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ABSTRACT. The catalytic strategies of enzymes (such as citrate synthase) whose reactions require the
abstraction of thex-proton of a carbon acid remain elusive. Citrate synthase readily catalyzes solvent
proton exchange of the methyl protons of dethiaacetyl-coenzyme A, a sulfur-less, ketone analog of acetyl-
coenzyme A, in its ternary complex with oxaloacetate. Because no further reaction occurs with this
analog, it provides a uniquely simple probe of the roles of active site interactions on carbon acid proton
transfer catalysis. In view of the high reactivity of the analog for proton transfer to the active site base,
its failure to further condense with oxaloacetate to form a sulfur-less analog of citryl-coenzyme A was
unexpected, although we offer several possible explanations. We have measured the rate constants for
exchangekexch at saturating concentrations of the analog for six citrate synthase mutants with single
changes in active site residues. Comparisons between the valkigs afe straightforward in two limits.

If the rate of exchange of the transferred proton with solvent protons is rapidkdhgequals the forward

rate constant for proton transfer, akgcnvalues for different mutants compare directly the rate constants

for proton transfer. If the exchange of the transferred proton with protons in the bulk solution is the slow
step and the equilibrium constant for proton transfer is unfavorable (as is likely) kthgmequals the
product of the equilibrium constant for proton transfer and the rate constant for exchange of the transferred
proton with bulk solvent. If that exchange rate with bulk solution remains constant for a series of mutant
enzymes, theRexch Values compare the equilibrium constants for proton transfer. The importance of the
acetyl-CoA site residues, H274 and D375, is confirmed with D375 again implicated as the active site
base. The results with the series of oxaloacetate site mutants, H320X, strongly suggest that activation of
the first substrate, oxaloacetate, through carbonyl bond polarization, not just oxaloacetate binding in the
active site, is required for the enzyme to efficiently catalyze proton transfer from the methyl group of the
second substrate.

The catalytic strategies of enzymes whose reactions require1994). The existence of such unusually short hydrogen
the abstraction of the-proton of a carbon acid have been bonds (Usheet al,, 1994) and the demonstration of their
the subject of much recent discussion and controvelisig ( unusual spectroscopic properties is undisputed (Etegl,
infra). The problem solved by these enzymes is both 1994). However, on both theoretical (Guthrie & Kluger,
thermodynamic and kinetic in nature. Carbon acids are weak1993; Warshett al, 1995; Warshel & Papazyan, 1996) and
acids (K.s = 20), and the side chains of the basic amino experimental grounds (Shahal., 1996; Usheet al,, 1994,
acids are weak basesKys < 8). The rates of proton  Schwartzet al, 1995; Schwartz & Drueckhammer, 1995;
transfers from carbon acids are typically very slow in Katoetal, 1996), evidence has been presented which shows
comparison to the rates from normal (heteroatom) acids of that the actual energies associated with formation of these
equal K, (intrinsic barriers for proton transfer from carbon short hydrogen bonds are not sufficient to account for the
acids are typically 912 kcal/mol greater than for normal  catalytic power of the enzymes and furthermore that more
acids, a factor of as much as®i@ rate; Gerlt & Gassman, conventional electrostatic arguments will suffice. New
1993a,b). Short hydrogen bonds of unusual strength haveexperimental evidence supporting the importance of these
been proposed to account for both the increased acidity andhydrogen bonding interactions has recently been reported
reactivity of these carbon acids in enzyme systems (Gerlt & (Shan & Herschlag, 1996), and the issue is likely to remain
Gassman, 1993a,b; Cleland & Kreevoy, 1995; Fe¢wl, unresolved for some time.

The reaction catalyzed by citrate synthase, the Claisen
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OAA Enol (ate) mechanism of CS), depends upon activation of the first
Polarization Formation substrate, OAA.
-heli ot -heli -
g, | MATERIALS AND METHODS
— 5% (I:Of o~°°H Enzymes3. Crystalline citrate synthase from pig heart was
‘‘‘‘ ozgz v scon __ oo 2l obtained from Sigma Chemical Co. (St. Louis, MO).
bor A ““‘0'—’95 H,c” SCoA Cloned EnzymesA new construct for overexpression of
gg? the mature length protein has been developed, solving
2

problems of low yields and proteolytic degradation experi-
FIGURE 1: Wprking hypothesejs for the roles of _the residues studied enced using previous procedures (Evanal., 1988a,b; Kurz
in this work in the condensation reaction of citrate synthase. et al, 1992b)

Expression SystemThe vector we used was plasmid
pJMB100A, a chimeric vector constructed in our laboratory
and comprised of the minimal synthetic promoter region from

. ) . . PARC306A (M. Bittner, National Center for Human Genome
the carboxylate side chain of the active site base (D375). Research, Rockville, MD), and the replicon, 1 origin, and

The proton in this hydrogen bond oflthese .analog Complexesampicillin resistance marker from pMONIFABP (Sacchettini
has an unuspally high proton che_m|cal shift (A. McD_ermott et al, 1990). pARC306A is a pUC-based plasmid with a
etal, unpublished results from solid-state NMR experiments) syntheticrecA promoter, a synthetic translational enhancer

similar in magnitude to_that reported for the proton in the region based on the sequence of the T7 promoter 10 leader,
unﬁ”ﬁ”% _sZorIt: Asri'Hl'S 1';920“ of the serine protease a restriction site cluster, and transcription terminators at both
catalytic triad (Freyet al, ) ) ends of the expression cassette. pMONIFABP is a medium-
_ In an effort to further_the undgrstandlng of the factors copy number vector with an 1 origin for single-strand DNA
important to the enzymatic catalysis of proton transfers from synthesis, as well as a natural sequeramA promoter and
carbon acids, we report here a study of the effects of severalt promoter 10 leader region. The Rec7 transcription unit
single-site mutations in the catalytic residues of citrate fom pARC306A was isolated asfwull fragment and was
synthase (Alteet al., 1990) on the ability of the enzyme  |igated to the pMONIFABRACd-Hindlll replicon fragment
OAA complexes to catalyze exchange of protons from the (hjnt-ended and dephosphorylated). The resultant plasmid
medium with the protons of the methyl group of dethia- yyith the transcription cassette in the same orientation relative
AcCoA, a non-thioester substrate analog. The exchange ofiy ihe ampicillin resistance gene was named pJMB100A
the methyl protons of dethia-AcCoA with solvent deuterons (Figure 2).

provides a uniquely simple probe; this analog undergoes no Strains The following two strains were used: W62£17
significant reaction in the active site other than this exchange (F~, A-, gInV44AS), gltA6, galk30, pyrD36, relAl?

of the protons of its methyl group. No detectable condensa- rpsL129 thi-1) from the E. coli Genetic Stock Center, and
tion occurs to produce a dethia analog of citryl-CoA or any \,~1e55 €. 1) '

citrate-like product (because of the substitution of a meth-
ylene group for the sulfur of CoA, any condensation product
would be nonhydrolyzable).

An active site cartoon illustrating our working hypotheses
for the roles of the residues studied in this work in the
condensation reaction of citrate synthase is found in Figure

1. We find that changes in the AcCoA subsite residues D375 :
. g . ~ We removed the extra codons and created an Ncol site by
and H274 and the OAA subsite residue H320 severely impair oo ctive amplification from the pT7-7PCS plasmid using

the enzymes’_abilities to catalyze proton transfer f_rom the e forward primer, 5GACCTCCATGGCTTCTTCCAC-
analog. The importance of D375 to the condensation half- GAAC-3', which includes an Mmethionine codon

reaction (in which proton transfer from ACCOA is required) - iuhin the Ncd site (indicated by underlining), followed by
_has prewou_sly be_en ques_t|oned (Menal, 1.991)’ but its codons for the amino acid sequence ASSTN, which is the
importance is again (Pereie al, 1994) confirmed here. It o4 N terminus for mature PCS. The reverse primer for
is known that H320 forms a hydrogen bond to the carbonyl amplification was 5GGTAGAGATTCCGGTAG-3located

of OAA (Wiegandet al, 1984) and that it is necessary for downstream of a uniquBglll site within the gene. As
the polarization/activation of the carbonyl (Kuezal., 1995, expected, the product of the amplification was a fragment
unpublished). The deleterious effect of changes in H320 on 605 bp ir; length. This fragment was trimmed witicd

the exchange rate dramatically illustrates that activation of and Bglll and combined in a three-fragment ligation with
the second substrate, AcCoA (in the preferred-ordered kinetic,, Bglll-EcaRl fragment from unmodified pT7-7PCS, and

the Ncd-EcadRlI-digested pJMB100A, to obtain the full CS

1 Abbreviations: AcCoA, acetyl-coenzyme A; CD, circular dichro- gene with the correct mature enzyme N terminus in the Rec?7
ism; CS, citrate synthase; DTNB, 5@ithiobis(2-nitrobenzoic acid); promoter vector
OAA, oxaloacetate; CMCoA, carboxymethyl-coenzyme A; CMX, ’ . .
carboxymethyldethia-CoA; dethia-AcCoA, dethiaacetyl-coenzyme A;  Mutants. Many of the mutations originally constructed
WT, wild-type CS protein containing the naturally occurring amino in the two-plasmid CS expression system (Evansal.,
acid sequence. The dethia analogs differ from carboxymethyl-CoA and
acetyl-CoA because of replacement of the sulfur atom by a methylene
group which forms a ketone. The dethia-AcCoA has also been called 2 Enzyme concentrations are given in terms of active sites (not the
acetonylcarba(dethia)-CoA (Stewart & Wieland, 1978). dimer).

1994). In both of these complexes, an unusually short H
bond (OH:-O distance< 2.4 A) exists between the O atom
mimicking the methyl carbon of AcCoA and the O atom of

Recloning the CS GeneThe original expression clone
of the CS gene had two extra codons at the amino terminus
that were unrelated to CS and retained three of the signal
sequence residue codons as well (Evetral, 1988b). The
expression system used a T7 promoter dependent on a heat
inducible T7 RNA polymerase carried on a second plasmid.
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(1.5 cm x 29 cm,~50 mL) column containing Sephadex
G-10 and was eluted with water. Fractions (1.5 mL) were
monitored for conductivity and absorbance at 260 nm. Salt-
free fractions were pooled and lyophilized; fractions contain-
ing dethiaAcCoA but contaminated with salt were combined
and lyophilized separately. The salt-containing dethia-
AcCoA fractions were reprocessed in the same way. After
a total of four processing cycles, Bnol of salt-free dethia-
AcCoA was obtained. The pH of the combined fractions
was adjusted to 7.5 prior to a final lyophilization.

Circular Dichroism Spectra and titration data were
collected and data analyzed as previously described (Kurz
et al, 1992a).

13C NMR. °C spectra were obtained at 150.7 MHz using
a Varian Unity 600 spectrometer equippedtwd 5 mm
multinuclear probe. Proton-decoupled spectra were obtained
using Waltz decoupling. The temperature of the sample was
10°C. The sample buffer was 50 mM Tris-HCl and 1 mM
EDTA at “pH” = 7.50 and included 25% O (for internal
lock) and 0.15 M acetonitrile (as internal chemical shift
standard). The cyano resonance of the standard was assigned
the value of 118.9 ppm. Other details were as described
previously (Kurzet al., 1992a).

Proton NMR and Kinetics of Sg#nt Exchange of the
Methyl Protons of Dethia-AcCoA Catalyzed by Citrate
Synthase.The rate of exchange of the dethia-AcCoA methyl
protons with solvent deuterons was measured by an NMR

FIGURE 2: Flow chart of Construction of pJMB-PCS. The CS gene technique similar to that described by Srere (1967).

from pT7-7PCS was modified by selective amplification to correct

Enzyme samples were exchanged into the buffer for the

the coding sequence for the N terminus of mature CS. pJMB-PCS experiment, 50 mM KP@at pD 7.9 in 99.9% BO (low

was constructed by ligating the modified sequence with the
remainder of the CS gene from pT7-7PCS and the vector

pJMB100A. Refer to the text for details.

paramagnetic content, Cambridge Isotopes), by a minimum
of five cycles of concentrationg(0.5 mL) and redilution{3
mL) using centricon-30 (Amicon) centrifugal concentrators.

1988a,b) were transferred directly into the new system. The centricon concentrators were exhaustively prerinsed to
Since each mutation of interest was contained betweenremove the glycerol storage solution.

uniqueBglll and EcaRl sites of the CS gene locus, tBglll-

Proton spectra were obtained at 500 MHz using a Varian

EcoRI fragment from the pT7-7PCS plasmid with the Unity-Plus 500 spectrometer equippediwé 5 mmreverse

mutation was simply exchanged with theglll-EcoRl

probe (Nalorac, Martinez, CA). Residual water signals were

fragment of pJMB-PCS(WT). All mutations were confirmed suppressed using transmitter presaturation (continuous wave

by sequencing.

decoupling centered on the water frequency) during the delay

Mutant H320Q The mutation H320Q was constructed between acquisitions. The temperature of the sample was

in this lab using the Sculptor mutagenesis kit (Amersham), 25 °C. No chemical shift standard was included. Spectra
with the primer (complementary to the coding strantf) 5 were collected with a 90 pulse and the delay between
CTTAGTACTGCCTGACCATAGCCTG-3 where the un-  acquisitions was set to at least 5 times fhevalue of the
derlined bases are mutations. The first mutation creates theslowest relaxing proton of interest. The pantothenate methyl
glutamine codon, and the second is a silent mutation in the protons have shofT; relaxation times of 0.41 and 0.47 s,
codon immediately upstream that destroyBadl restriction and the ketone methyl protons haigs of 2.38 s. For each
site, allowing rapid screening for mutant DNA. The mu- time point, 32 transients requiring 7 min were averaged. The
tagenesis reaction mixture was transformed directly into time assigned to each spectrum was the middle of this
gltA~ strain W62@al7, and ampicillin resistant colonies were acquisition sequence (i.e. 3.5 min after initiating the collec-
screened for the inability to grow on minimal acetate plates, tion).
indicating that the CS gene on the acquired plasmid was The fraction of dethia-AcCoA methyl protons remaining
inactive. The mutation was further identified by restriction (F in eq 1) as a function of timet {(n minutes in eq 1) is
analysis and DNA sequencing. obtained from the ratio of the integrated areas of the acetyl
Substrates and Inhibitors[2-3C]OAA was prepared as  methyl resonance at 2.35 ppm relative to the pantothenate
described in Kurzt al. (1992a). methyl resonance at 0.85 ppm (Figure 5, Scheme 1). In some
Dethiaacetyl-CoA (dethia-AcCoA) was prepared as de- samples with high protein concentrations, the adenine
scribed by Martiret al. (1994). aromatic protons were used as the reference. Data were fit
The dethia-AcCoA sample was desalted for experiments to eq 1 using nonlinear regression analysis.
with the enzymes. Lyophilized fractions from the reverse
phase HPLC column, 390 mg of potassium salts containing
17 umol of dethia-AcCoA, were dissolved in the minimum
amount of water {2 mL). The sample was applied to a where adjustable parameters wéré, the fraction at zero

F=F%" (1)
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Scheme 1
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no hydrolysis
P A
7 A Y
E-OAA + E-OAA +
CHy GH,D
O=CCH,CoA O=CCH,CoA

time? and kyps the apparent exchange rate constant. The
rate constant for exchanglesxc, was calculated from eq 2

__3[dethia-AcCoAK,s
xch ™ [E]

()

Kinetic Methods. Citrate synthase activity (Srere, 1969)
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 nen=f 14.1
mM~1; Riddleset al., 1979). Absorbance data were collected
using a Cary 3 spectrophotometer whose cell compartment
was thermostated at 25 0.1 °C. Data were collected at
substrate concentrations close to those of the dethia-AcCoA
concentration of the NMR samples~{ mM). These
concentrations are close to saturating even for the mutant
enzymes (H320X) with the highekts for AcCoA and OAA
(L. C. Kurz et al, unpublished data).

RESULTS

Kurz et al.
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Ficure 3: (A) High-wavelength UV CD spectra of CS-OAA, €S
OAA—propionyl-CoA, CS-OAA—dethia-AcCoA, and CSOAA—
CMCOoA. (B) CD titration curve for WT CS with dethia-AcCoA at
256 nm. Titrations were done at 2@ in 50 mM Tris-HCIl and 0.2
mM EDTA at pH 7.50.

in extracts from cells carrying no plasmid. Wildtype CS
and all of the CS mutants that we have expressed in this
system have given us average yields of #@80 mg of

New E. coli Expression System for Pig Citrate Synthase. Purified protein fran 4 L of bacterial culture, except D375G.
We have used a new expression system for CS that avoiddn order to obtain soluble D375G protein from this system,

the heat induction step of the previously used system (Evans
et al, 1988a,b) and produces CS with the correct amino
terminus for the mature processed enzyme. The vector
pJMB100A (Figure 2) has a synthetiecA promoter and
terminators at each end of the expression cassette to reduc
uninduced expression. Transcription is induced with nali-
dixic acid added to the culture medium.

For production of the CS protein, pJMB-PCS(WT) was
initially grown in strain MG1655, which has an actiée
coli CS @lItA*). Following induction, activity more than 50
times the CS activity was found in the absence of the
plasmid-encoded protein. The purified protein was assayed
and found to have a specific activity within experimental
error of the value obtained for CS isolated from pig heart.
N-Terminal sequencing gave ASSTNLKDILADLIP, indicat-
ing that the initiating methionine residue is quantitatively
removed and the remaining residues have the correct

it was necessary to coexpress the chaperonin GroE. We used
the plasmid pGroESL which constitutively expresses the
GroEL and GroES proteins and has a chloramphenicol
resistance marker for maintenance of the plasmid (gift of A.
Eatenby, DuPont). In this way, we were able to obtain 10
mg of purified protein and an additional 30 mg of partially
purified protein fran 4 L of theD375G mutant strain.

Circular Dichroism Spectra and Determination of thg K
for Dethia-AcCoA from the Ternary Complexes of-CS
OAA-Dethia-AcCoA. Previously (Kurzet al., 1992a), we
have observed large changes in the 2300 nm CD
spectrum upon formation of CS complexes with CoA
analogs. The largest changes occur near 260 nm in the
region of the CoA adenine absorbance. The relatively intense
near-UV transition adenine absorption is subjectutou
coupling with protein aromatic residues intensifying its very
small intrinsic CD signal. For CS, the type of changes

sequence for mature CS. Total amino acid analysis was alsapserved appear to be roughly characteristic of the binary

as expected for mature CS.

For further expression of the WT protein, and of all
mutants, strain W62§al7 was used. This strain carries a
point mutation ingltA, the gene foE. coli CS, and has less
than 5% of the activity found igltAtstrains as determined

3To conserve the amount of dethia-AcCoA used for these measure-

ments, successive additions of enzyme were made until a satisfactoryt
{

exchange rate was obtained, resulting in some ambiguity as to the exac
starting point of the measurement. The best zero time point was
therefore determined by the regression analysis of the data.

or ternary nature of the CoA analog complex, with the largest
changes occurring with ternary complexes. Figure 3A
compares high-wavelength UV CD spectra for-G3AA ,
CS—OAA—dethia-AcCoA, CS OAA—propionyl-CoA, and
CS-OAA—CMCoA. These changes may be used to mea-
sure the dissociation constants of the CoA analogs as
described previously (Kurat al., 1992a). Figure 3B shows
he titration of the WT enzyme with dethia-AcCoA. The
solid line is calculated from the results of nonlinear regression
analysis of the data as in Kuet al. (1992a). They values
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Table 1: Properties of Ternary Complexe$ CoA Analogs with Citrate Synthase

analog structure Kg (uM) Kesxch (Min~1) Keat (Min~2)
AcCoA o OAA, 5°¢ none 7000
CHsCS—
(9-malated >1 mM 8x 107° nd
propionyl-CoA o) 5be 324 (pro-S 0.29
CH3CH2gS — proton}
acetonyl-CoA 0 1.04h 1.54h no product detected
CH3CCH,S —
dethia-AcCoA o 2.3 1573 no product detected
CHsCCH, —
dithia-AcCoA® s 53 8 and 32 0.024
CHggS —
(pH 7.5) (pH7.9and 7.2) (pH 7.5)
CMCoA o 0.023 na na
HO—CCH,S —

aThe ternary complex is the analog with E6AA except where it is CS(S)-malate.? Weidman and Drysdale (197K, ¢ Kurz et al.
(1992a).c Eggerer (1965)f Wlassics and Anderson (1989)Exchange rate constant calculated from the data of Srere (1967) at 1 Bprivalate
and 190 mM AcCoA. It proved impossible to saturate the WT enzyme with either malate or AcCoA (Eggerer, 1965), so comparisons of WT and
mutants would have an unknown contribution from the likely differences of affinity of AcCoA and malate for the various pfoféi@grotons
of the methylene between the carbonyl and the sulfur exchange rapidly and nonenzymatieaynot applicable.

Table 2: Dissociation Constants, Exchange Rate Constants for In ord_er to Investigate Whethe!’ a bound condensation
Dethia-AcCoA, and Turnover Numbers with the Natural Substrate ~ product is actually made, we obtain&€ NMR spectra of
AcCoA for OAA Complexes of WT and Active Site Mutants solutions of [213C]JOAA—CS (carbonyl label) and dethia-
enzyme KE(UM)  kexen(min™D)  KACOA (min-Y) AcCoA. If dethiacitryl-CoA were produced, we would
expect a new resonance to appear close to that of@e

X\gcmA site mutants 23 1573 3300 OH of citrate. Figure 4A is the natural abundance carbon
D375E 0.49 27 10 spectrum of citrate showing that the alcohol carbon resonates
D375G =0.01 =0.02 o at 75.21 ppm Figure 4B shows the spectrum obtained from

o A%Ziztleemutants 19 0.35 1.0 a mixture of CS binary and ternary complexes. (The solution
H320G 9.0 0.76 12 contains<40% of the binary CSOAA and >=60% of the
H320Q 14.0 1.12 33 ternary CS-OAA—dethia-AcCoA complexed. The OAA
H320N 10.43 0.16 1.4 carbonyl in the ternary complex resonates at 206.2 ppm, close

aDetermined by CD titration of the enzym©AA complex with to the value obtained in the complex with the intermediate
dethia-AcCoA.? In 50 mM potassium phosphate/D buffer at pD 7.9 analog CMCoA and higher than that observed with another
used for the exchange reactions, kaevalue for all the enzymes was  ketone substrate analog, acetonyl-CoA. The signal from the
found to be reduced about 2-fold from the value found under standard binary complex in this spectrum which is present at a
conditions.c See text. . o

concentration of about 0.3 mM demonstrates the sensitivity
) o ) of the method. The binary CSOAA and ternary complex

for dissociation of dethia-AcCoA from the OAA complexes  gpectra from a higher-concentration experiment, 2.5 mM, are
of the normal and mutant CS are reported in Table 2. shown in parts D and C of the figure, respectively. The

Search for a Condensation Product with the Carbon sojution for this experiment contained previously observed
Spectrum of Ternary Complex of ER-'*CJOAA-Dethia-  contaminants. The G-10 column routinely (Kuet al.,
AcCoA. The acidity of the methyl protons of the ACCoA  1992a,b) used to purify the binary complex was slightly too
thioester should be about the same (or even slightly less)small for the higher concentrations of this experiment, and
than that of the methyl ketone analod@~ 20; Amyes &  contaminants of the OAA preparation are evident as sharp
Richard, 1992). It would seem reasonable then to expect(unbound) lines near 201 and 75 ppm (labeled “X” in the
the enzyme to catalyze condensation of the methyl group of spectra). The size of the contaminant peaks already present
the dethia analog with OAA as well as it does with ACCOA, in the binary Comp|ex remains unchanged in the ternary
although the resulting dethiacitryl-CoA would not be hy- complex. The absence of a new resonance in the vicinity
drolyzable. In accord with the known tight binding of citryl-  of 75 ppm in the ternary complex with dethia-AcCoA

indicates that no appreciable amount of dethiacitryl-CoA is

O 00 formed. We estimate that less than 5% of thé J2JOAA
CoACHchHz—Cf—OH carbonyl carbon is converted to an alcoholic carbon in the
C‘)HZ ternary complex with dethia-AcCoA.
Co0’
dethiaCitryl-CoA 40AA is slowly lost from the CSOAA binary complex. The

appearance of pyruvate from the decarboxylation of OAA released from

CoA (Petterssonet al, 1989; Kurz et al, 1995), the the binary complex becomes increasingly evident as time passes. (On
A " - ’ ’ the other hand, the OAA in ternary complexes is stable for months,
dethiacitryl-CoA product might not be released from the ,ige infra) As a consequence, some of the concentrations of species

enzyme into solution. in NMR samples are only semiquantitative.
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Ficure 5: Methyl region of the proton spectrum of dethia-AcCoA
as a function of time in the presence of citrate synthase. With 0.87

Binary Complex mM dethia-AcCoA, 0.6 mM OAA, and 0.016M CS, in 50 mM
2.5mM KPOQO, at pD 7.9. The initial spectrum was taken before adding OAA
D x and CS. The final spectrum was obtained in a separate experiment
. Z with 4 uM CS. Low-molecular weight contaminants between the
%0 1% o s o ) reference and ketone methyl peaks are apparent in spectra of
ppm solutions containing OAA and enzyme. The size of contaminant

L ) ) peaks does not change with time. (bottom) Partial structure of
FiGURE 4: 3C-NMR spectra of citrate and the binary and ternary - dethia-AcCoA showing the reference and exchanging methyl
complex of citrate synthase with [2€]JOAA and dethia-AcCoA: rotons.

(A) 0.5 M citrate (spectrum at natural abundance), 1000 transients;
(B) CS—[2-1°%C]OAA (~0.3 mM), CS-[2-13C]|OAA—dethia-Ac-
CoA (0.5 mM), 30 000 transients (15 h); (C) ER-13C]JOAA—
dethia-AcCoA (2.5 mM), 36 000 transients (18 h); and (D)-CS
[2-13C]OAA (2.5 mM), 13 000 transients (6 h). Other conditions
are described in Materials and Methods. The sharp resonances 07
marked with an X are contaminants of the OAA preparation.

0.9 §
: k , =2.10%0.02 x 10°° min"'
obs

No changes with time could be detected in these ternary 05t RNy
complex spectra even after storing the samples for 4 weeks g e ]
at 4 °C, demonstrating the absence of slow formation of 0.3 - ‘ ‘ ]

time (min.)

Sovent Exchange ofthe Methyl Protons of Dethia-AcCoA FIGURE 6: Determination oky,sfor exchange of the methyl protons
C.atalyzed by Citrate Syntha:_se and Single-Site I\/lljtams'with solvent deuterons catalg)/szed by H32%G. With O.96¥nﬁ/l dethia-
Figure 5 shows the methyl region of the proton spectrum of Accoa, 1.0 mM OAA, and 8.8:M H320G.
dethia-AcCoA as a function of time after the addition of
OAA and WT to the solution. The two methyl resonances p|SCUSSION
on the right of the spectrum are the pantothenate methyls,
while the sharp peak on the left is the ketone methyl. As  New E. coli Expression System for Pig Citrate Synthase.
exchange occurs, notice the appearance of isotope-shiftedAlthough previous attempts to express the mature CS protein
protons in the ketone methyl corresponding to dethia-AcCoA with its correct N terminus were unsuccessful, it was readily
containing first one (10 and 31 min) and then two deuterons synthesized in this expression system. Each mutant gene
(shoulder visible at 58 min). Finally, the proton signal has been reanalyzed for its optimal induction conditions and
disappears when exchange is complete as shown in the topts level of solubility. We have now been able to obtain
spectrum. Figure 6 shows the progress curve obtained forlarge amounts of recombinant protein from six different
exchange catalyzed by H320G. The solid line is the mutant CS genes.

nonlinear regression fit to eq 1. It is somewhat surprising  |nternal Equilibrium Constant of the Condensation Step.
that there is so little evidence of deviation from first-order |, solution, the overall favorable equilibrium for the citrate

(as a consequence of the reduction of the statistical faCtorsynthase reactiorkgg~ 1 x 10° at pH 7 and 38C; Stern

and of the presence of a secondary isotope effect) as they 5 1952: Guynret al, 1973) is thermodynamically driven
dethia-AcCoA becomes more highly deuterated. by the favorable free energy change for the hydrolysis of
Exchange rate constants for WT and several single-sitethe thioesterfeq~ 1 x 10° M at pH 7 (Guynnret al., 1973)
mutants are given in Table 2 and compared to the turnoverfor acetyl-CoA hydrolysis]. In solution then, the value of
numbers K5, for reaction with AcCoA under the same  the equilibrium constant for the condensation reaction must

experimental conditions. be about 1 M1
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On the enzyme, the reaction takes place with the direct differences in their CD spectra, it is clear that differences
product of the condensation reaction, citryl-CoA, remaining must exist in the structures of these complexes. Whether
bound to the enzyme as an intermediate. Citryl-CoA is these structural differences can be translated into an under-
hydrolyzed in a step subsequent to the condensation. (Eg-standing of their differing properties and reactivities will have
gerer & Remberger, 1963; Srere, 1963). Extrapolation of the to await a determination of their X-ray structures. Unfor-
free solution thermodynamic data to a convincing estimate tunately, attempts to obtain crystals of the dethia-Ac€oA
of the values for the enzyme internal equilibrium constants OAA—CS complex have so far been unsuccessful (S. J.
for either condensation or hydrolysis steps is not straight- Remington, personal communication).
forward. For the condensation, the difference in molecularity ~ Suitability of Dethia-AcCoA as a Probe of Factors
between the enzyme bound versus the free solution reactionAffecting Catalysis of Proton Transfer from AcColinder
could conceivably lead to a large factor favoring condensa- the conditions used for its measurement@D phosphate
tion in the enzyme-bound reaction. The costly entropy buffer, and high dethia-AcCoA concentrations), the value
requirement to bring AcCoA and OAA together in the correct of kexh for the dethia analog is within a factor of 2 of the
orientation to react has presumably already been paid invalue ofk.;: measured under the same conditions (Table 2).
binding energy (Jencks, 1975). However, changes from free While the enzyme catalyzes proton exchange with a number
solution values for the activities of water and other species of other CoA analogs (Table 1), none is as active as dethia-
which participate in the reactions in the active site are AcCoA. The next best analog is the poor substrate,
difficult to estimate. Using the partitioning of citryl-CoA  propionyl-CoA, whosero-S proton exchanges abotit as
between reversal of condensation and hydrolysis, as well asfast. Note the extremely slow exchange rate constant for
measured kinetic constants for the citrate synthase reactionanother ketone CoA analog, acetonyl-CoA, which differs
Petterssoret al. (1989) estimated an internal equilibrium from dethia-AcCoA by the additionfoa S atom. The
constant of 0.74 for the condensation step. Indeed, theexchange rate for AcCoA itself obtained with the OAA
requirement of balanced internal equilibria for optimized analog, §-malate, is slower still. Taken together, these data
catalysis (in which the internal equilibrium constant ap- illustrate the sensitivity of the exchange rate constant to the
proaches a value of 1.0) would seem to be easily obtainabledetails of the interactions within the active site.
for the condensation step of citrate synthase (Burbatim For dethia-AcCoA, the lack of any significant reaction but
al., 1989). exchange eliminates many of the complications of interpreta-

Thus, our failure to find any detectable condensation tion. For example, AcCoA exchange catalyzed by the-CS
product for the dethia (ketone) analog seems unexpected orOAA complexes depends upon the actual proton transfer and
theoretical and experimental grounds. However, the reac-its reverse, the release of the exchanged substrate, and the
tions catalyzed by citrate synthase are sensitive to stericrate of further reaction of the intermediate to give products.
factors (some examples are the poor activity of propionyl- This complication is well illustrated by the results for the
CoA and the failure oéi-keto acids other than OAA to serve  WT enzyme where no exchange can be detected in the
as substrates). The difference in bond lengths and anglesmethyl group of AcCoA but easily measured exchange is
between the €S—C of the natural thioester substrate and evident in the methylene of citrate derived from the methyl
the C-C—C of the ketone analog may cause the “effective of AcCoA (Marcus & Vennesland, 1958; Myers & Boyer,
concentrations” in the analog complex to be too low to 1984) (AcCoA and citrate exchange data for the mutant
observe reaction. In addition, chemical factors favor the enzymes will be reported in a subsequent publication).
reactivity of the thioester enol(ate) over the corresponding Presumably, the exchanged AcCoA reacts before significant
species from the analog. The greater acidity of the ketone amounts can be released back into the solution. While we
methyl protons (Amyes & Richard, 1992) is likely to be cannot rule out a small amount of condensation of OAA with
accompanied by a decrease in the nucleophilicity of its dethia-AcCoA, its presence will not complicate our conclu-
conjugate base in comparison with that from the thioester, sions in any major way.
and the presence of the polarizable sulfur atom in the Interpretation of the Specific Rate Constant for Exchange
thioester enol(ate) will increase its reactivity over that from in Terms of Rate Constants of Elementary Stephe
the ketone even further (Jencks & Carriuolo, 1960). One exchange of the methyl protons of the dethia-AcCoA analog
or more of these factors must outweigh the greater concen-is the consequence of three processes as indicated in Scheme
tration of enol(ate) present in the ketone analog complex. 1: (1) binding of the analog with the enzyme, (2) proton
The foregoing arguments concerning the forward rate for transfer to and from the active site base, and (3) exchange
condensation might reasonably be applied to the correspond-of the proton of the active site base with the bulk solvent
ing equilibrium constant as well. (D20). For a three-site exchange, it is not possible to write

Figure 3A compares the high-wavelength CD spectra of a simple expression for a first-order rate constant in terms
three ternary complexes of E®AA with CoA analogs: of the rate constants for these three processes because the
dethia-AcCoA, propionyl-CoA, and CMCoA. The primary statistical factor changes with time. In addition, derivation
origin of these signals lies in the CD induced in the nonchiral of simple expressions also requires that the dissociation rate
adeninechromophoredide suprd. The protein side chains  constant for substrate and product (exchanged substrate) be
of tyrosine and phenylalanine also contribute to the signal rapid, i.e. that binding is adequately described as a prior
in this region. The CSOAA—CMCOoA complex is an equilibrium. If this is not the case, multiple exchanges could
analog of the reactive eneknolate intermediate complex occur as a consequence of a single binding event. For low
(Kurz et al, 1992a,b). The CSOAA-—propionyl-CoA extents of exchange, limited to a single site, simple expres-
complex is a stable ground-state complex, although it is sions are possiblevide infra).
competent for condensation because methyl citrate is slowly Assuming normal association rate constants for dethia-
produced (Weidman & Drysdale, 1979). As shown by the AcCoA, the description of binding as a prior equilibrium
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seems valid (Table 2). At saturating concentrations of D375 is almost certainly the base that removes the proton
substrate analog, the equilibrium constant for the binding from AcCoA in the condensation reaction (Figure 1).
step Kp in Scheme 1) will not appear in the expression for However, Maret al. (1991), in their study of the Glu mutant
the rate constant for exchange. The values of the dissociatiorof the residue corresponding to D375 in taecoli enzyme,
constants (Table 2) of the analog from all the enzy®&A suggested that the primary role of D375 is in the hydrolysis
complexes in this study indicate that concentrations are closereaction and that H274 is the base removing the methyl
to saturating for all the NMR exchange experiments. proton. While we have also confirmed the importance of
First consider the common assumption [as in Wlassics andD375 for the hydrolysis reaction of the pig heart enzyme
Anderson (1989)] that the exchange of the proton extracted(L. C. Kurz et al., unpublished results), the low value of
by the active site base with protons in the bulk solvé@at (  kexen (Table 2) for the D375E mutant also affirms the

in Scheme 1) is very fast. In this case, importance of this residue to the condensation reaction.
X H274 is also important as indicated by the low value of
oveh = Ky (3) kexchObtained for H274G. The X-ray structures of both-€S

(9-malate-AcCoA complexes (Karpusast al., 1991) and
by inspection. Thus, if bulk solvent exchange of the CS-OAA complexes with the enelenolate analogs, CMX
transferred proton is fast, a comparison of the specific and CMCoA (Usheet al., 1994; Karpusast al., 1990), show
exchange rate constants for different mutants is a directa hydrogen bond between the carbonyl oxygen of the AcCoA
comparison of these enzymes’ abilities to catalyze proton analog and the H274 ND1. The H274 imidazole side chain
transfer from the methyl carbon of the analog. lies at the amino terminus of a longhelix (positive end of
To obtain the other limit, we can make the steady-state the macrodipole) and furthermore the hydrogen bonding
assumption for the enzyme-bound intermediates in Schemepattern strongly suggests that the side chain is neutral in these

1, obtaining for the initial velocity of exchange complexes. This unusual interaction has led to the suggestion
K that there may be actual proton transfer to generate an
diPl/dt _ ons _ kik_pke (4)  AcCoA enok-imidazolate intermediate. Whatever the reso-

[Eq] X (ke + Koy + ky(ke + kop) lution of these controversial proposals, this interaction is
clearly functionally important.

In this limit, ke < k-p and k_y (which, incidentally, is While we have categorized H274 as primarily an AcCoA

required for the validity of the steady-state approximation, site residue, it also interacts with the OAA site as is apparent

since the concentration of the intermediate linked by the in structure (Wiegand & Remington, 1986) and solution

irreversible steps described By andk_p must be low) so studies (Kurzet al., 1992b). NMR evidence for two forms

that then of the binary OAA-H274G complex is found in solution.
The ternary complex with CMCOoA in this mutant fails to
bs _ kike ) show both the change in th€C chemical shift of the
eh ko, + ky carboxylate carbon of CMCoA which accompanies the

formation of the short hydrogen bond present in the wild-
If the equilibrium constant for formation of the activated type enzyme ternary complex and the chemical shift change
intermediate is sufficiently unfavorable (which is likely) so of the OAA carbonyl carbon which signifies its polarization.

thatk_y > ky, then the expression simplifies further to If both AcCoA site residues are important, which is the
catalytic base? We reason that removal of the catalytic base
obs _ ﬁkc ©) should have a more deleterious effect on the enzyme than

<h™ kK, removal of a residue primarily involved in hydrogen bonding

interactions with substrates and intermediates. H274G has

In this case, comparison of the values of exchange ratemeasurable activity, while we have been unable to convinc-
constants for different mutants is a comparison between theingly demonstrate citrate synthase activity with D375G.
product of the rate constant for the exchange of the removedD375G actually shows a greater rate in the standard DTNB
proton with bulk solvent (presumably limited by the rate of assay in the absence of OAA than it does in its presence.
the open/closed conformation change) and the equilibrium (This result could indicate either a substrate-induced protec-
constant for formation of the intermediate. tion of the protein’s reactive sulfhydryl or a misdirected

Thus, if we can successfully argue in any case either thathydrolysis of AcCoA.) We are unable to distinguish these
kc is not kinetically significant or that it is not greatly possibilities from the naturally occurring reaction. The
changed by a given mutation, then a comparisok.gf, for protein concentrations required to observe a rate are too high
different mutants compares either the rate constant or theto use the disappearance of the thioester absorbance (233
equilibrium constant for formation of the conjugate base of nm) and the rate too slow to demonstrate product formation
the dethia-AcCoA carbon acid. by either enzymatic or radiochemical methods (L. C. Kurz

AcCoA Binding Site Mutants D375E and H274Gf the et al, unpublished). The high affinity of D375G for the
two conserved AcCoA site residues, H274 and D375, early substrates, as well as for the intermediate-state analog,
workers suggested (on the basis of consideration of free CMCOA, has been reported previously (Kutzal., 1992b).
solution reactivities and early X-ray structures) that the It seems most likely then that D375 is the base in the citrate
imidazole side chain of H274 was likely to be the base synthase condensation reaction as indicated by the crystal
participating in proton transfer from the methyl of AcCoA studies. As would be expected for removal of the catalytic
and that D375 plays some other role (Wiegand & Remington, base, the exchange reaction for D375G is barely detectable
1986). However, later crystallographic studies (Karpuetas (Table 2) and the slight rate observed may be a consequence
al., 1990, 1991) indicated that the carboxylate side chain of of nonspecific catalysis.
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OAA Binding Site Mutants H320X.H320 forms a CD in the adenine chromophore similar to but not identical
hydrogen bond with the carbonyl of OAA (Wiegaedal, to those of WT ternary complexes with CoA analogs (data
1984). H320 is also thought to be the source of the proton not shown). Thé3C resonance of the carboxyl of the enol-
of the alcohol of citrate (Wiegand & Remington, 1986). (ate) analog inhibitor moves from the fast to slow exchange
Polarization of the carbonyl of OAA, increasing the positive regime (irrespective of any change in the value of its
charge density at the carbon, is an essential part of thechemical shift) upon formation of the ternary OAZMCoA
catalytic strategy of citrate synthase. By increasing the complex from the binary CMCoA complex (Kurat al.,
electrophilicity of the carbonyl carbon, the enzyme increases 1995, unpublished). Recent low-angle neutron scattering
its reactivity toward condensation with the nucleophilic center experiments (S. Hendersaat al., unpublished) show that
generated in the methyl carbon of AcCoA (Kuatzal., 1985; H320G undergoes a reduction in its radius of gyration
Kurz & Drysdale, 1987). Substitution of glycine for histidine consequent to formation of its OAACMCOA ternary
at this position results in an enzyme unable to polarize the complex similar in magnitude to that shown by the WT
carbonyl of OAA (Kurzet al., 1995). Replacement of this enzyme. Thus, the structural basis of the failure of H320X
histidine residue with asparagine, glutamine, or arginine also to efficiently catalyze proton transfer from the AcCoA carbon
results in enzymes equally incapable of OAA carbonyl acid will have to be sought in X-ray studies of these mutants
polarization (L. C. Kurzet al., unpublished). and their various complexes.
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