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ABSTRACT. The kinetics and mechanism of the citrate synthase from a moderate thermopéilaoplasma
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 optimunmi@yQthere is a modest increase

in the reversibility of the condensation step for TpCS, but reversibility still falls short of that shown by
PCS at 37C. 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 Citrate synthase is particularly appropriate for such
the carbonyl of oxaloacetate (OARaNd the acetyl methyl  comparative studies. It is a prototype system, illustrating
of the thioester, acetyl-coenzyme A (AcCoA). This enzyme several of the important issues in mechanistic enzymology.
is critical to the energy-yielding and biosynthetic pathways Citrate synthases use substrate destabilization to increase
of a wide range of organisms from psychrophilé8)(to reactivity (OAA carbonyl polarization) while stabilizing a
hyperthermophilesld). Consequently, the catalytic machin- reactive nucleophile, AcCoA enolate, resulting from proton
ery has been optimized for a corresponding wide range of transfer from a carbon acid (methyl group of AcCoA)
environmental temperatures. A detailed dissection of the possibly via a strong, short hydrogen bond. There is evidence
kinetics and mechanisms of enzymes isolated from evolu- for the functioning of catalytic residues in unusual ionization
tionarily distant organisms thriving in diverse environments states (possible imidazolate intermediates at H274 and H320).
may be expected to reveal what catalytic strategies areChanges in macromolecular conformation and protein flex-
essential as well as how they may be fine-tuned to accom-ibility are necessary components of the catalytic machine.
modate large differences in environmental temperature. A great deal of structural 15), kinetic (16—19), and
mechanistic information) is available for the mesophile
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8 University of Bath. The citrate synthase (TpCS) originates in a thermophilic

ism; CitCoA, S-citryl-coenzyme A; PCS, citrate synthase from pig heart; ° - - -
DTNB, 5,5-dithiobis(2-nitrobenzoic acid); OAA, oxaloacetate; CM- 60°C, pH 1-2. The primary sequence homOIOQy with PCS

CoA, carboxymethyl-coenzyme A; CMX, carboxymethyldethia-coen- iS low, 20% @0). However, the active sites of the two
zyme A; dethiaAcCoA, dethiaacetyl-coenzyme A; cMDH, cytoplasmic - enzymes display almost identical composition and conforma-

malate dehydrogenase from pig heart; PICS, citrate synthasé§yam — tjon The three main catalytic residues and several substrate
coccus furiosusSAS, saturated ammonium sulfate solution; TMDH,

malate dehydrogenase frofhermus aquaticusfIM, triosephosphate  Dinding residues, as well as a number of residues near the
isomerase; TpCS, citrate synthase fraimermoplasma acidophilum active site whose roles have not yet been identified, are either
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His 274 Asp 375 His 223 Asp 312 Even at 70°C, the ks for TpCS s still only 5200 min*
Q/\F >7J compared to 21 000 min for PCS at 37°C. The lowerkey
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 28). 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

HiSBOZO?'\ H %62 the corresponding free solution reaction. Unlike PCS, TpCS
PCS

Cit CoA Cit CoA

pod

has the hydrolysis step nearly rate-determining over a wide
range of pH’s and temperatures. Furthermore in contrast to
A ) PiCS ) PCS, the condensation step for TpCS is practically irrevers-
F'GUEE L A]‘Ct"’e's_'tehs'm"a”“esd (fz'tratg‘COA CompLeX_es of Cé'ltrate ible. While the catalytic efficiency improves at the environ-
Z¥gtsﬁ§§vf]_ rom pig hear2]) and fromPyrococcus furiosugl4) mental temperature of the source organism, it falls short of
that for PCS. Catalytic efficiency may be compromised by
identical or conservative replacements. In addition, several the requirement for thermal stability of the protein itself or
residues (which may be involved in obligate conformational its temperature-labile substrate, OAA.
changes) are also retained in the domain interface and
elsewhere. While all 16 helices of TpCS have their coun- MATERIALS AND METHODS
Eﬁ:g"ﬂlgz '2 Izgnsr;e-rc?icnzs ISI a mo:e C(f)mpacté)roten: thatm PCS, Enzymes Crystalline citrate synthase from pig heart (PCS)
P g elements of seconaary structure are, .o ohiained from Sigma Chemical Co., St. Louis, MO.
shorter in TpCS and it is missing four surface-accessible . . .
helices found in PCS. Both proteins are homodimers. Each C'tr‘f"te Synthase from Thermoplagma aqdophllum (TpCS).
subunit has a large and a small domain. The active siteThe citrate synthase gene ffom aC|doph|_Ium|n plasmid
contains residues from the large domain of one subunit and PCSEH19 2??) was recloned Into expression vector pRec/-
the small domain of the other. Ndel (M. Bittner), an Ndd site-containing version of .
The X-ray structures of citrate synthases fall into two PARC306A @4) having a consensus sequence synthetic

general conformational classes, open and closed forms. OpeljlreecA promoter fand 7 Franslauorj enhancer. Thg gene was
and closed refer to the accessibility of the active site to bulk c!oned viaAsd sites at either eno_l into the c_ompatlb_lhdel
solvent. The open conformation is believed to allow associa- site of the vector_, such that the nb_osome-bln(_jmg site of the
tion of substrates and dissociation of products. All chemical YECtOr was retained but translation would initiate at the
transformations, including both condensation and hydrolysis, normal start codon of the_TpCS gene. The correct construct
are believed to take place in closed forms in which the active was confirmed py restriction analysis and sequencing of the
site is buried deep within the protein. While the only X-ray '€sultant plasmid DNA (named pRec7-ArCS).
structure available for TpCS s in the open conformation, ~ 1he preparation of TpCS fronkscherichia colistrain
solution studies (NMR, CD) of various ternary complexes MG1655 transformed with pRec7-ArCS generally follows
(vide infra) have unmistakable spectroscopic signatures of the procedures of ref5 with some modifications. After the
the closed forms. Figure 1A shows the active site of one of heat treatment, the supernatant solution is made 0.25% (w/
the closed forms of PCS, the citrate-CoA ternary complex V) With neutralized poly(ethylenimine) to remove polynucle-
(21), and Figure 1B shows the active site of the closed form Otides. Some protein impurities are removed by precipitation
of the corresponding citrate-CoA complex of PfCS, a related Py Pringing the solution to 50% SAS. The TpCS is
archaeal enzyme isolated froRyrococcus furiosig14). precipitated at 85% SAS and stored at@ until affinity

The broad outlines of the catalytic strategies of the two chromatography on Dyematrex Gel Red A (Millipore Corp.).
enzymes are similar even in the absence of extensive primaryAfter dialysis against buffer (20 mM Tris and 1 mM EDTA,
sequence identity, perhaps as a consequence of similaritie$H 8.0), the enzyme activity is absorbed on a minimum
in local active site structures and overall secondary, tertiary, @mount of the resin, which is then packed into a column
and quaternary structures. All the discrete steps in the containing an additional 10% resin. After washing the column
mechanistic sequence of PCS can be identified in TpCS. BothWith loading buffer, the enzyme is eluted with a linear salt
enzymes polarize the carbonyl of oxaloacetate, enhancingdradient from 0 to 0.5 M NaCl in loading buffer. The active
its reactivity toward an acetyl-CoA carbon nucleophile, fractions are pooled, concentrated to ® mg mL™ using
acetyl-CoA enolate. To generate the enolate, they catalyze@ Centricon 20 centrifuge concentrator (Amicon Corp.), and
proton transfer from the acetyl-CoA methyl group to an then precipitated with 85% SAS for storage. The enzyme is
active-site Asp. The overall reaction proceeds in two steps at least 95% pure by SDolyacrylamide gel electrophore-
with a stable intermediate, citryl-CoA, as the immediate SiS (data not shown).
product of the condensation reaction. This tightly bound Isoelectric focusing experiments under native conditions
chemical intermediate is then hydrolyzed to the eventual were run in precast agarose gels, pH rangel® (FMC
products, citrate and CoA, within the same active site. Corp.). A broad rangelpstandard (Pharmacia Corp) was
Conformational changes between open and several closedun adjacent to lanes containing protein samples. Electro-
forms accompany the binding of oxaloacetate, the formation phoresis under native conditions on 1% agarose gels was
of the ternary complexes, and the switch from catalysis of
condensation to catalysis of hydrolysis. However, differences 2 gnzyme concentrations are given in terms of active sites (not the
do exist. Notable is the lower catalytic efficiency of TpCS. dimer).




Mechanism of T. acidophilum Citrate Synthase

run in 25 mM Tris buffer, pH 8.0. To detect migration in
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Proton NMR.Proton spectra were obtained at 500 MHz

either direction, samples were loaded in the middle of the on a Varian Unity-Plus 500 spectrometer equipped with a

gel.

Substrates and Inhibitorg§2-13C]-OAA was prepared as
described in re26; CMCoA and [133C]-CMCoA according
to ref 27 with modifications as described previousZey;
and CitCoA as in ref28. For experiments that required
CitCoA in D;O, the final G-10 desalting column was run in
1 mM DCI. Dethiaacetyl-CoA was obtained from Dr. Dale
Drueckhammer, who prepared it according to 268f CDs-

AcCOA was prepared by the reaction of acetic anhydride-

ds with an excess of CoA according to r8d and purified
according to ref3L
Kinetic Methods and Substrate ConcentratioAfsor-

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 tfigvalue of the slowest relaxing
proton of interest. Conditions were similar to those described
in ref 5.

Sobent Exchange of the Methyl Protons of DethiaAcCoA
and AcCoAEnzyme samples for all exchange experiments
were exchanged into the;,D buffer for the experiment. Data
were collected and analyzed as previously described for PCS

bance data were collected on a Cary 3 spectrophotometerand its mutants24).

Temperature of solutions was controlled t90.1 °C.

Sokent Exchange into the Methylene of Citrate with

Concentrations of AcCoA, OAA, and CitCoA were measured AcCoA and CitCoA as Substratdhe exchange of solvent
enzymatically with PCS or TpCS. CoA concentrations were deuterons into the methylene of citrate starting with either

measured by a DTNB assa$d). 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 ( = 14.1 mM%; 32). Alternatively, AcCoA-OAA

AcCoA or CitCoA was done as in the exchange experiments
reported for PCSH). Data for CitCoA were collected under
two conditions, OAA release reversible and OAA release
irreversible. In all cases, theverall reaction, net citrate
production, was made irreversible by including DTNB in

disappearance was monitored by the absorbance change ahe reaction mixture. The first condition (OAA release revers-

233 nm Ae = 5.4 mM%; 34), which is dominated by the

ible) has only DTNB trapping so that any OAA released by

thioester absorbance. With CitCoA as substrate, three dif- CitCoA cleavage also eventually ends up as citrate. The
ferent assays have been employed as indicated in thesecond type of experiment (OAA release irreversible)
description of individual experiments. The concentrations of includes cMDH and NADH to capture and reduce any OAA

thioesters (AcCoA/CitCoA) are monitored directly through
the characteristic absorption at 236 niw (= —4.96 mM;
28). CoA produced from hydrolysis is monitored at 412 nm
(Ae = 14.1 mM™) through reaction of its sulfhydryl with
the thiol reagent DTNB32). OAA produced from cleavage
of CitCoA is reduced to malate by cMDH with concomitant
oxidation of NADH (Ae = —6.22 mM™1). At temperatures
above 35C, the thermostable MDH fromhermus aquaticus

released after cleavage of CitCoA. The incorporation of
deuterium into citrate isolated from reactions was determined
by mass spectrometry as described previous)y (

RESULTS

Preparation and Additional Properties of Tp(OSecloning
of the gene into a high-yield expression system was required
because of the large amounts of protein needed for NMR

(Sigma Chemical Co.) was used for the same purpose. Noexperiments. The correct construct was identified by rescue
significant temperature or pH dependence was found for of a GItA™ strain for growth on acetate. Further confirmation
thioester (AcCoA and CitCoA) and NADH extinction was obtained by isolation of an enzyme having heat-resistant
coefficients. The pH values of reaction mixtures were citrate synthase activity, the expected size (42 941 Da by
measured in the cuvettes after the reactions had gone toelectrospray mass spectrometry), and the expected N-terminal
completion by use of a microcombination pH electrode amino acid sequence (electrospray and sequencing data not

(model MI-412, Microelectrodes, Inc.) with a 2-point cali-

shown). Synthesis of recombinant protein in this system is

bration against pH standard buffers at the temperature of theinduced with nalidixic acid and yields 15@00 mg of

experiment.
Circular Dichroism. Spectra and titration data were
collected and analyzed as previously descrili8). (

enzyme/L of culture in rich medium.
Isoelectric Point(data not shown)Plots of g of standard
proteins vs distance from the cathode were linear andlithe p

FluorescenceSpectra and titration data were obtained on of the native TpCS is found to be 8.9. The calculatéd p
a PTI Alpha scan spectrofluorometer with a thermostatted based on the composition (and confirmed under denaturing
cell compartment. Excitation and emission wavelengths and conditions) is 8.0. It is clear that one or more of the residues
other instrument parameters are included in Results wherein this protein has an unusuaKp When loaded on a native

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

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 (256-300 nm) CD Spectra of Free Enzymes and

5-mm multinuclear probe. Proton-decoupled spectra were Binary and Ternary Complexe$he near UV £ > 250 nm)
obtained by Waltz decoupling. The sample buffer was 50 CD spectra of proteins arise from induced CD in the

mM Tris-HCl and 1 mM EDTA, “pH"= 7.50, and included
25% D,O (for internal lock) and 0.15 M acetonitrile (as

chromophores of the aromatic amino acids. The specific
positions of chromophore side chains relative to the chiral

internal chemical shift standard). Samples were thermostattedpeptide backbone are the origins of these signals, and changes
at various temperatures as indicated in Results. Other detailsn them are sensitive monitors of conformational changes.
were as described previousIg6). An induced CD signal is also frequently observed for
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' N Table 1: Ligand Dissociation Constahfsr PCS and TpCS at 20

T
TPpCS-0AA
A 3 o

OAA AcCoA dethiaAcCoA CoA citrate CMCoA
complex  (uM)  (uM) (uM) @M) M) (M)

PCS-OAA-CMCOA TpCS 0.86 26 nd 16 108" nd
12 E PCS 4 64° nd 111 nd 5Z
E 147
TpCS-0AA 1.6° nd 0.043
0 PCS-OAA 5f 239 14 0.023h
o .4t TpCS-CoA nd ?
mdeg . PCS-CoA nd 500
-8 TpCS-—citrate nd nd 20 nd
PCS-citrate nd nd 59 nd

Levclunlonebint

a Uncertainties (standard deviation) range from 5% to 10% of the
value.” Determined by fluorescence titration exciting at 290 nm with
emission measured at 315 nfrDetermined by CD titration at 260
nm. ¢ Determined by CD titration at 280 nriReference 70.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 analogue7(). ¢ Reference 247 Reference 26.

PCS-OAA-CMCoA

Lty The shapes and amplitudes of the spectra of CoA analogue
250 260 270 280 290 300 P e .
Wavelength nm complexes reveal some qualitative and quantitative differ-

Ficure 2: Near-UV CD spectra of PCS, TpCS, and some of their ences between the enzymes (Figure 2). B'oth ternary and
complexes. (A) From the top: TpCAA (15 uM TpCS and binary TpCS complexes have larger amplitudes than the
100uM OAA, 1 cm path length), TpCS (1M, 1 cm path length), corresponding PCS complexes. The binary CoA analogue
TpCS-OAA—CMCOoA (15uM TpCS, 100uM OAA, and 50uM complexes with TpCS have over a 2-fold greater extent. The
CMCoA, 1 cm path length, excess CMCoA subtracted). (B) From differences in shapes of spectra may be attributed to

fgﬁgtt?s: Jppc:css ((igl(,\%S’l"\SmT %gtsh ?gggf}?) mrgﬂcgté%tz’(llé:&&ath contributions from the respective protein chromophores or

TpCS and 1 mM CoA, 0.1 cm path length, excess CoA subtracted), t0 slight differences in the cqnformation of bound ligands.
TpCS-Cit—CoA (150uM TpCS, 40 mM citrate, and 1 mM CoA, Fluorescence Spectra of Binary and Ternary Complexes.
0.1 cm path length, excess CoA subtracted). (C) From the top: For PCS, the changes in the fluorescence spectra (excitation

PCS-OAA (15 uM PCS and 10Q«M OAA, 1 cm path length), ; ; ; ; ieai
PCS (15:M PCS, 1 cm path length), PGEMCOA (1504M PCS at either 280 or 295 nm) induced in the protein emission

and 1 mM CMCoA, 0.1 cm path length, excess CMCO0A subtracted), spgctrum by formation of complexes are sm.aII and uninter-
PCS-OAA—CMCOA (15 uM PCS, 100uM OAA, and 50 uM esting (data not shown). On the contrary, with TpCS, large
CMCoA, 1 cm path length, excess CMCOoA subtracted). changes in amplitude and shape accompany OAA binding
(Figure 3A). A further, but much smaller, change results from
complexes of enzymes with ligands whose chromophoresformation of the ternary complex with CMCoA. Surprisingly,

absorb in this region. changes induced by product complex formation are again
The spectra for the free enzymes and various binary andsmall; no significant protein fluorescence changes occur on
ternary complexes are shown in Figure 2. binding CoA, citrate, or both (Figure 3B).

The CD changes that accompany formation of complexes Inhibitor and Substrate Dissociation Constani@able 1
with CS are large enough to be quantitatively useful. The compares binary and ternary complex dissociation constants
stoichiometric (active-site) titration of TPCSAA (prepared for substrates and inhibitors. DethiaAcCoA is a sulfurless
from a stock of known 280 absorbance) with the intermediate ketone analogue of the substrate AcCoA and is competent
analogue, CMCoA, was used to measure the TpCS 280 nmto undergo efficient enzyme-catalyzed proton transfer from
extinction coefficient. We obtained a value of 1.43 QP  its methyl group 24). Although exchange requires OAA,
mL mg 'l At lower enzyme concentrations, these CD dethiaAcCoA does not react further by condensing with OAA
changes accompanying formation of ternary and binary to form a ketone analogue of CitCo&4). CMCOoA is a
complexes are used to determine ligand dissociation constantsight-binding analogue of the enolate intermediate/transition
(24, 26 as shown in Table 1. The wavelength of maximum state of AcCoA 26, 27, 37. TpCS binds most substrates
change was used for these titrations. and products more tightly than PCS but the affinity of its

The differences between the spectra of the free enzymesOAA binary complex for the intermediate analogue is about
reflect their differences in amino acid compositions. The the same.
changes in the CD spectra of the enzymes that accompany NMR Probes of OAA and AcCoA Agition. Table 2 gives
OAA or citrate binding are a result of conformational changes the chemical shift data for [C]-OAA and [1+3C]-CMCoA
in the enzymes since citrate and the keto form of OAA (AcCoA enolate analogue) bound in PCS and TpCS binary
(which is the form that binds to CS34—36) have no and ternary complexes, as well as the chemical exchange
chromophore in this spectral region. Much of the large regime (free ligand exchanging with ligand in the complex).
change near 260 nm in the CD spectra of ternary complexesThere is substantial deshielding T ppm) of the carbonyl
with CoA analogues (AcCoA, dethiaAcCoA, CMCoA, and carbon of OAA when bound in the ternary complex of either
CoA) (24) may be attributed to induced CD from the strong CS with CMCO0A, the enolate analogue inhibitor. CMCoA'’s
immobilization of the coenzyme’s adenine chromophore carboxyl carbon is shielded by2 ppm and CMCOoA is in
against the chiral enzyme surface. slow exchange with excess ligand in these ternary complexes.
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Table 2: Chemical Shifts and Exchange Regime (Ternary Complexes)®EC[@AA and [1+3C]CMCoA for Complexes of PCS and Tp€S

enzyme CS OAA* ®(ppm) CS-OAA* —CMCOA (ppm) CS-CMCoA* (ppm) CS-OAA—CMCOoA* (ppm)
none 199.8 178.1(-COQ), 174.9(-COOHJ
PCS 204.4 206.6 (slow exchange) 17744fast exchange) 175 pslow exchange)
TpCS 202.1 205.8 (slow exchange) nd 174.9 (slow exchange)

a Apparent pH values (pH*) were 7.5, relative to® standard buffers. No correction was applied for the 25%4® Dontent? The asterisk
indicates the labeled liganéiReferencet3. ¢ Reference26.

Table 3: Turnover Numbers (mi#), Substrate and Solvent Isotope

Free A
TpoS 1 Effects

PCS TpCS

kea ACCOA) (minY) 10000 (pH 7.5) 550 (pH 8)
JPES-OAA-CMCoA K_ca(Cit,COA) (MinY) 282 (pH 6) 0.73 (pH 8)
kea(CitCOA) (min™Y) ~ =7000' 550 (pH 8)
V,OAAJ\/CoA e 0.4 0.03
OVaccon 1.4040.0¥ (H,0)  1.17+ 0.03 (HO)
1.124+ 0.03 (D;,0) 1.17+ 0.04 (D.O)
P20V }i3accon 2.40+ 0.08 2.41+0.07
DZOVD3AC(;0A 2.70+ 0.08 2.33+0.07
100mMMCit g POVt con (reverse) 2.05 1.80+ 0.20
P2OVeitcoa nd 2.80+0.15

a Data reported were obtained at 20 except for the PCS isotope

7 effect data, which were obtained at 2€. See ref72 for detailed

discussion of the symbolic representation for the various isotope effects.

bIn general, the values for the isotope effects for PCS can only be

approximately correct. At the time these studies were d8fkg it was

not fully appreciated that exchange of the methyl protons of AcCoA

with those of solvent can occur within the ternary compleXxes3@.

This is the same reason that the value of the intrinsic isotope effect of

L L 2.0 determined by intramolecular competition using chiral methyl

340 380 AcCoA must be regarded as a lower limit on the actual value.
¢ Calculated from data in reB4 which were obtained at 22C.

Wavelength (nm) d Estimated from initial burst rates). Kinetic cooperativity with PCS
Ficure 3: Fluorescence spectra of TpCS and some of its makes a quantitative estimate difficuRg). e Vio*A/V,C%A = CitCoA
complexes. (A) From the top: TpCS (no ligand 1,88, excitation partitioning ratio. For TpCskoaa = 24 min ! andkcoa cit = 660 mirm2.

TpCS-OAA 4

LIS O L M 1 L

P BT

PERNTEN S
300

at 290 nm), TpPCSOAA—-CMCOoA (1.36uM TpCS, and 10«M fReferences$ and5. 9 Calculated from Table 2 of re36. Note that
OAA, and 4uM CMCoA), TpCS-OAA (1.36uM TpCS and 100 solvent exchange with the hydrogens of the methyl group of AcCoA
uM OAA). (B) From the top: TpCSCit—CoA (1.36uM TpCS, makes difficult the interpretation of solvent isotope effects with PCS.
100 mM citrate, and 5@M CoA), TpCS—citrate (1.36uM TpCS h Calculated from Figure 3 of re§6 at their respective pH(D) optima.
and 100 mM citrate), TpCS (no ligand, 1.364). i Kinetic cooperativity makes a determination difficult to interpret.
keaS for AcCoA/OAA, CoA/Citrate, and CitCoAable 3 1500 ]
compares the., values of the enzymes with the various E T ]
substrates and the CitCoA partitioning ratio at pH 8.0 and : .
20 °C. The partitioning ratio of CitCoA as substrate is 1oooi b
calculated as the initial rate for production of reactants (OAA sat Eoo " , v oe ]
detected by the MDH reaction) divided by the initial rate o E oo o, v 7 ]
for production of products (CoA detected by the DTNB min-ot e 8 8T ]
reaction). Solvent and substrate deuterium isotope effects are 500F " ]
also tabulated as determined under conditions noted in the [ . ]
table. E ]
pH and Temperature Dependencies gfskfor AcCoA/ os')‘ o g' — '7 o é' — ;' i '1‘0' :
OAA, CoA/Citrate, and CitCoA and the CitCoA Partitioning pH

Ratia Figure 4 shows thk., values for AcCoA and CitCoA . 4 bH d denci F ToCRus for ACCOAJOAA
IGURE 4: pH dependencies of TpC&as for AcCo ,

as substrates f((j)rt;l'p(i]S ove_r a p'; rf?nge 0f—5.|5. Tt?e le CitCoA, and CoA/citrate at 20C. Solid symbols are for AcCoA/

ranges covered by the various buffers overlap by at leastgaa: open symbols are for CitCoA. Squares are 50 mM MES

one value. For phosphate buffers and low-pH buffers, puffer, circles are 50 mM phosphate buffer, triangles are 50 mM

progress curves for AcCoA/CitCoA were zero-order over a EPPS buffer, and inverted triangles are CHES buffer. The pHs of

smaller percentage of the time course than with other buffers. reactions were measured in the cuvettes after completion of the

Runs at two AcCoA concentrations (100 and 200) were reaction. Inset:k., for the reverse reaction with CoA and citrate

as substrates.

used to ensure that the rate constants reported reflect true

rates at saturation. The lack of pH dependence simplifies on pH over this range. In f solutions, between pD 6.4

the interpretation of solvent isotope and temperature effectand 8.4 theék.,also remained constant, albeit at a value 1.8-

(vide infra). fold lower (data not shown). Thus, the interpretation of the
The reverse reaction for TpCS was studied between pH 6solvent isotope effects on the reverse reaction is not

and 8 (inset in Figure 4) and the,: was found not to depend  complicated by ionizations of the ES complexes.
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Table 4: Solvent Exchange Rates and Extents for Citrate Synthase

deuterium excess in citrate

exchange rate into GHnoiety? CitCoA-dg
enzyme dethia-AcCoA AcCoA AcCoA and OAéy OAA release reversible OAA release irreversible
PC® 0.48 ND 0.36 0.23 0.14
PCS H3200 0.03 <0.05 0.18 ND ND
PCS H3206 0.06 1.0 0.59 ND ND
PCS H320N 0.11 1.2 14 ND ND
PCS D375E 2.7 0.6 1.25 1% 0.65
TpCS 1.0 ND ND ND ND

aRelative to reaction rate with AcCoA under the same conditibReference88 and5. ¢ None detected! Significant peaks for citratel; and
-d, are present in citrate produced froCitCoA with D375E but none with WT PCS.This work.
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] A AACy of 3194+ 19 cal mof* K=t 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* for AAH*
and 34+ 5 cal molt K71 for AAS'.

Rate of Exchange of Sa@nt Protons into the Methyl
Group of AcCoA or DethiaAcCo/&onsistent 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
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0.0031 0.0033 0.0035 0.0037

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 solvebt 8, 3§.

1T CS-Catalyzed Exchange of 8eht Protons into Product
Ficure 5: Temperature dependencies of Tp&Ss for ACCOA Citrate. Even when solvent gxchange of the AcCoA methyl
and CitCoA and partition ratio. (A) Solid line is the linear least- Protons cannot be detected in substrate AcCoA for whatever
squares fit for data with AcCoA/OAA as substrate. Dashed line is reason, exchanged hydrogens from the AcCoA moiety may
the linear least-squares fit of data with CitCoA as substrate. gppear in the methylene of citrate. Using mass spectrometry
Thermodynamic constants are calculated from the slope andy; as5ess exchange into the methylene of citrate is sensitive
intercepts of the linear least-squares fits. (B) Dashed line is the -
linear least-squares fit of partition ratio data for three highest and accura_tte and aIIOWfS stu_dy of ethange_ when the initial
temperatures. Solid line is the nonlinear regression fit of all partition substrate is the chemical intermediate CitCo3). (The
ratio data to eq 1. deuteriumexcessefor the exchange reactions for some PCS
mutants and wild-type PCS and TpCS are recorded in Table

The temperature dependencieskgfs for ACCoA/OAA 4; a maximum value of 2.0 (expressed as additional
and CitCoA for TpCS are shown as the Eyring plots Kl deuterium excess in this case) is possible for reactions starting
T) vs 1/T] in Figure 5A. No curvature or changes in slope with OAA-d.,/AcCoA. Reactions starting with OAA, and
were found.AH* and AS' were calculated from the slopes CHs-AcCoA should produce 100% citratb-if no enzyme-
and intercepts. Values afH* of 8.3+ 0.3 and 7.0+ 0.3 catalyzed exchange occurred while complete exchange would
kcal mol! and values ofASf of 18 + 1 and 22+ 1 cal have 100%,. (If OAA preexchange is complete, no isotopic
mol™t K1 are found for AcCoA/OAA and CitCoA as species containing less thap should be present.) Starting
substrates for TpCS, respectively. The instability of CitCoA with CitCoA-d, as substrate, it is possible to obtain citrate
and OAA renders data collected at high temperatures containing from 0 to 4 deuteriums. OAA released into
increasingly unreliable, and the errors quoted from the linear solution can undergo nonenzymatic exchange to QGhAr
regression may be underestimates. -d, and then subsequently react with activated AcCoA

A plot of natural logarithm of the partition ratio vsTLis containing from 0 to 2 deuteriums.
found in Figure 5B. This plot is quite curved and, as implied  Results of exchange experiments with CitCoA allow an
by the results above, the curvature in this plot results from interesting distinction when they are considered together with
the increasing rate of cleavage of CitCoA relative to its the CitCoA partitioning data. If significant amounts of
hydrolysis (Figure 5A) as the temperature increased. As exchange are occurring because the condensation reaction
indicated in Figure 5A, theAH* for the hydrolysis of the s reversing all the way back to free OAA, then the released
intermediate CitCoA shows no temperature dependence. TheDAA will exchange its methylene protons nonenzymatically.
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Significant amounts of citratd; and d, will be obtained Evidence for the existence of this intermediate/transition
when this released OAA reacts with deuterated AcCoA. If state carbanion includes tight binding of structural, albeit
all the exchange is occurring without release of substratesstable, analogues of this high-energy species. In comparison
bound to the enzymes, then only citrateand €, will be with ground-state analogues, stable analogues of an inter-
obtained. This distinction between exchange occurring from mediate or transition state that possess its critical features
reversal of the entire condensation step back to free reactantsvill exhibit some of the enzyme’s extraordinary affinity for
vs exchange occurring as a consequence of exchange othese high-energy stated4(-46). The critical structural
bound states was not possible in previous experim&®)s (  features of the enolate/carbanion are the plaragspmetry
of the nucleophile carbon and its negative charge. CMCoA
DISCUSSION (and the related compound CMX) mimic these featuds (
PCS and TpCS have nearly identical binding and catalytic 47). The tight binding of CMCoA (Table 1) to both PES
residues and very similar secondary, tertiary, and quaternaryOAA and TpCS-OAA complexes is strong evidence that
structures. Data reported here demonstrate that the twothe same enolate/carbanion of AcCoA is the high-energy
enzymes have the same formal kinetic mechanism and usentermediate/transition state for both enzymes.
basically the same catalytic strategies at the molecular level. Other evidence for the carbanion/enolate intermediate/
The additional question we have sought to answer in this transition state is the abilities of the two enzymes to catalyze
work is what subtle differences are responsible for the exchange of the methyl protons of substrate or substrate
markedly lower catalytic efficiency of TpCS. In the following analogues at a rate comparable to turnover. Table 4 shows
section we will develop the theme that the differences exchange data.
between the enzymes strongly implicate the increased rigidity The exchange results with the substrate analogue (dethi-
of the thermostable enzyme with a concomitant difficulty in aAcCoA) are particularly easy to interpret. DethiaAcCoA
undergoing conformational changes as the underlying causedoes not react further to condense with OAA to form a ketone
of catalytic inefficiency in TpCS. Evidence has previously analogue of CitCoAZ4) and thus it is possible to study the
been presented suggesting an inverse relationship betweeproton-transfer step in isolation. While both enzymes are
the impact of changes in conformational flexibility on protein efficient catalysts of proton transfer from a carbon acid as
stability and enzymatic catalytic efficienc®9). monitored by dethiaAcCoA exchange, relative to their overall
Catalytic Strategies Are the Same for PCS and TpCS. ke.aS, exchange is more rapid with TpCS than with PCS
These include carbonyl polarization, the generation of a (Table 4). The increased exchange rate relative to turnover
nucleophilic intermediate/transition state from the methyl for TpCS is consistent with the conclusion (vide infra) that
group of AcCoA, and the sequence of macromolecular the proton-transfer step in TpCS is less rate-limiting to the
conformational changes between several open and closedverall turnover rate than it is in PCS.
forms that are integral steps of the catalytic cycle. Exchange during actual turnover is sensitive to the relative
Carbonyl polarizationis a general strategy used by many rates of several processes within the ternary complex. Failure
enzymes that catalyze reactions involving nucleophile attack to detect exchange in the free AcCoA substrate pool while
on an electrophilic carbonyl carbon. By increasing the posi- detecting it in the citrate methylene (Table 4) can result from
tive charge at the reaction center, these enzymes increasa substantial commitment to catalysis after the proton-transfer
reactivity for condensation with the nucleophile derived from step. The exchanged AcCoA bound to the enzyme reacts
AcCoA in the case of citrate synthases. Several in the long further before it has a chance to dissociate from the enzyme.
list of enzymes utilizing carbonyl polarization [TIMAQ), This describes the situation with WT PCH 898. In contrast,
LDH (41, 42, and PCS31, 43] have a similar constellation =~ TpCS fails to catalyze solvent proton exchange igither
of positively charged residues surrounding the carbonyl. the AcCoA methyl or citrate methylene. Combined with the
Since this constellation is also present in TpCS, it may be failure of TpCS to cleave CitCoA to OAA/AcCOA at a
responsible for a local electrostatic potential increasing the significant rate, the failure of TpCS to catalyze exchange
carbonyl carbon’s electrophilicity toward the AcCoA nu- during turnover is a consequence of functional irreversibility
cleophile. of boththe condensation producing the chemical intermediate
Experimental techniques demonstrating carbonyl polariza- and the proton-transfer step itself (vide infra).
tion of OAA bound to citrate synthase detect the decreased Unusual Hydrogen-Bonding Structures/tving the Eno-
electron density around the carbonyl carbon [increasedlate Analogue and Catalytic Residues Are Present in Both
chemical shift in carbon NMR spectr&,(28, 43] or the EnzymesFor PCS, solid-state NMR®) and structural studies
consequent reduced double-bond character [decreased caf47) have found the hydrogen bond between the carboxyl
bonyl stretching frequency in IR specti@if]. While already oxygen of the active site base (D375) and the carboxyl
apparent in binary CSOAA complexes, the maximal oxygen of the enolateanalogue inhibitor to be extremely
carbonyl deshielding is seen ¥C NMR spectra of ternary ~ short (O-O distance< 2.4 A) and to possess unusual
complexes of [23C]-OAA with AcCoA analogues, particu- geometry. The solid-state NMR studies have unequivocally
larly the enolate analogue, CMCOoA. As seen by the closely demonstrated that the carboxyl of the analogue is an anion.
similar chemical shifts for the OAA carbonyl carbon in The hydrogen bond between the oxygen of the inhibitor and
CMCoA complexes (Table 2), TpCS is able to polarize the the active-site base is in the less basic anti conformation
OAA carbonyl as well as PCS. relative to the inhibitor’s carbonyl, while it is in the more
The nucleophile in the CS reaction is derived from the basic syn conformation relative to the carbonyl of the active-
methyl group of AcCoA. Both CS enzymes catalyze proton site base, D375 47, 48. This geometry is consistent with
transfer from the methyl group to generate eitheenalate/ the role of the active-site base in the actual enolate
carbanion intermediate or transition state intermediate-active-site base complex. This hydrogen-bond
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arrangement is responsible for the shielded isotropic chemical(53). All of the hinge residues are conserved in Tp@8)(
shifts of the carboxylate of the enolate analogue observed Solution studies (UV, CS, fluorescence, and NMR) also
in NMR spectra of CSOAA—CMCoA complexes (Table  give some insight into the nature and dynamics of confor-
2). In comparison to a carboxylate anion in solution, the mational changes in the two enzymes. The conformation
NMR isotropic chemical shifts of the CMCoA/carboxylate change that is initiated by OAA binding has been detected
carbon bound in these complexes is shielded almost as muclby changes in UV difference spectr85[ and in high-
as the protonated (COOH) species in solution. Nearly wavelength CD spectra of the enzym8s26). When OAA
identical isotropic chemical shifts are observed for this carbon binds to the enzymes, the CD signal intensity generally
in ternary complexes with both enzymes. increases over the entire near-UV region (Figure 2). This
It is worth noting that despite the short heteroatom presumably reflects a reduction of freedom of motion relative
heteroatom distancé() and the evidence for proton uptake to the chiral peptide backbone of the side-chain aromatic
upon complex formation2@, 37, this is not a low-barrier ~ chromophores of tryptophan, tyrosine, and phenylalanine,
hydrogen bond stabilizing aenol inhibitor analogue as  which absorb in this region. PCS mutants (H320R,N,G,Q
originally proposed 12, 49. The negative charge resides (5, 28] for which the formation of the hydrogen bond
on the carboxylate of the inhibitor and the proton is bound between the residue at 320 and the OAA carbonyl is made
to the oxygen of the active-site bas®.(This conclusion difficult or impossible show no change in their CD spectra
does not rule out the possibility that the actual (unstable) with OAA binding. NMR studies of these same PCS mutants
intermediate is an enol since stable CMX and CMCoA show the polarization of the carbonyl also requires this
analogues cannot fully mimic the actual unstable species.hydrogen bond. Preliminary studies of a TpCS mutant in
Conformational changes and the required underlying the active-site histidine analogous to PCS H320 support the
protein flexibility are integral parts of the catalytic strategy importance of this residue for TpCS as well (Kurz et al.,
of CS. Many of the activated substrates and chemical 1999, unpublished data).
intermediates implicated in the mechanism of citrate synthase The fluorescence changes accompanying the binding of
either could not form or would be too unstable in the OAA to TpCS (Figure 3) strengthen our hypothesis that the
presence of bulk solvent water. Successive conformational OAA binary complex is a closed or partially closed
changes must thus occur to admit or exclude substrates and¢onformer. The emission spectrum of TpCS has its main
water from the active site during the catalytic cycle. The emission peak at 315 nm and a pronounced shoulder around
enzymes catalyze two kinds of reactions of thioesters (ligase328 nm, reflecting the presence of several tryptophan residues
and hydrolase) within the same active site with the same with varied exposure to solvent. In comparison to the free
catalytic residues, certainly requiring further subtle confor- enzyme spectrum, that of the OAA complex has a greatly
mational rearrangementd Solution and structural evidence reduced overall intensity and is missing the long-wavelength
supports the existence of comparable conformational statesshoulder. Of the four W residues found in the unliganded
for both PCS and TpCS. enzyme, one is exposed (W17) and two seem to be mostly
X-ray structure results have captured a static picture of buried (W115 and W245). W348 lines the active site pocket
some of these conformers. The X-ray structures of CS fall and in the absence of substrates is likely accessible. In the
into either of two conformational classed( 50. The “open” closed form, however, W348 will become inaccessi@ (
forms of the enzyme have free access of solvent to the activeand its emission should shift to the blue, as is observed
site and are believed to function in substrate/product binding (Figure 3).
and dissociation. The various “closed” forms totally exclude ~ Conformational changes are also detected when the other
bulk solvent with the active site over 15 A from the nearest possible binary complexes (ESitrate, CS-CoA analogue)
surface water contact. All of the chemical transformations are formed. Thus, CD changes accompany the binding of
are believed to take place in closed forms. The conversionscitrate to both PCS and TpCS (Figure 2). However,
of the “open” to “closed” forms results fromraet* rotation guantitatively, the changes are not the same as those induced
of the small domain of one subunit with respect to the large by OAA binding, and most telling is the absence of any
domain of the other. Structural evidence supports the samechange in the fluorescence spectrum of TpCS induced by
kinds of conformation forms in TpCS. The TpCS structure formation of the citrate binary complex (Figure 3). This
presently available is in the open for0j but two other observation suggests that the citrate complex is open. Indeed,
archael citrate synthase structures are in a closed form withthe citrate complex of PCS crystallizes in the open confor-
bound products (Figure 1), citrate/CoA3, 14. In addition, mation @1). The induced CD in the binary citrate complex
at the primary sequence level, several residues implicatedmay reflect increased rigidity of an open form or a dynamic
in the conformation change in PCS are also present in TpCS.equilibrium between open and closed forms that is easily
Several PCS residues have been identified as “hinge” perturbed by crystal forces.
residues with respect to the relative motion of the two  The binary complexes of PCS with CoA analogues have
domains {, 3, 15, 47, 56-52). In PCS, changes at these only about half the CD intensity change at 260 nm as the
sites destroy the capacity to carry out the overall reaction ternary complexes (Figure 2). Less immobilization of the
chromophore against the chiral surface might reflect either
3 The only evidence ever found for futile hydrolysis of AcCoA occurs 11 OPen form structure for these complexes or a complex
in the D375G PCS mutant, which has negligible activity. with increased flexibility. Rapid exchange of the ligands on
“The CS openclosed conformation change involves more than just the NMR time scale is consistent with an open form structure

a rigid-body rotation of the two domains. There are substantial changes ; ; ;
in the packing of interior side chaind,(2). At least three types of (Table 2). In comparison, the extents in TpCS binary CoA

closed structures have been identified in solid-state structdrey ( ~ cOmMplex CD spectra are significantly greater, close in
and in solution spectroscopic studies £). magnitude to PCS ternary complexes. Binary TpCS com-
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plexes seem generally more “closed” than PCS complexes.trend in the binding data is certainly consistent with our
Structural data show that even the “open” form structure picture of the complexes of the thermophile enzyme as rigid,
determined for unliganded TpCS is more “closed” than the less flexible species.
corresponding structure for PC3)j. For PCS, a net rotation The Formal Kinetic Mechanisms of the Two Enzymes Are
of the small domain relative to the large by°18 required  Very Similar The relative values of substrate binding
to interconvert the open and closed forms. TpCS requires constants (Table 1) support a preferred ordered bi-bi mech-
only a 12 rotation. anism in the forward direction with OAA binding first. In
Ternary complexes and binary complexes containing addition, for both PCS50) and TpCS 20), the structural
binding determinants from both substrates are in the “closed” data show that if CoA bound first, it would sterically interfere
form. Their formation is accompanied by the largest induced with subsequent OAA binding.
CD signal in the adenine absorption of the bound CoA  CitCoA Is a Stable Intermediate in the Catalytic Cycle of
analogue. CD spectra of substrate analogue ternary com-Both EnzymesSupporting data are the rapid initial rates of
plexes, intermediate analogue ternary complexes, and producCitCoA hydrolysis by both enzymes. The very high affinity
ternary complexes are all very similar but not identical and of the two enzymes for the intermediate suggests that it is
are detecting subtle differences in conformation. The NMR never released into solution during normal turnover.
studies of these complexes (Table 2) also show the bound CitCoA as a substrate for PCS shows kinetic cooperativity
ligands to be in slow exchange (on the NMR time scale). yielding a complex pattern of kinetic phases with widely
All the crystal structures of citrate synthase ternary com- differing rates %, 6, 29, with the initial rate of the burst
plexes are closed formd 3§, 14, 20, 50, 54 phase approximately equal to the turnover rate. The lack of
While the above results argue that corresponding confor- substrate concentration dependence of the burst rate indicates
mational changes occur for both enzymes, it must be kepttight binding. All the models explaining the kinetic coop-
in mind that conformation change during the catalytic cycle erativity observed with PCS require tight binding of CitCoA
is a dynamic process. While the solid-state structures have(6, 28.
given valuable insight, they have limited usefulness in There is no kinetic cooperativity in TpCS-catalyzed
determining either the rate of interconversion or the position CitCoA hydrolysis. The very tight binding of CitCoA to the
of equilibrium between conformers. Supporting the existence TPCS enzyme is indicated by the zero-order nature of
of a dynamic equilibrium between conformers is the observa- progress curves and the virtual independence of the values
tion (3) that both open and closed PCS forms can crystallize of the initial rates on CitCoA concentration.
from a single drop containing CoA and citrate (1 M). Various =~ The mechanistic significance of kinetic cooperativity in
conformational forms also differ in the flexibility of side PCS and it absence in TpCS is unknown. However, its
chains [arguing from differences in temperature fact8)js (  absence is perhaps another symptom of increased rigidity
which seem to depend on the identity of bound ligands]. A of TpCS since kinetic cooperativity (allostery) is presently
dynamic equilibrium between more than one form of OAA understood by models requiring dynamic equilibria between
binary complex has been invoked to explain OAA carbon conformational formsg5, 56.
line widths in NMR spectra of the binary comple43]. The relatie stabilities of internal states differ substantially
Structural data indicate less overall flexibility in the citrate for the two enzymesgven to the extent that the rate-
synthases isolated from thermophiléd(20. Solution data  determining step is changed and the condensation step, which
also indicate increased rigidity. We were impressed by the is reversible for PCS, becomes almost irreversible for TpCS.
large increase in the amplitude of the induced CD signals in This occurs despite the identities of catalytic groups and the
the CoA analogue binary and ternary complexes of TpCS similarity of their overall mechanisms.
when compared to the amplitude of the corresponding We will discuss the kinetic mechanism using Scheme 1.
complexes in PCS (Figure 2). At the same temperature of This scheme shows kinetic mechanisms for an ordered bi-bi
20°C, the dissociation constants of TpCS complexes (Table reaction with a ternary interconversion occurring with two
1) almost uniformly reflect tighter binding. To the extent (A) or three (B) steps. The schemes omit separate steps
that stronger interactions between enzyme and ligand groupselated to conformational changes as well as several possibly
indicate a more strongly immobilized final state, then this reversible steps during hydrolysi8g). In Scheme 1A, the
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overall condensation step producing CitCoA is given rate  Unlike PCS, TpCS Has a Clear Rate-Determining Step
constantk. andk_., while the hydrolysis step is given the the Hydrolysis of CitCoAThek.4 Starting with ACCoA/OAA
rate constantsk, and k-,. In Scheme 1B, the overall as substrate is very close in value (within about 5%) to the
condensation step is represented as two steps in which the, with CitCoA (Table 3, Figures 4 and 5A). This identity
proton transfer K and k) from AcCoA to generate an is not an accident of experimental conditions because pH
enolate intermediate occurs first, followed by the actual (Figure 4) and temperature dependencies (Figure 5A) of both
condensation k. and k-, with the OAA to give the keas are nearly identical. For initial velocities in the forward
relatively stable intermediate, CitCoA. direction, the dissociation constants for both TpCS (and PCS)

It is clear that no single step is rate-determining for PCS. suggest that product off rates are not kinetically significant
Despite the limitations imposed on analysis by kinetic (Table 1). Under these circumstances khgis given by
complexities, Pettersson et al6f have developed a kinetic

model for PCS that is consistent with the values of the kinetic K.k,

constants and CitCoA partition data. In this model, conden- Keat = kc+k—+kh

sation is readily reversible with an intern&l, value of about o

1; hydrolysis is the slowest step but only by about a factor ~ky i Ky ko <k 2)

of 10. Other data support this picture. The observed substrate
isotope effect (deuterium substitution in the methyl group Keat(ACCOA/OAA) can equakea: (CitCoA) = ki, only if k-
of AcCoA\) is quite small [Table 336)], substantially lower ~ andk, are much less thak..
than would be expected if proton transfer was mainly rate- The lack of significant pH dependence of tkgs for
limiting. The lower limit (5) on the value of the intrinsic ~ TPCS is a consequence of the nature of its rate-determining
primary isotope effect on proton transfer in the PCS reaction hydrolysis step. The only active-site residue implicated in
was determined to be about 2 from intramolecular isotope the hydrolysis is D375, whose carboxylate side chain is
effect measurements using chiral methyl-AcC&¥,(59. apparently acting as a general base. This carboxylate should
The further diminishment of the value of the observed remain ionized over the experimental pH range. The pH
substrate isotope effect when it is measured in solveft D  independence of thieas follows. The high p(vide supra)
(Table 3) suggests that barriers for the steps affected byof TPCS strongly suggests that one or more histidine active-
substrate and solvent isotopes are not greatly different in Site residues either do not ionize in the expected pH range
height. Given that proton transfer from carbon is thermo- ©f, if compensating charge changes occur, they do not affect
dynamically and kinetically difficult in small molecule the rate constant for hydrolysis.
models 49, 59, we were surprised that this step presents PCS shows a much more normal pH dependence, having
such a small barrier in both the CS-catalyzed reactions.  bell-shaped pHrate profiles with maxima at pH 8 fdta

The Internal Steps, Which Generate Intermediates, Are Of the forward reaction and near pH 6 for..; of the reverse
Readily Reersible in the PCS ReactiofitCoA is the most ~ reaction. The pH dependence of PCS is not easily interpreted
stable of these intermediates. The inftiadtio of the rate of N terms of specific residues but is consistent with rate
CitCoA cleavage to hydrolysis for PCS is 0.8, (6, 60, contributions from additional steps (condensation). The
indicating that while hydrolysis is somewhat favored over condensation involves several residues [certainly including
cleavage, the condensation step is readily reversible. MostH320, H274, and H238 as well as D375, €1)] that are
if not all of the exchange with solvent protons appearing in €ither likely or required to change protonation states during
the methylene of citrate product (under conditions of irrevers- the catalytic cyclé.
ibility of the overall reaction) comes from reversal of the
condensation all the way back to bound OAA/AcCOo3 ( " The proposed enolate intermediate resulting from proton transfer
39). from AcCoA must be very unstable and its lifetime before the actual

Dat fi it d ible f ti n condensation must be short. In some circumstances the lifetime of
ata supporting existence and reversible tormaton or a jiermediates may be so short that their existence as a separate species

discrete enolate intermediate in PCS WT are considerably can be debated (see réf for an informative discussion of “when an
weaker. Reversal of the proton-transfer step alone can leadntermediate is an intermediate”). Successful simulations of the

; xchange experiments)( require the rate constant for a separate
to e>§change, as we have already .Ob.served in the case 0‘(Eondensation stef{:in Scheme 1B) to be-100 fold greater than the
dethiaAcCoA. Our current hypothesis is that proton transfer rate constant for the reverse proton transfeg.

and condensation are concerted for all practical purposes in 8 The active sites of both citrate synthases contain homologous
wild-type PCS. However, if condensation is made sufficiently essential histidine3) and aspartatelf residues. Histidine residues

o . s . ot normally titrate in the pH 68 range. Steps involving the active-site
difficult, as in mutants with impaired OAA polarization (or histidines would be expected to show some pH dependence over the

for the case of the dethiaAcCoA substrate analogue), astudied pH range, as in fact is observed in Kagfor PCS WT. We
decoupling of these steps certainly occurs and extensivealso expect the states of ionization of several catalytic residues to change
i 7 during the catalytic cycle itself. The carboxylate side chain of Asp375
exchange may sometimes be observed [Tablg, 24]. 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
5PCS shows a number of complexities that allow only a limited base catalyst in the hydrolysis reacti@n ®). The imidazole side chains
disentanglement of the kinetic constants into rate constants for individual of His320, His274, and His238 appear to be neutral, judging from their
steps in the mechanisn®,(6). Most notable complexities are the  hydrogen-bonding pattern in a number of crystal structures. Yet the
exchange of solvent protons into the methyl of substrate and methyleneprotonated form of H320 is the logical choice to donate a proton to
of product and the kinetic cooperativity with CitCoA as substrate. The the carbonyl of OAA to form the alcohol of citrate. H274 lies at the
first complicates the interpretation of substrate and solvent isotope amino terminus of amx-helix and should be neutral, although a
effects because isotope can be lost or gained in the substrate. The seconcbnvincing argument has been made that it is protonated in the D375G
complicates the measurement of the partition of the chemical intermedi- mutant ). Theoretical calculationslQ) indicate that a positive charge
ate between the forward and reverse reactions. on H238 is necessary to stabilize the enolate despite the contrary
6 The initial rate referred to here is in the burst phase. inference from the structural data.




Mechanism of T. acidophilum Citrate Synthase

Thesubstrate and soént isotope effectsre 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

ot KK Okt

o K Tk
kcat_ 1 ~ kc (3)

ek tkd 1

The elimination ok_. 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 conclusiofl. Since the remaining term in the
numerator and denominatde/ks,) is likely to be substantially
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4 and has a value of 2.3 in Table 3:

A=
T s S
14— 14
i Mk

The sizes of the commitment terms reducing the observed
solvent isotope effect are likely to be modest. We know that
k_ is small (vide infra) and this term may immediately be
dropped in comparison to the value lof Thus the major
commitment reducing the solvent isotope effégtk,, is the
inverse of that reducing the substrate isotope effect (eq 3).
We just showed above that this tekgk, > 5. So this would
imply that the inverse has a valge0.2.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

greater than 1, a commitment is likely to reduce the observed production of products when CitCoA is used as substrate
substrate isotope effect well below the intrinsic value, as is and will be used to demonstrate the consistency of our kinetic
observed. Note that if the proton transfer and actual model. The isotope effect féxCk ,SC°A is simply equal to
condensation take place in discrete kinetic steps (SchemeP:0Ok, for the mechanism in Scheme 1 (under the assumption
1B), then an additional commitment may contribute to of rapid product dissociation). The additional commitment
reducing the observed isotope effect. that appears in the expression (eq 4)¥6¥.., ki/ke, arising

If Pkeis =2 (5, 57), then the observed value 8k, of from the condensation part of the reaction pathway, does
1.17 implies thakd/k, = 5. Almost certainly these are lower  not appear. The solvent isotope effect (Table 3) observed
limits on both quantitiesPk. andk./k,). Use of DO (which for production of CoA from CitCoA is in fact slightly larger
raises the barrier fok,) does not affect the observed value than that on the overall reaction with AcCoA/OAA as
of Pkeat (Table 3). Wherk, is reduced by a solvent isotope  substrates. With this small difference, the commitment
effect of 2 (Table 3), a value di/k, as low as 5 would  reducing the solvent isotope effect with AcCoA as substrate
make ke ACCOA, OAA) less thank.(CitCoA) by about is then 0.3, in good agreement with the preceding calculation.
17%, a difference that is much larger than we obserkf). TpCS fails to catalyze exchange of solvent protons into
So the commitment ratio reducing the substrate isotope effectthe methyl of the substrate acetyl-CoA or into the methylene
must be significantly greater than 5. of product citraté® The low rate of cleavage of the CitCoA

Thesolvent isotope effectsn TpCSke.s are also consistent  intermediate back to reactant ACCoA/OAA indicates that the
with rate-determining hydrolysis. It is reasonable to assume overall condensation step is not readily reversible. These data
that any significant isotope effect can be attributed to the require that the condensation of the enolate intermediate of
rate-determining step. We just presented the case that theacetyl-CoA with OAA is either concerted or rapid compared
observed solvent isotope effect for TpCS is associated withto reverse proton transfer (Table 4).
a single step, which igotthe condensation step. For TpCS, This requirement is dramatically demonstrated by contrast-
the size of the solvent isotope effect is not affected by useing TpCS results with those from mutants of PCS where
of deuterated AcCoA, nor is the size of the apparent substrateone but not both of the steps is irreversible. Like TpCS, the
isotope effect changed by the use of@Das solvent (Table =~ H320 mutants of PCS show little or no cleavage of CitCoA
3). The latter observation confirms a single rate-limiting step back to AcCoA/OAA-the overall condensation step is
for TpCS and contrasts with the behavior of PCS, where irreversible. Consequently, these mutants show no exchange
more than one step is kinetically significant. with CitCoA as substrate whether OAA release is reversible

It has generally been assumed that the hydrolysis stepor irreversible (Table 4). Some of these mutants show
involves general acidbase catalysis by the carboxylate side extensive exchange of solvent protons into both the substrate
chain of D375 §). A significant solvent isotope effect is  (AcCoA) and products when the reaction is started from
likely to be associated with this general aelohse catalysis. ~ AcCoA (Table 4). The only source of exchange with solvent
Admittedly, there are many other steps in this and other protons in these mutants is reversal of the proton transfer
enzyme-catalyzed reactions that might be subject to solvent
isotope effects, including conformational change)( 0ne cautionary note is that there is the possibility that the
Neglecting this possibility and assuming rapid product accessibility of the protonated active-site base to solvent protons is

dissociation, the solvent isotope effectkug is given by eq 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-
9 The value oK ¢qis estimated to be slightly inverse with a value  site base is unlikely even with TpCS. The TpCS-catalyzed exchange
of 0.91 if the thioester methyl protons in the reactant and the proton of of the methyl of dethiaAcCoA is rapid (Table 4). Preliminary stopped-
the active-site Asp carboxyl have normal fractionation factas. (If flow data monitoring the fluorescence change that results from the
the transferred proton is in a low-barrier hydrogen bond, it could have open-closed conformation change accompanying OAA binding indi-
a fractionation factor as low as 0.42); then the value oPKeq could cate that the conformation change is fast and is not an event separate
be normal, with a value as great as 2.0. from the encounter step.
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step occurring prior to the actual condensation, so the enolateto the reverse hydrolysis step reduced by commitments, in
intermediate must have a finite lifetime. The WT PCS also which case it is given by

shows substantial exchange, which is believed to arise mostly
from reversal from CitCoA g, 38. The total absence of

D,0O
exchange for TpCS suggests that proton transfer and actual Kopt

K K .

eq,*h

o + ka) ooy

condensation are very tightly coupled processes in this DZok_cat— ok, 1 k) (8)
enzyme. Other things being equal, the presence of a rate- 1+ —2
limiting hydrolysis should have led to greater exchange. This K_ok_

is illustrated by another PCS mutant, D375E. D375E has
the hydrolysis nearly rate-determining, as does TpCS (Cit- The rate constant term in eq 8 is the inverse of the partition
COA k.o equals overalk.s). In contrast to TpCS, however, ratio and has a value of 27.5. This represents a substantial
the formation of CitCoA is easily reversed, and moreover commitment term reducing the observed value below that
CitCoA partitioning actually favors reactant OAA/AcCoA  of the intrinsic solvent isotope effect ¢n,. The equilibrium
over product CoA/citrate. For this mutant, CitCoA formation constant for the reverse of the hydrolysis is given by
reverses many times before going on to products. This results

in very high exchange levels (Table 4) under all conditions. K = [E-CitCoA] _ Ko )
CitCoA Partition Ratio and Seknt Isotope Effect on k. emh  [E-CoAS(H)][E-Cit]  k,

The solvent isotope effect on the reverse reactfe?k_a;,

can also be explained by Scheme 1A, further demonstratingand

the consistency of our kinetic model. Before elaborating this 5.0

conclusion, it is necessary to develop quantitative expressions D,0 _ "

for the partition ratiok_ca, andPk_.,, the solvent isotope Keq,—h - DZOkh (10)

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

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
OAA the context of Scheme 1A, and since we know the solvent
Vi _ K_2K¢ < k_—c (5) isotope effect on t_he forward hyc_zlrolysis rate constant, we
ViCOA Kok, + k) — Ky can express eq 8 in terms of a single unknoffk_:

. . . . CoA DO
In the reverse direction, it seems less certain that the Vi o Ko

D,0O . —n
dissociation of AcCoAK_,) is fast compared to condensation Kont \/ OAA |320kh
(k-2 > ke Or > kyikag, if Scheme 1B applies), but if it is, the PO .= ! (11)
velocity ratio gives the simple expression shown on the right ViCOA
of eq 5 for the relative barrier heights immediately leading 1+ \/.OAA
I

to and away from the chemical intermediate, CitCoA.

The k-ca, for the reverse reaction, is given by Substituting in the values from Table 3 and solving for

P:Ok_,, we obtain a value of 4.3, a completely reasonable

k_cat=;h= 0.75 min* (6) number. In the direction of hydrolysis of CitCoA to its
denom products, citrate and CoA, the transition state is early, as
Koy ko k(k, k) o (kK expected for an exoergic process like thioester hydrolysis.
denom= . + P + KK K +1 While we have no evidence for it, there is certainly the
-1 "2 —2nc - possibility that the solvent isotope effects observed for both

the forward and reverse reactions do not refer to a single,

Since k- is much less tharky, k-5, or k- then eq 6 simple chemical step. While the hydrolysis reaction of citrate

simplifies to synthase has received relatively little attention from inves-
k., tigators, several mechanisms with intermediates have been
K= (7 proposedd3, 63 and surprising data showing excess oxygen
Ka(k_, + k) 11 exchange into product citrate during this step have yet to be
k_k ¢ explained 88).

Comparison of the Internal Thermodynamics of TpCS and
We recognize the first term in the denominator as the inverse PCS. Albery and Knowles §4) have defined the optimal
of the partition ratio, so by substituting in the values obtained internal thermodynamics required for maximum enzyme
at 20°C, we can calculate th&t, = 21.4 min?. catalytic efficiency: the free energies of all stable internal
The solvent isotope effect on the reverse reaction at 20 states must be closely matched, and the internal equilibrium
°C has a value of 1.8 and, like the solvent isotope effect on constants will be closer to 1 than are those for the corre-
the forward direction, is independent of pH over the range sponding free solution reactions. The internal free energy
from 6 to 8 (inset, Figure 4). By the same argument used barriers will be low and none will be significantly higher
previously, we would then assign this solvent isotope effect 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- associated with this type of conformation change are not
determining step). presently available so it is not possible to exclude contribu-
PCS approximates this ideab,(6). It is possible to tions from conformational changes. Some of these possibili-
guantitatively reproduce all the values of kinetic constants ties are amenable to experiment and are currently under
for PCS @) with a mechanism in which the production of investigation.
CitCoA is readily reversible with an internal equilibrium While the requirement for increased protein thermostability
constant close to 1. Values of rate constants for the overallmay itself impose conformational rigidity and lower catalytic
condensation and hydrolysis are within a factor of 10 so that efficiency, the effects of a high temperature environment on
no step is overwhelmingly rate-determining. To explain the the stability of substrate OAA may cause an additional
low levels of solvent proton exchands)(the proton-transfer  metabolic constraint on catalytic efficiency. At high tem-
step is concerted with condensation, or if proton transfer peratures, where the OAA half-time may be measured in
occurs in a separate step to produce a high-energy enolateninutes, the OAA-TpCS complex is generally stable. Thus
intermediate, then the reverse proton transfer and the actuathe organism may be able to satisfy the need to maintain
condensation step have comparable rate constants. adequate concentrations of an essential metabolite, OAA, as
TpCS enzyme is inefficient in comparison to PCS. Even well as satisfactory rates of synthase turnover by maintaining
at 70°C, theke for TpCS is only about a quarter the value higher concentrations of a CS protein with a high OAA
for PCS at 37°C. TpCS falls short of the ideal catalyst in affinity but somewhat less overall catalytic efficiency.
significant ways. The hydrolysis of the stable intermediate
CitCoA is nearly rate-determining and the condensation step CONCLUSIONS
that produces it is nearly irreversible. The values of the
overall ks, Starting with the normal substrates, AcCoA and  TpCS has the same general catalytic strategy and formal
OAA, are close those of théc for hydrolysis of the  kinetic mechanism as PCS, yet it is a considerably less
intermediate, CitCoA, over the temperature range at which efficient catalyst. Formally, this is a consequence of fact that
the latter is sufficiently stable to allow measurements. TpCS the chemical intermediate, CitCoA, lies in a deep thermo-
overstabilizes the CitCoA intermediate and fails to adequately dynamic pit, at the point in the catalytic cycle that requires
stabilize the transition state for hydrolysis, leading to a lower the enzyme to switch from ligase to hydrolase. There seems
catalytic efficiency. Clues to the reasons for this may be to be no static structural or chemical reason for this pit to
found in the temperature dependence of catalytic constantspbe deeper for TpCS than for PCS. The active sites and

of TpCS. reactions catalyzed are nearly identical. Our attention is
The Eyring plots [In K/T) vs 1/T] for the ksas are linear  focused on the other striking difference between the two
within experimental error (Figure 5A). ThAH* and AS enzymes, the decreased flexibility of the thermophile enzyme.

values derived from these plots are unremarkable and typicallt would be possible to hypothesize that discrete steps
of many reactions in agqueous solution, which typically show involving conformational changes associated with high
enthalpy-entropy compensation. Curvature resulting from barriers on either side of CitCoA are responsible. Our kinetic
the increased reversibility of condensation with temperature model does not require and in fact argues against separable
is not detectable in the CitCoA plot (within experimental conformation steps at this point. Instead we propose that the
error) but may be responsible for slight differences in tight binding of the reactants to the enzyme structure has

apparent thermodynamic constants for the tags. imposed a dynamic constraint on the reaction coordinate
The marked curvature in the plot of the temperature motion. Dynamic constraints on reaction rates arising from
dependence of the partition ratio [Figure 5B, \0A/V,C0A) solvent-substrate interactions have received serious attention

vs 1/T] arises entirely from the increasing rate of the cleavage in the study of small molecule reactions in high-dielectric
of CitCoA relative to its hydrolysis. ThRAAC,* value derived ~ (water) solvents@8). Now convincing evidence has been
from this plot (Figure 5B) is thus mostly attributable to the presented for such constraints in several enzyme systems
AC,* of the cleavage. Its high value, 319 cal moK 1, is involving tunneling 69). We believe that this will prove to

not unusual for many processes involving macromolecules be a general feature of enzyme catalysis and we will be eager
(65, 69. The molecular interpretation is difficult as in other  to investigate other citrate synthases originating in even more
cases. Trivial explanations involve the possibility that the diverse environments.

cleavage consists of more than one step whose kinetic

contribution varies with temperature. Recall the possible REFERENCES

presence ok_, (AcCoA dissociation rate constant) in the

expression for the partition ratio (eq 3) Kf: is less than or 1. Wiegand, G., Remington, S., Deisenhofer, J., and Huber, R.
equal tok;, then dissociation could make a contribution that (1984)J. Mol. Biol. 174 205-19. .
results in an erroneously high value A€, Similarly, it is 2. Lesk, A. M., and Chothia, C. (1984) Mol. Biol. 174 175~

; ; 91.
also possible that the proton transfer and actual condensation 3.Liao, D. I, Karpusas, M., and Remington, S. J. (1991)

steps are increasingly decoupled at higher temperature and Biochemistry 3060316.

this gives rise to curvature in the plot. A final, more 4. Kollmann-Koch, A., and Eggerer, H. (1988jr. J. Biochem.
interesting possibility is a conformation change with a 185, 441-7.

significant AC,. While a conformation change involving 5.Kurz, L. C,, Nakra, T., Stein, R., Plungkhen, W., Riley, M.,
simple hinge motion (hexokinase) did not result in a H7SU' F., and Drysdale, G. R. (199Bjochemistry 379724~
significant AC, (67), the conformation change in citrate 6. Péttersson, G., Lill, U., and Eggerer, H. (1988jr. J.
synthase is much more complex and cannot be described as  Bjochem. 182119-24.

a motion of rigid bodiesZ).* Thermodynamic parameters 7. Jencks, W. P. (198%cc. Chem. Res. 1361-169.



2296 Biochemistry, Vol. 39, No. 9, 2000

8.
9.

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

20.
30.
31.
32.

35.
36.

37.
38.
39.

Man, W. J., Li, Y., O'Connor, C. D., and Wilton, D. C. (1991)
Biochem. J. 280521—6.

Gu, Z., Drueckhammer, D. G., Kurz, L., Liu, K., Martin, D.
P., and McDermott, A. (199Biochemistry 388022-8031.
Mulholland, A. J., and Richards, W. G. (199R)oteins:
Struct., Funct., Genet. 2B—25.

Quinn, D. M., and Sutton, L. D. (199Bnzyme Mechanism
from Isotope EffectsCRC Press, Boca Raton, FL.

Cleland, W. W., and Kreevoy, M. M. (1994&cience 264
1887-90.

Russell, R. J., Gerike, U., Danson, M. J., Hough, D. W., and
Taylor, G. L. (1998)Structure 6 351-61.

Russell, R. J., Ferguson, J. M., Hough, D. W., Danson, M. J.,
and Taylor, G. L. (1997Biochemistry 369983-94.
Remington, S. J., and Usher, K. (19%%ptein Eng. 8 55.
Johansson, C.-J., Mahlen, A., and Pettersson, G. (1973)
Biochim. Biophys. Acta 30%66-72.

Johansson, C. J., and Pettersson, G. (1Bd4)J. Biochem.
46, 5—-11.

Johansson, C.-J., and Pettersson, G. (1Bd4)J. Biochem.
42, 383-8.

Johansson, C. J., and Pettersson, G. (1Bibthim. Biophys.
Acta. 484 208-15.

Russell, R. J., Hough, D. W., Danson, M. J., and Taylor, G.
L. (1994) Structure 2 1157-67.

Remington, S., Wiegand, G., and Huber, R. (1982Mol.
Biol. 158 111-152.

Burbaum, J. J., Raines, R. T., Albery, W. J., and Knowles, J.
R. (1989)Biochemistry 289293-305.

Sutherland, K. J., Danson, M. J., Hough, D. W., and Towner,
P. (1991)FEBS Lett. 282132-4.

Kurz, L. C., Roble, J. H., Nakra, T., Drysdale, G. R., Buzan,
J. M., Schwartz, B., and Drueckhammer, D. G. (1997)
Biochemistry 363981-90.

James, K. D., Russell, R. J. M., Parker, L., Daniel, R. M.,
Hough, D. W., and Danson, M. J. (199BEMS Microbiol.
Lett. 119 181-6.

Kurz, L. C., Shah, S., Crane, B. R., Donald, L. J., Duckworth,
H. W., and Drysdale, G. R. (199Biochemistry 317899
907.

Bayer, E., Bauer, B., and Eggerer, H. (19BWjJ. J. Biochem.
120, 155-60.

Kurz, L. C., Shah, S., Frieden, C., Nakra, T., Stein, R. E.,
Drysdale, G. R., Evans, C. T., and Srere, P. A. (1995)
Biochemistry 3413278-88.

Martin, D. P., Bibart, R. T., and Drueckhammer, D. G. (1994)
J. Am. Chem. Soc. 118660.

Simon, E. J., and Shemin, D. (195B)Am. Chem. Soc. 75
2520.

Kurz, L. C., and Drysdale, G. R. (198Bjochemistry 26
2623-7.

Riddles, P. W., Blakeley, R. L., and Zerner, B. (19A9pl.
Biochem. 9475—-81.

. Srere, P. A. (1969lethods Enzymol. 13—11.
. Kosicki, G. W., and Srere, P. A. (1961) Biol. Chem. 236

2560-2565.

Srere, P. A. (1966). Biol. Chem. 2412157-65.

Kosicki, G. W., and Srere, P. A. (1961) Biol. Chem. 236
2566-70.

Kurz, L. C., Drysdale, G. R., Riley, M. C., Evans, C. T., and
Srere, P. A. (1992Biochemistry 317908-14.

Myers, J. A., and Boyer, P. D. (1988jochemistry 231264

69.

Zavodszky, P., Kardos, J., Svingor, and Petsko, G. A. (1998)
Proc. Natl. Acad. Sci U.S.A. 95406-11.

40.
41.

42.

43.
44,
45,
46.
47.

48.
49

50.
51.

52.
53.

54.

56.
57.
58.

59.

65.
66.
67.
68.
69.
70.
71.
72.

Kurz et al.

Belasco, J. G., and Knowles, J. R. (198®chemistry 19
472-17.

Deng, H., Zheng, J., Sloan, D., Burgner, J., and Callender, R.
(1989)Biochemistry 281525-33.

Deng, H., Zheng, J., Clarke, A., Holbrook, J. J., Callender,
R., and Burgner, J. W. N. (1998iochemistry 332297
305.

Kurz, L. C., Ackerman, J. J., and Drysdale, G. R. (1985)
Biochemistry 24452-7.

Wolfenden, R. (1969\ature 223 704-5.

Wolfenden, R. (1974Mol. Cell. Biochem. 3207—11.
Wolfenden, R. (1976\nnu. Re. Biophys. Bioeng. ,5271—
306.

Usher, K. C., Remington, S. J., Martin, D. P., and Drueck-
hammer, D. G. (1994Biochemistry 337753-9.

Gandour, R. D. (198Bioorg. Chem. 10169-176.

. Gerlt, J. A., and Gassman, P. G. (198pchemistry 32

11943-52.

Remington, S. J. (199&)urr. Top. Cell Regul. 33209-29.
Wiegand, G., and Remington, S. J. (1986ju. Re. Biophys.
Biophys. Chem. 1®7-117.

Karpusas, M., Branchaud, B., and Remington, S. J. (1990)
Biochemistry 292213-9.

Evans, C. T., Kurz, L. C., Remington, S. J., and Srere, P. A.
(1996) Biochemistry 351066172.

Remington, S. J. (199Zurr. Opin. Struct. Biol. 2730-5.

. Monod, J., Wyman, J., and Changeux, J.-P. (1963}lol.

Biol. 12, 88—118.

Koshland, D. E., Jr., Nemethy, G., and Filmer, D. (1966)
Biochemistry 5365-85.

Cornforth, J. W., Redmond, J. W., Eggerer, H., Buckel, W.,
and Gutschow, C. (196%ature 221 1212-3.

Lenz, H., Buckel, W., Wunderwald, P., Biedermann, G.,
Buschmeier, V., Eggerer, H., Cornforth, J. W., Redmond, J.
W., and Mallaby, R. (1971Fur. J. Biochem. 24207-15.
Gerlt, J. A., and Gassman, P. G. (1993Am. Chem. Soc.
115 11552-68.

. Lill, U., Lefrank, S., Henschen, A., and Eggerer, H. (1992)

Eur. J. Biochem. 208459-66.

. Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987)

Methods Enzymol. 15867—82.

. Gandour, R. D., and Schowen, R. L. (19T8nsition States

of Biochemical ProcessgPlenum Press, New York.

. Wilde, J., Lill, U., and Eggerer, H. (199B)ol. Chem. Hoppe-

Seyler 371707-13.

. Albery, W. J., and Knowles, J. R. (197&hgew. Chem. Int.

Ed. Engl. 16 285-93.

Sturtevant, J. M. (1977roc. Natl. Acad. Sci. U.S.A. 74
2236-40.

Spolar, R. S., and Record, M. T., Jr. (1984)ence 263777—

84.

Takahashi, K., Casey, J. L., and Sturtevant, J. M. (1981)
Biochemistry 204693-7.

Kurz, J. L., and Kurz, L. C. (1988%r. J. Chem. 26339—
348.

Kohen, A., Cannio, R., Bartolucci, S., and Klinman, J. P.
(1999) Nature 399 496-9.

Johnson, J. K., and Srivastava, D. K. (198t¢h. Biochem.
Biophys. 287250-6.

Weidman, S. W., Drysdale, G. R., and Mildvan, A. S. (1973)
Biochemistry 121874-83.

Northrop, D. B. (1991) irEnzyme Mechanism from Isotope
Effects(Cook, P. F., Ed.) pp 184202, CRC Press, Boston.

BI991982R



