate is defined as the ratio of the initial velocity of
production of OAA to that for CoA. Under the assumption
that product dissociation is fast, then the partition ratio is
given by

In the reverse direction, it seems less certain that the
dissociation of AcCoA (k-2) is fast compared to condensation
(k-2 . kc or . kptkac, if Scheme 1B applies), but if it is, the
velocity ratio gives the simple expression shown on the right
of eq 5 for the relative barrier heights immediately leading
to and away from the chemical intermediate, CitCoA.

The k-cat, for the reverse reaction, is given by

Since k-h is much less thankh, k-1, or k-2, then eq 6
simplifies to

We recognize the first term in the denominator as the inverse
of the partition ratio, so by substituting in the values obtained
at 20°C, we can calculate thatk-h ) 21.4 min-1.

The solvent isotope effect on the reverse reaction at 20
°C has a value of 1.8 and, like the solvent isotope effect on
the forward direction, is independent of pH over the range
from 6 to 8 (inset, Figure 4). By the same argument used
previously, we would then assign this solvent isotope effect

to the reverse hydrolysis step reduced by commitments, in
which case it is given by

The rate constant term in eq 8 is the inverse of the partition
ratio and has a value of 27.5. This represents a substantial
commitment term reducing the observed value below that
of the intrinsic solvent isotope effect onk-h. The equilibrium
constant for the reverse of the hydrolysis is given by

and

Estimating the value of the solvent isotope effect on this
equilibrium constant is difficult because the values of the
fractionation factors required depend greatly upon protona-
tion state and other details of hydrogen bonding of the
enzyme-bound species. However, we recognize that within
the context of Scheme 1A, and since we know the solvent
isotope effect on the forward hydrolysis rate constant, we
can express eq 8 in terms of a single unknown,D2Ok-h:

Substituting in the values from Table 3 and solving for
D2Ok-h, we obtain a value of 4.3, a completely reasonable
number. In the direction of hydrolysis of CitCoA to its
products, citrate and CoA, the transition state is early, as
expected for an exoergic process like thioester hydrolysis.

While we have no evidence for it, there is certainly the
possibility that the solvent isotope effects observed for both
the forward and reverse reactions do not refer to a single,
simple chemical step. While the hydrolysis reaction of citrate
synthase has received relatively little attention from inves-
tigators, several mechanisms with intermediates have been
proposed (33, 63) and surprising data showing excess oxygen
exchange into product citrate during this step have yet to be
explained (38).

Comparison of the Internal Thermodynamics of TpCS and
PCS.Albery and Knowles (64) have defined the optimal
internal thermodynamics required for maximum enzyme
catalytic efficiency: the free energies of all stable internal
states must be closely matched, and the internal equilibrium
constants will be closer to 1 than are those for the corre-
sponding free solution reactions. The internal free energy
barriers will be low and none will be significantly higher
than any other; internal steps are fast and readily reversible,
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and no step is significantly slower than any other (no rate-
determining step).

PCS approximates this ideal (5, 6). It is possible to
quantitatively reproduce all the values of kinetic constants
for PCS (6) with a mechanism in which the production of
CitCoA is readily reversible with an internal equilibrium
constant close to 1. Values of rate constants for the overall
condensation and hydrolysis are within a factor of 10 so that
no step is overwhelmingly rate-determining. To explain the
low levels of solvent proton exchange (5), the proton-transfer
step is concerted with condensation, or if proton transfer
occurs in a separate step to produce a high-energy enolate
intermediate, then the reverse proton transfer and the actual
condensation step have comparable rate constants.

TpCS enzyme is inefficient in comparison to PCS. Even
at 70°C, thekcat for TpCS is only about a quarter the value
for PCS at 37°C. TpCS falls short of the ideal catalyst in
significant ways. The hydrolysis of the stable intermediate
CitCoA is nearly rate-determining and the condensation step
that produces it is nearly irreversible. The values of the
overall kcat starting with the normal substrates, AcCoA and
OAA, are close those of thekcat for hydrolysis of the
intermediate, CitCoA, over the temperature range at which
the latter is sufficiently stable to allow measurements. TpCS
overstabilizes the CitCoA intermediate and fails to adequately
stabilize the transition state for hydrolysis, leading to a lower
catalytic efficiency. Clues to the reasons for this may be
found in the temperature dependence of catalytic constants
of TpCS.

The Eyring plots [ln (k/T) vs 1/T] for the kcats are linear
within experimental error (Figure 5A). The∆Hq and ∆Sq

values derived from these plots are unremarkable and typical
of many reactions in aqueous solution, which typically show
enthalpy-entropy compensation. Curvature resulting from
the increased reversibility of condensation with temperature
is not detectable in the CitCoA plot (within experimental
error) but may be responsible for slight differences in
apparent thermodynamic constants for the twokcats.

The marked curvature in the plot of the temperature
dependence of the partition ratio [Figure 5B, ln (Vi

OAA/Vi
CoA)

vs 1/T] arises entirely from the increasing rate of the cleavage
of CitCoA relative to its hydrolysis. The∆∆Cp

q value derived
from this plot (Figure 5B) is thus mostly attributable to the
∆Cp

q of the cleavage. Its high value, 319 cal mol-1 K-1, is
not unusual for many processes involving macromolecules
(65, 66). The molecular interpretation is difficult as in other
cases. Trivial explanations involve the possibility that the
cleavage consists of more than one step whose kinetic
contribution varies with temperature. Recall the possible
presence ofk-2 (AcCoA dissociation rate constant) in the
expression for the partition ratio (eq 3). Ifk-2 is less than or
equal tokc, then dissociation could make a contribution that
results in an erroneously high value of∆Cp

q. Similarly, it is
also possible that the proton transfer and actual condensation
steps are increasingly decoupled at higher temperature and
this gives rise to curvature in the plot. A final, more
interesting possibility is a conformation change with a
significant ∆Cp. While a conformation change involving
simple hinge motion (hexokinase) did not result in a
significant ∆Cp (67), the conformation change in citrate
synthase is much more complex and cannot be described as
a motion of rigid bodies (2).4 Thermodynamic parameters

associated with this type of conformation change are not
presently available so it is not possible to exclude contribu-
tions from conformational changes. Some of these possibili-
ties are amenable to experiment and are currently under
investigation.

While the requirement for increased protein thermostability
may itself impose conformational rigidity and lower catalytic
efficiency, the effects of a high temperature environment on
the stability of substrate OAA may cause an additional
metabolic constraint on catalytic efficiency. At high tem-
peratures, where the OAA half-time may be measured in
minutes, the OAA-TpCS complex is generally stable. Thus
the organism may be able to satisfy the need to maintain
adequate concentrations of an essential metabolite, OAA, as
well as satisfactory rates of synthase turnover by maintaining
higher concentrations of a CS protein with a high OAA
affinity but somewhat less overall catalytic efficiency.

CONCLUSIONS

TpCS has the same general catalytic strategy and formal
kinetic mechanism as PCS, yet it is a considerably less
efficient catalyst. Formally, this is a consequence of fact that
the chemical intermediate, CitCoA, lies in a deep thermo-
dynamic pit, at the point in the catalytic cycle that requires
the enzyme to switch from ligase to hydrolase. There seems
to be no static structural or chemical reason for this pit to
be deeper for TpCS than for PCS. The active sites and
reactions catalyzed are nearly identical. Our attention is
focused on the other striking difference between the two
enzymes, the decreased flexibility of the thermophile enzyme.
It would be possible to hypothesize that discrete steps
involving conformational changes associated with high
barriers on either side of CitCoA are responsible. Our kinetic
model does not require and in fact argues against separable
conformation steps at this point. Instead we propose that the
tight binding of the reactants to the enzyme structure has
imposed a dynamic constraint on the reaction coordinate
motion. Dynamic constraints on reaction rates arising from
solvent-substrate interactions have received serious attention
in the study of small molecule reactions in high-dielectric
(water) solvents (68). Now convincing evidence has been
presented for such constraints in several enzyme systems
involving tunneling (69). We believe that this will prove to
be a general feature of enzyme catalysis and we will be eager
to investigate other citrate synthases originating in even more
diverse environments.
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