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ABSTRACT. This work reports the relative importance of the interactions provided by three catalytic residues
to individual steps in the mechanism of citrate synthase. When the side chains of any of the residues
(H320, D375, and H274) are mutated, the data indicate that they are involved in the stabilization of one
or more of the transition/intermediate states in the multistep citrate synthase reaction. H320 forms a
hydrogen bond with the carbonyl of oxaloacetate and the alcohols of the citryl-coenzyme A and citrate
products. Enzymes substituted at H320 (Q, G, N, and R) have reaction profiles for which the condensation
reaction is cleanly rate determining. None of these mutants can activate the carbonyl of oxaloacetate by
polarization. All these mutants catalyze the necessary proton transfer from the methyl group of acetyl-
coenzyme A only poorly, a process which occurs in a structurally separate site. Furthermore, all H320
mutants hydrolyze the citryl-coenzyme A intermediate significantly more slowly than does the wild-type.
D375 is the base removing the proton of acetyl-coenzyme A. D375E and D375G have greatly diminished
ability to catalyze proton transfer from acetyl-CoA. The D375 mutants polarize the oxaloacetate carbonyl
as well as wild-type. For D375E, the hydrolysis of citryl-CoA is rate determining. D375G, having no
side chain capable of acithase chemistry in either the condensation or hydrolysis reactions is nearly
completely devoid of activity in any of the reactions catalyzed by the wild-type. H274 hydrogen bonds
to the carbonyl of acetyl-coenzyme A but also forms the back wall of the oxaloacetate-binding site. H274G
cannot properly activate either oxaloacetate or acetyl-coenzyme A, and the condensation reaction is
overwhelmingly rate determining. Nonetheless, hydrolysis of the intermediate is impaired. All the enzymes
except H320R and H274G show kinetic cooperativity with CitCoA as substrate, indicating changes in the
subunit interactions with these latter two mutants. The energetics of citrate synthase are surprisingly
tightly coupled. All changes affect more than one step in the catalytic cycle. Within the condensation
reaction, the intermediate of proton transfer must occupy a shallow well between transition states close
in free energy so that perturbations of one have substantial effects on that of the other.
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of particular residues to particular steps in the mechanism.
However, the general picture is that the energetics of the
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active site of citrate synthase are tightly coupled; no amino
acid functional group change was found to effect only one

A His274 24 A
26A CMX
part of the catalytic cycle.

OAA MATERIALS AND METHODS
294 Enzyme3. Crystalline citrate synthase from pig heart was
obtained from Sigma Chemical Co., St. Louis, MO. Cloned
enzymes were prepared as described inl@ef
His320 Substrates and Inhibitors[2-13C]OAA was prepared as
described in reR, CMCoA and [133C]CMCoA according

B His274 ASp3TS to ref 14 with modifications as described previousRB),(and
)ﬁJ CitCoA as in ref 15, For experiments which required
@;ﬁ: ? CitCoA in D;0, the final G-10 desalting column was run in
1 mM DCI.
Kinetic Methods and Substrate Concentratiomsbsor-
Citrate CoA bance data were collected using a Cary 3 spectrophotometer
29 A at 20 + 0.1 °C. Concentrations of AcCoA, OAA, and
CitCoA were measured enzymatically using CS. Citrate
synthase activityd6) with the normal substrates, OAA and
His320 AcCoA, was monitored through the reaction of the sulfhydryl
product, CoA, with DTNB producing TNB which absorbs

at 412 nm § = 14.1 mM*! (17)] or by AcCoA-OAA

FicurRe 1: (A) Active site of citrate synthase from the structure of disappearance which was monitored at 233 i £ 5.4
the CMX and OAA complexJ). (B) Active site of citrate synthase mM-1 (18)]
from the structure of the CoA, citrate comple).( .

Asp375

With CitCoA as substrate, three different assays have been

All the chemical steps of the catalytic cycle appear to occur €MPIloyed as indicated in the description of individual

in the absence of bulk solvent. In this work, changes have experiments. The concentrations of thioesters (ACCOA/

been made in three active-site residues, which are conserved!lCOA) are monitored directly through tlhe characteristic
in all known citrate synthase&{): H320, D375, and H274. absorpuonf at 226 nr|T1A[e = —4.96 mM™ (15)]. CoA
The interactions of these residues with OAA (substrate) and producedl rom hydrolysis is monitored at 412 nke(=
CMX [an enol(ate) analog] are shown in Figure 13),(and 14.1 mM™1) through reaction of its sulfhydryl with the th|c_>l
those with citrate and CoA (products) are shown in Figure reagent, DTNB 17). OAA prpduced fro_m clea_vag_e IS
1B (8). From the structural studies (r&fand references reduced to malate by cMDH with concomitant oxidation of

therein), these three residues are representatives of thre&/APH (Af - _6'2? mM™). . ]
classes. H320 is a residue of the OAA-binding site, forming N €xperiments with a transient phase, progress curves with
a hydrogen bond with the carbonyl of OA,(9) and the C_lth_)A as substrate were collected either using a rapld
alcohols of the CitCoA intermediat@)(and citrate product ~ Kinetics spectrometer accessory (model RX 1000, Applied
(8). D375 is a residue of the AcCoA-binding site and the Photophysics) for the Cary 3 spectrophotometer or an
base removing the proton from the methyl group of AcCoA Applied Phot(_)physms stopped-flow spectrophotometer (model
leading to the formation of the enol(ate) intermedi&e§, SFMV12) usig a 1 cmeell thermostated at 2€C.

12) Structural Studies& also Suggest a role for D375 in Circular Dichroism Spectra and titration data were
the hydrolysis of CitCoA. Partial reaction of CoA-SH and collected and analyzed as previously descril®d (

D375 to form aspartyl-CoA might occur in crystals; the ~ **C NMR *3C spectra at 10C were obtained at 150.7
unexplained electron density which lead Remington to this MHz using a Varian Unity 600 spectrometer or at 125.7 MHz
conclusion is indicated by a question symbol in Figure 1B. using a Varian VXR-500 spectrometer both equipped with
H274 is classified as a residue of both substrate sites. Ita 5 mm multinuclear probe. Proton-decoupled spectra were
forms a hydrogen bond with the thioester carbonyl of AcCoA obtained using Waltz decoupling. The sample buffer was
(and presumably that of CitCoA) and with the AcCoA- 50 mM Tris-Cl and 1 mM EDTA, pH 7.50, and included
derived carboxylate of citrate after hydrolysis of the thioester 25% DO (for internal lock) and 0.15 M acetonitrile (as
intermediate §). Space-filling structures reveal that this internal chemical shift standard). Other details were as
residue is in contact with the OAA methylene and forms described previously2j.

the back wall of the OAA-binding site6f. H274 is also a Proton NMR. Proton spectra were obtained at 500 MHz
“hinge” residue; undergoing large changes in backbone using a Varian Unity-Plus 500 spectrometer equipped with
conformational angles during the course of the conforma- a 5 mm reverse-probe (Nalorac, Martinez, CA). Residual
tional transition from open to closed forrh1). In this work, water signals were suppressed using transmitter presaturation
we report results from several physical and kinetic studies (continuous wave decoupling centered on the water fre-
which allow a better definition of the roles of these residues

and which point the way to further experiments. Ithasbeen 2gnzyme concentrations are given in terms of active sites (not the
possible to assign a greater importance of the interactionsdimer).
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gquency) during the delay between acquisitions. Spectra werefor an additional 23 h and then assayed to determine the
collected at 25C with a 90 pulse, and the delay between correct amount to add to experiments.
acquisitions was set to at least five times Thevalue of the The AcCoA exchange reactions (total volume of 6 mL)
slowest relaxing proton of interest. A few spectra were were run at room temperature in 20 mM Tris DCI, pD 7.9.
collected at 600 MHz to improve quantitation of isotope OAA, AcCoA, and DTNB concentrations were 150, 100,
shifted resonances in solvent-exchange experiments. and 250uM, respectively. CS concentrations were varied
Sobent Exchange of the Methyl Protons of AcCoA. to allow the reactions to run to completion in-260 min.
Enzyme samples for all exchange experiments were ex- Exchanges of solvent protons unto the methylene of citrate
changed into the buffer for the experiment, 50 MM KO yith CitCoA as a substrate were measured under two
pD 7.91in 99.9% O (low paramagnetic content, Cambridge  conditions. In all cases, the overall reaction, net citrate
Isotopes), by a minimum of five cycles of concentration production, was made irreversible by including DTNB in
(<0.5 mL) and redilution £3 mL) using centricon-30  the reaction mixture. The first condition has only DTNB
(Amicon) centrifugal concentrators, which were exhaustively (250 M) trapping so that any OAA released after CitCoA
prerinsed to remove the glycerol storage solution. (75 uM) cleavage also eventually ends up as citrate. The
For enzymes with relatively rapid exchange kinetics, the second type of experiment includes cMDH ) and
fraction of AcCoA methyl protons exchanged was calculated NADH (115 M) to capture and reduce any OAA released
from the ratio of the integrated areas of the acetyl-methyl after cleavage of CitCoA.
resonance at 2.35 ppm to the pantothenate methyl resonance Upon reaction completion as indicated by 412 nm absor-
at 0.85 ppm. This ratlo. was corrected for the ACCoA protons bance, the solution was shaken with an equal volume of cold
lost because of reaction. Oxygen was excluded and theqy, o 6torm to denature the protein and stop any further
solutions were argon saturated to improve accuracy of COA 5ction, The layers were separated and clarified by
determinations. Assays for loss of AcCoA were conducted entrifugation. The top yellow aqueous layer was applied
on the same samples to provide an independent measure b a column containing 2.5 mL of AG 1-X8 (Clform)
the extent of reaction and agreement was7%. FOr — ,hi5n exchange resin (Bio-Rad) followed by 20 mL of water.
enzymes with low levels of exchange compared to the 1o column was rinsed with 20 mL of 10 mM HCI, and
reaction rate (WT, H274G, H320Q), improved accuracy Was fina|ly citrate was eluted with 50 mM HCI. The first 9 mL
%lggngdsﬁﬁe?eniz‘:ﬁ'qg ;Zek ig‘:\?;:\aigceox‘gth délunt]:ril?;ﬂ(]z of eluent was collected, lyophilized, and redissolved in 150
tri Ie? sincel = 1 for D))/ FI)Extents of reac?ion were analyzed ﬂ-L o f wa.lter.. Citrate poncentratlong were measured using a
p . y citric acid kit (Boehringer Mannheim) based on detection

as before. ) _ ) ) of the conversion of NADH to NAD in the presence of
AcCoA (Sigma Co., St. Louis, MO) was dissolved in a jirate lyase and cMDH.

Z?tlg:I(t)r?eczg?gxnv?/;so;s]yaOe?jAelrr]]zS?nrz;,i\galTl[P%n%lI)cz2£:en- Mass Spectrometry of Citrate Sampldsor isotope ratio
Y y y determination by mass spectrometry, the agueous samples

f/rc?ltljlcr):ecz!\%sjsttg d7w?hMt)),uf?2rZy¢ﬁev;ifuggg$gma£ﬂetgir:ggarl were dried under a stream of nitrogen and the carboxyls
! X esterified by incubation at 68 for >5 h with 50uL of 2.5

argon gas at all times. At each time point, an aliquot was M HBr in n-propanol. An aliquot of the derivatization

removed from the reaction tube, rapidly diluted 7-fold with ; uti L ixed with al L (ul) f
buffer, and immediately centrifuged in a prerinsed centricon- reaction solution (@ )_Was mixed with glycerol (L) for
' spectrometric analysis. Fast atom bombardment (FAB)

30 to separate enzyme from the sample. The filtrate was .
analyses were performed by a VG ZABE double-focusing
assayed for CoA and AcCoA and the rest of the sample was oo spectrometer coupled to an Opus 3.2 data system. An

immediately frozen in liquid nitrogen for later NMR analysis. lon Tech FAB gun was operated at 8 kV (1 mA) with Xe as
The extents of reaction and exchange were kept below 20% .

N ) . . the bombardment gas. For each analysis, 12 scans (from
to minimize the effects of multiple exchanging sites. Data 250 to 400 D I d and sianal d Th
were analyzed as plots of fraction exchange vs fraction to 4 a) were collected an  sighal averaged. €
reaction. This is equivalent to measuring the ratio of the positive-ion FAB mass spectrum of tiispropy citrate gives

' d ) 9 a major MH" at 319 which exhibits & 50-fold increase in
exchangeaate to the reactiorrate. S . h Ve ion FAB
Sokent Exchange into the Methylene of Citrate with sensitivity in comparison to. t. € nggat|ve lon > Mass
ACCOoA and CitCoA as SubstrateEhe exchanae of solvent spectrum of underivatized citric acid. After correcting for
9 natural abundance, the deuteration of the citric acid can be

d?g\fgggse)'gtﬁa;hee rgitrgli?nn:n%f&?iihwsiio?igge ?ostc;: theeasily measured from integration of the areas of the deuter-
P 4 9 P P ated citric acidn-propyl estersdy, ds, d, starting fromd,-
exchange into citrate from deuterated AcCoA). For low OAA; do, i, db, ds, ds Starting fromdy-CitCoA). A sample

Z)gfo nt: g;fgétcshgggeég\tlsi:\;o'g;?; gi?((:gt ?ornﬁogr?scgr?r:/v];?r: of authentiad,-citric acid (C/D/N Isotopes, Inc.) showed no
P P loss of deuterium when subjected to this procedure.

data obtained from exchanges starting with CitCoA as
substrate (CitCoA was not conveniently deuterated). The ResyLTs

OAA was preexchanged before use in the citrate synthase

exchange experiments. OAA (solid, free acid, Sigma) was Kinetic Constants and Inhibitor Dissociation Constants.
dissolved in 0.1 M DCI (final OAA concentration of 10 mMM) Table 1 compares kinetic constants for the mutants with
and allowed to stand at room temperature-39 h, lyoph- substrates AcCoA and OAA along with ternary complex
ilized, and stored desiccated in the freezer. Before use, thedissociation constants for inhibitors, dethiaAcCoA and
OAA, dissolved in 50 mM Tris DCI buffer, pD 8.9 (final CMCOoA, from CS-OAA. Direct measurements of dissocia-
pD close to 7.9), was allowed to stand at room temperaturetion constants are needed in addition to kinetic constants
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Table 1: Kinetic Constants (OAA and AcCoA) and Inhibitor Dissociation Constants (dethiaAcCoA and CMCoA) for Mutants in Three
Catalytic Residues of Citrate Synthase

enzyme KgAA (/,{M) KrAncCOA (/,{M) kca((mil’rl) ngthiaAcCoA(luM) K;:MCQA (,uM)
WT 5.9 5.12 7500 2.3 0.0z
OAA Site
H320Q 85 126 37 ™M 0.6
H320G 43 8% 16t 9P 0.2
H320N 38 27 2.2 10 0.03
H320R 8 5 0.03 17
AcCoA Site
D375@ no reaction <0.0P <0.003
D375E 0.5 0.7 14 05 1.9
OAA/AcCoA Site
H274G 35 5.4 19 20 9.4

aRef 15. P Ref 13. ¢ Ref 2. 9 Ref 1. ¢ We failed to find convincing citrate synthase activity for this mutafef 41. 9 Our preparations of this
mutant have less activity than reported in #df " The low activity of H320R required use of high protein concentrations which results in an
unacceptably high blank rate as a consequence of DTNB chemical modification of the protein. Thioester disappearance at 233 nm was used to
measure activity.

because of the possibility that the latter are complex functions al A |

of the rate constants for elementary steps. The ground-state

analogue of AcCoA, dethiaAcCoA, can undergo enzyme- 2 b .

catalyzed exchange of the protons of its methyl grdlg).(

CMCOA is a tight-binding analogue of the enol(ate) inter- Theta o - 1

mediate of ACCoA. oL |
Near-UV (250-300 nm) CD Spectra of Free Enzymes,

Binary Complexes with OAA, and Ternary Complexes with -4 | i

CMCOoA. The near-UV CD spectra of proteins arise from % f : f i }

induced CD in the chromophores of the aromatic amino 4 B q

acids. The specific positions of chromophore side chains
relative to the chiral peptide backbone are the origins of these
signals, and changes in them are sensitive monitors of
conformation. A similar induced CD is frequently observed
for complexes of enzymes with ligands whose chromophores  Theta 2
absorb in this region and may be similarly interpreted.

For CS and its mutants, the spectra of the free enzymes 4
show no significant differences (data not showniffer-
ences between the enzymes become apparent in the spectra

D375E, H274G

of binary and ternary complexes. The near-UV CD spectra 8+ .
of free WT CS as well as its complex with OAA are shown WT. H320aNQ

in Figure 2A. Note the increased intensities of the CD 1040 350 260 270 260 290 300 310
spectrum of the WT-OAA complex below 290 nm. Panel Wavelength (nm)

A also showsthe difference spectréCS-OAA minus CS)  Ficure2: Near-UV CD spectra of CS, binary CS-OAA and ternary
for WT as well as the active-site mutants studied in this work. CS-OAA—-CMCoA complexes. (A) Upper two traces are WT-OAA
Since the keto form of OAA has no chromophore in this 2 e ERe o s &) for WT and ihe mutants,
spectral reglon, thehanges in the. C!D spectrum of the (B) Spectra of ternary CS-OAACMCO0A complexes. Conditions
enzyme which accompany OAA binding are a result of a are as described previousig, (13.

conformation change in the enzym@nly H274G responds

to the binding of OAA like WT, and the small change for = are less than those observed between ternary complexes of
D375E may not be beyond experimental error. The CS- wT with various CoA analogued8). Yet, X-ray structures
OAA minus CS difference spectra for all H320X is close to  of the ligands in these WFCo0A analogue complexe8,(8,

zero; no H320 mutant accomplishes the conformation changeg) are very similar. Therefore, we believe the small

detected by this probe. differences between D375E, H274G, and WT we see here
The CS-OAA-CMCoA Spectra (Figure ZB) for H320G, are not Structura”y Signiﬁcant_

N, and Q are identical to WT. These large CD changes in 14 ternary complex of H320R resembles binary com-

ternary complex spectra are characteristic of the closed formplexes of CS with CoA analogues rather than ternary

of the enzyme2). The ternary complex spectra of D375E  mpjexes1). It is the only mutant so far found to behave
and H274G have a slightly smaller extent. These differences; this manner.

NMR Probes of OAA and AcCoA Agdtions. Table 2

3 We were unable to study “free” D375G. Preparations of this mutant gives the chemical shift information for [B€]OAA and
enzyme contain varying amounts of tightly bound ligands which could

not be removed without some irreversible denaturation with consequent[1-"*CICMCOA (enol(ate) analog) bound to CS binary and
effects on the spectra. ternary complexes; chemical exchange regime (free CMCoA
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Table 2: Chemical Shifts and Exchange Regime (Ternary Complexes)#EJ@AA and [1+3C]CMCoA for Complexes of Three Catalytic
Mutants of Citrate Synthase

enzyme CS-OAA* (ppm) CS-OAA*-CMCoA (ppm) CS-CMCoA* (ppm) CS-OAA-CMCoA* (ppm)
none 199.8 178.1(-C0O0O"), 174.9¢-COOHYy
WT 204.4 206.6 (slow exchange) 1774 175.2 (slow exchange)
OAA Site
H320Q 201.0 202.9 (slow exchange) 177.3 175.6 (slow exchange)
H320G 200.8 202.3 (slow exchange) 176.1 176.1 (slow exchange)
H320N 201.8 202.6 (slow exchange) 177.7 175.4 (slow exchange)
H320R 200.8 200.8 (slow exchange) 177.1 177.1 (not determined)
AcCoA Site
D375G 203.9 206.1 (slow exchange) 177.9 171.6 (slow exchange)
D375 203.0 205.8 (slow exchange) 177.7 173.1 (slow exchange)
OAA/AcCoA Site
H274G 203.0/202.4 203.1 (slow exchange) 177.5 176.4 (slow exchange)

aRef 20. P Ref 2. ¢Ref 15. 4 Ref 1.

ligand exchanging with the complex) is given for ternary with residues in the active site, particularly the one to D375
complexes. rather than to a change in the protonation state of the inhibitor
The chemical shift of a nucleus is sensitive to its electrical (4).* Even in the case of D375G-OAA-*CMCoA with its
and magnetic environment. Thus, resonance position canéxtremely low isotropic chemical shift (shielded by over 6
provide useful information on charge distribution and pro- Ppm compared to the anion in solution), solid-state NMR
tonation state, important factors for understanding mechanismexperiments indicate an anionic carboxylate probably bonded
which are frequently not easily deducible even from high- to a protonated H2744f. Exactly what hydrogen bond
resolution crystal structures. The line widifs)or chemical ~ geometry changes underlie the changes in the carboxylate
exchange regime of resonances is sensitive to dynamicchemical shift (some of which are quite large) in complexes
processes and can provide information on dissociation ratesWwith the mutant enzymes will have to await X-ray structures
environmental fluctuations, and conformation changes. ~ and possibly further solid-state NMR studies. What is clear
Polarization of the carbonyl carbon of OAA is a major IS that unusual forces and geometries are present in this part
catalytic strategy of citrate synthase. By increasing the Of the active site, although how they are brought to bear on
positive charge at the reaction center, its reactivity is catalysis is still obscure.
increased for condensation with the nucleophile derived from CS-Catalyzed Hydrolysis of CitCoA: Partitioning of the
AcCoA. Two experimental techniques have been used to Intermediate Formation of the chemical intermediate (Cit-
detect carbonyl polarization in CS: the large deshielding CoA) almost certainly marks the point at which the enzyme
(6—7 ppm; see WT values in Table 2) of the carbonyl carbon switches from ligase to hydrolase. Although the presence
chemical shift found in NMR spectra of ternary complexes Of kinetic cooperativity complicates a complete analysis, it
of [2-23C]OAA with AcCoA analogues, particularly the enol- has generally been possible to measure the difference in
(ate) analogue, CMCoA1( 2, 20, and the significantly heights of the free energy barriers between the forward
decreased OAA €0 bond order reflected in the lowered hydrolysis and the reverse condensation (cleavage) steps

Carbony| Stretching frequency found in the IR Spectra of those using the relative initial rates at which CitCoA is cleaved

same complexe<(). back to reactants (OAA/AcCoA) or proceeds to products
For the WT, the CMCOA carboxyl chemical shift change (Citrate/CoA),v>"/v™",

(1) from that in free solution is now attributed to unusual ~ For the WT, the initial ratio of the rate of CitCoA cleavage

geometry in the hydrogen bonding of the inhibitor carboxyl to hydrolysis, 0.4 22, 23, indicates that hydrolysis is
somewhat favored over cleavage. This initial partitioning

4The sign and magnitude of the change in the chemical shift of the of the chemical intermediate is profoundly changed in the

carboxylC resonance when the ternary (but not the binary) complex Mutants except for H274G and ranges fro to 8 (Table
form is consistent with protonation of the inhibitor’'s carboxyl @). 3).

Protonation of the intermediate analogue inhibitor was supported by Figure 3A (inset) shows the partitioning experiment for
structural and solution evidence. As shown through the pH dependenceH274G c d b sh he ti f h
of the equilibrium constant, proton uptake occurs on a macroscopic : urves a an show the time courses for the

level when the ternary complex forms. The isoelectric point (and thus production of OAA and CoA, respectively. The rate of
the overall charge) of the complex with CMCoA is the same as that CitCoA hydrolysis to CoA/citrate is substantid.{ = 150

with a neutral ligand (such as acetonyl-CoA). There is a very short .. _1 ; ~ .
hydrogen bond between the oxygen of the carboxyl of the active-site min™) and is faster than the steady-state rate of CitCoA

base, D375, and the oxygen of the inhibitor with a heteroatom to hydrolysis for WT aF the same protein _Concemration-
heteroatom distance of 2.4 B)( Certainly a proton is present here. However, thek., sustained by this mutant with the natural

We concluded that protonation implied a neutral enol form of AcCoA substrates, ACCoA/OAA, is very low (1 mifk Table 1).

as the reactive intermediate in the citrate synthase reaction. Despite . - - :
this extensive circumstantial evidence, the results of recent solid-state 1 "US: CitCoA is rapidly processed by this mutant. However,

NMR experiments4) are not consistent with simple protonation but  the CitCoA which cleaves to ACCoA/OAA funnels back
instead suggest a negatively charged CMCoA carboxylate participating through the enzyme to CoAlcitrate only very slowly. We

in atypical hydrogen bonds with the protonated active-site base, D375, have demonstrated this in two ways as shown in Figure 3A
and with neutral H274. So present evidence favors an enolate . !

intermediate with unusual hydrogen bonding, the significance of which INset. First, a residual slow rate of CoA production is
is yet to be determined. detected after the bulk of the CitCoA has been processed.
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Table 3: Properties of CitCoA Progress Curves and Partitioning of the Chemical Intermediate to Reactants and Products

progress presence of kinetic constants

enzyme curve type transient? (KearMin™2, K 1eM) VOAANCOA

WT three phases yes a 0.4
OAA SITE

H320Q acceleratirig yeg a <0.03

H320G acceleratirfig yeg a <0.03

H320N acceleratiny yeg a <0.03

H320R normal yes 0.4,15 <0.03
AcCoA Site

D375G no reactioh

D375E three phases yes a 8

OAA/AcCoA Site
H274G normal no 150, too tight to measure 0.2

a Cooperativity according to either Monod or Koshland modaise refl5 and Figure 3° See discussion in text. For H320N, the burst rate at
30uM CitCoA is 3000 min?, greatly exceeding the value kf.. ¢ Ref 23 and confirmed by the present worket$\lo hydrolysis rate beyond the
nonenzymatic one could be demonstrated with this mutant.

0.4 , 1 . Some quantitative comparisons between mutants and WT
A terminal can be made in terms of the rate constants of Scheme 1.
N acceleration The scheme omits steps related to conformation changes as
H274G i well as several possibly reversible steps during CitCoA
A steady-state hydrolysis (which we have represented by the single,
412 02 - e P— . irreversible stepks). These simplifications do not effect the
orn eyl present analysis. In terms of the rate constants of Scheme
Burst agal 7 i 1, keatis given by eq 1. We have grouped together some of
WT of = oo | these terms to emphasize their physical significance. The
Time {min) first term in the numerator and denominator of ed, is the
0 : ' ' ' apparent rate constant for the forward step of the condensa-
0 20 40 : : .
Time (min) tion reaction, and the second term,is the appqrent ra}te.
constant for the reverse step of the condensation. Similar
0.4 : : : terms appear in the partition ratio.
H320N ko,
e k.= k,+ ks + k_5 _
at
Az 0.2 0z Ha20R . KKy K_alks T kg)
k,+ks+k g Kk +ks+kg
00 400 800 f
1 ﬁ @)
H320R
0 1 1 1 1 ]
0 25 50 75 100 125 150 The partition ratio /s~ for CitCoA as substrate, is
Time (min) given by eq 2.
Ficure 3: Progress curves for CS-catalyzed hydrolysis of citryl-
CoA. (A) WT and H274G-CoA detected by DTNB (27uM k_4 (ks + k_5)
CitCoA, 21 nM WT, and H274G). (Inset) Partitioning of the CitCoA LOPA 2% + kit K - K .
intermediate by H274G. Trace a: Production of OAA from:30 [ 4 3 -3 _ —2 )
CitCoA, OAA r_elease irreversible. Trace b Productlon of CoA Z}.CoA k3k4 ks(k— ) +f)
from 30 uM CitCoA, only CoA release irreversible. Trace c: ! Kelk o+ 77—
Production of OAA from CitCoA after CoA production had nearly Ky + K+ kg

ceased. At the time indicated by the arrow; approximately 23 min

after the reaction had been initiated, cMDH and NADH were added CS-Catalyzed Hydrolysis of CitCoA: Progress Ges

to detect OAA still present after CoA production had slowed to . .
nearly undetectable levels. (B) H328)XCoA detected by DTNB With CitCoA as substrate, the progress curves for the

(27 uM CitCoA 17 nM H320X). (Inset) Full-time course for ~ disappearances of CitCoA reactant and the appearances of
H320R. CitCoA and OAA products are compared for the WT and
mutant enzymes in Figures 3 and 4 and Table 3. The kinetic
Second, the fate of the “missing” CitCoA can be determined behavior is rich and varied. At the semiquantitative level,
by adding NADH/cMDH at the point at which CoA thisis understandable by changes in the relative free energies
production has virtually ceased. The OAA which has formed of the intermediates and transition states along the internal
by the cleavage of CitCoA is then rapidly reduced by cMDH, reaction coordinate as modulated by the kinetic cooperativity
and the NADH oxidized quantitatively accounts for the rest originating in intersubunit interactions. The relative mag-
of the CitCoA initially present in the reaction mixture (Figure nitude of the amplitudes, the rates of the phases, and the
3A, inset, line c). predominant products differ from one mutant to another.
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V——T—— T do not exhibit a final separate acceleration phase since they
LA -~ i do not partition CitCoA back to OAA/AcCOA, vide supra.

only CoA production
20 | irreversible i The progress curve shape for H320R (Figure 3, panel B,

i i inset) appears to be normal as is the dependence of the rate
CoA on CitCoA;this enzyme shows no kinetic cooperiti (nor

i does H274G). The k.4 for production of CoA/citrate from

i Both CoA and OAA 1 CitCoA greatly exceeds the, for the reaction starting with

oI production 1 the normal substrates, AcCoA/OAA for both H320R and
- : ,[meversiible, — H274G. However, thé&.s for hydrolysis are still quite low

B compared to the overalc, of the WT with the normal
substrates.

AcCoA Site: D375E and GAs in WT (Figure 3A), there
are also three phases for D375E (Figure 4A), but the data
show (Figure 4, panels A and B) that the hydrolysis is
1 interfered with much more than the cleavage with the result
o 1 that the predominant products of the burst and steady-state
, . , | . . phases are OAA and AcCoA rather than CoA and citrate as
inthe WT. Like WT, the steady-state rate is low compared
1 to the rate if the reaction had been started with the normal
substrates, OAA and AcCoA. As would be expected then,
the terminal acceleration phase is very large as it represents
product formation as the inhibitory CitCoA is used up. As
in the case of WT, if the enzyme concentration is raised high
T enough, all the reaction occurs in the burst phase.

. . - . : i D375G does not react at all.

0 5 10 15 20 25 30 OAA/ACCoA Site: H274GH274G shows no burst and
Time (min) has only two phases for the utilization of CitCoA. The major

FIGURE 4: Progress curves for CitCoA as a substrate of D375E. phase of the progress curve represents primarily production

(A) Upper trace is CoA production from 28\ CitCoA detected  of CoA and citrate. Itis zero order (linear) over all practical

with DTNB which also renders CoA release and the overall reaction . - - g .
irreversible. Lower trace is CoA production form 281 CitCoA substrate concentrations (Figure 3A, inset; Figure 4A); the

in which the final steps of both the reverse of condensation and Km must be very much Iess'tharyll/l. The apparent missing
hydrolysis are made irreversible by trapping the respective productsextent (panel A, Figure 3) is a consequence ofuéigy slow

upon release from the enzyme. (B) OAA produced fromu.28 feed through of the OAA/AcCoA produced during the

CitCoA trapped by the cMDH/NADH system. (C) Disappearance . ; iligati ;
of thioester absorbance at 236 nM at a series of D375E (:onceantra-‘gteady state of CCoA utilization. As with WT and D375E,

tion from 0.15 to 2.4uM as indicated on the graph; CitCoA if OAA pdeEJCEd by CitCoA cleavage is trapped by cMDH/
concentration is 3@M. NADH, no final phase occurs.
CS-Catalyzed Exchange of @eht Protons into Substrate

For the WT £3—27), the reversal and forward reactions AcCoA and Product Citrate. Our working hypothesis
occur simultaneously during the burst and steady-state phaseassumes that condensation takes place in two separate steps.
with the forward reaction predominating. The terminal In the first step, a proton transfer occurs to the active-site
acceleration phase represents product formation from OAA base, D375, generating an unstable enol(ate) intermediate
and AcCoA accumulated during the first two phases. The from AcCoA. In the second step, the actual condensation
rate in the steady-state phase is very much less than thaakes place to generate CitCoA. [For the analogous reaction
maximal rate obtained when reactions are started with catalyzed by malate synthase, evidence been presented for
AcCoA/OAA. this stepwise nature of the procesz8)(] Exchange of

OAA Site: H320Q, G, N, and RThree of the H320 solvent protons into either the methyl of the AcCoA substrate
mutants, H320Q, H320G, and H320N, have accelerating pool or the methylene of the citrate product requires that
progress curves (Figure 3, panel B). The CitCoA concentra- the hydrogen initially removed from the substrate exchanges
tion dependencies (the profound substrate inhibition with a with those from the bulk solution (first step of last line of
low but nonzero rate at high CitCoA concentration) and the Scheme 1) before undergoing an irreversible step. Once
lack of dependence of the progress curve shape on theexchange has occurred, subsequent removal/return of that
enzyme concentration characterize all these mutants. Sealeuterium is subject to a primary isotope effect. A further
ref 15 for extensive discussion of H320G; similar data for complication arises from the existence of three exchanging
H320Q and H320N are not shown here. All these mutants sites; several cycles of proton transfer and exchange could
of H320 have rates for CitCoA hydrolyslarger than the occur before further reaction to product or dissociation into
rates starting the reaction from AcCoA/OAA in contrast to the substrate pool. In the general case, it is not possible to
the case of WT. Interestingly, the CitCoA hydrolysis rates write an explicit expression relating the rate and extent of
follow the same order as the overklks H320Q> H320G the exchanges to the elementary rate constants of the
> H320N> H320R as shown by the progress curves (Figure individual steps. Without simplifying assumptions, it is also
3, Panel B), which were all collected at the same enzyme not possible to relate these data to the average number of
concentration. Unlike WT and D375E, H320Q, G, and N ‘“reversals” of the proton-transfer event occurring at each

OAA Production

20r Irreversible

0.08 |-

236
0.04 1 5,
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Table 4: Solvent Exchange Rates and Extents for Citrate Synthase

deuterium excess in citrate

exchange rate relative starting withd-CitCoA
to reaction rate starting with starting with OAA release, OAA release,
enzyme AcCoA and OAA AcCoA and dOAA reversible irreversible
WT none detected 0.36 0.23 0.14
OAA Site
H320Q <0.05 0.18 0 0
H320G 1.0 0.59 0 0
H320N 1.2 1.4 0 0
AcCoA Site
D375E 0.6 1.25 15 0.65
D375G none detected none detected none detected none detected
OAA/AcCoA Site
H274G <01 0.17 slight 0
catalytic cycle {9). Despite these complexities, a number Exchange into Exchange into Citrate
" . titati lusi be d f th ENzYME Citrate Starting with dg-CitCoA
of semiquantitative conclusions can be drawn from these Starting with OAA Release OAA Release
studies. AcCoA & dy-OAA  Reversible Irreverisble

Rate of Exchange into AcCoATable 4 records the rate 100%

of exchange of solvent deuterons into the methyl group of WT 50%
substrate AcCOA relative to the rate of reaction. Because
one of the products is trapped and there is no contribution 0%
from reversal of the overall CS reaction, the reversal of Ha2oq
proton transfer thus detected occurs before the release of the ~ °°% “L
final product. For the WT, no exchange into free AcCoA
can be observed. In this case, the likely reason is that the 320N
commitment to catalysis is sufficiently high that the amount 50%
of exchanged AcCoA released back into solution compared _..l
to that which goes on to citrate is too low to be detectable [
in the large substrate pool. However, for mutants (all those D375E
studied here) which obey prior equilibrium mechanisms, we
expect to observe exchange. The very slow turnover rates G T dp dy ds do dy dp da dy do oy Op O3 o
for all these enzymes are accompanied by slow exchange, . . .

; D . FiGure 5: Patterns of isotopes obtained from exchange of solvent
rates. This was initially an unexpected result for mutations 4o terons into citrate product with AcCoA, OAA, or CitCoA as

in the OAA site (L3). If proton transfer precedes condensa- substrates for WT, H320Q, H320N, and D375E. Isotope distribu-
tion and if condensation were the only step deleteriously tions were determined by mass spectroscopy as described in the

effected by OAA site mutations, we would have expected text.
rapid AcCoA exchange relative to reaction rate.

The behavior of H320N and H320G contrasts with that
of H320Q. For the former two H320 mutants, the rate of
exchange is about equal to the rate of reaction, while for

CS-Catalyzed Exchange of Seht Protons into Product
Citrate. Even when solvent exchange of the AcCoA methyl
protons may not be detected in substrate AcCoA for whatever

H320Q that rate of exchange is very much lower. Note, reason, exchr_;mged hydrogens will appear in the methylgne
however, that thés (Kqs) for ACCoA for all these mutants of citrate. Using mass spectrometry to assess exchange into
are high,especiallyfor H320Q (Table 1). Therefore, the the methylenes of citrate is sensitive and accurate and allows
observed exchange rate cannot be controlled by slow Study of exchange when the initial substrate is the chemical

dissociation of bound AcCoA for any of the H320 mutants Intermediate, CitCoA. The deuterium excesses for the

and, in particular, the low rate for H320Q in comparison to €xchange reactions for the mutants and wild-type are

that for the other mutants must have some other explanationfecorded in Table 4; a maximum value of 2.0 (expressed as
(see below). Since none of these H320 mutants can cleaveadditional deuterium excess in this case) is possible for

CitCoA, the reversal of proton-transfer detected is occurring reactions starting witki,-OAA/AcCoA. Reactions starting

at the AcCoA activation step and is not a consequence ofwith d>-OAA and CH-AcCoA should contain 100%l,-

the reversal of the entire condensation process. citrate if no exchange occurred while complete exchange

D375E also shows a substantial exchange rate relative towould have 100%l. (If OAA preexchange was complete,
the rate of reaction. Even in the case of this mutant N0 isotope less thad, should be present.) Starting with
(exchange rate is about 50% the rate of reaction) for which do-CitCoA as substrate, it is possible to obtain citrate
the K, for AcCoA is quite low (Table 1), théy is still containing from 0 to 4 deuteriums. OAA released into
sufficiently low that it is unlikely that the rate of exchange solution can undergo nonenzymatic exchangehtandd;-
observed is limited by the dissociation rate of AcCoA (see OAA and then subsequently react with activated AcCoA
section below on exchange into citrate). H274G shows only containing from 0 to 2 deuteriums. In Figure 5 are shown
a low rate of exchange relative to that of reaction. the actual patterns of isotopes (corrected for natural abun-
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dance) in citrate under the indicated conditions and starting DISCUSSION
from the indicated substrate, by WT; H320Q and H320N

gi?;i?se)nggg E)hse?:étremes of the behavior of the H320 mutations studied have larger effectskamhan_on thq<m;
' . ] ] consistent with aprimary role for these residues in the

Results of exchange experiments using CitCoA allow an gtapilization of one or more of the transition states/aated
interesting distinction when considered together with the jntermediates within the central complexes (29h the
CitCoA partitioning data. If significant amounts of exchange  discussion which follows we have maintained the structural
are occurring because the condensation reaction is reversingjassification based on whether the residue appears to interact
all the way back to free OAA, then significant amounts of primarily with OAA, AcCoA, or both. However, a major
ds andd, citrate will be obtained because the released OAA conclusion of this work is that there is no corresponding
can exchange its methylene protons nonenzymatically. If functional classification. No mutant has been found that
all the exchange is occurring without release of substratesaffects only a single step in the mechanism. The linkage
bound to the enzymes, then ordy- and d;-citrate will be  appears to be especially tight for changes in H320 (OAA
obtained. This distinction between exchange occurring from site) where every function previously identified is affected;
reversal of the entire condensation step back to free reactantgolarization of the OAA carbonyl, proton transfer from
vs exchange occurring as a consequence of exchange oAcCoA, and hydrolysis of the CitCoA intermediate. D375
bound states was not possible in previous experimd®)s ( (AcCoA site) is critically important to both hydrolysis of

Since mutants which cannot cleave CitCoA (i.e., H320) the CitCoA intermediate and to proton transfer from AcCoA
do not exchange its methylene protons during hydrolysis, (Since it is the active base) while seeming to play little role
we conclude that exchange of solvent hydrogens into thein OAA carbonyl polarization. H274 (OAA/AcCOA site)
methyl of AcCoA or methylene of citrate is possible only has the expected importance within the condensation reaction
during the condensation part of the catalytic cycle. In fact, (OAA and ACCOA activations) but also has an unexpectedly

none of the H320 mutants produce any exchanged citratelarge role in the stabilization of the transition states/
starting with CitCoA as substrate (Table 4). intermediates in the hydrolysis of the CitCoA intermediate.

Effects of Mutations: General Comment&ll of the

For the WT, exchange is detected in citrate where paa sjte: H320Q, G, N, and R
substantial deuterium excess is found whether the reaction _ o o
is started from OAA/AcCoA or CitCoA (Tab'e 4 and Figure Conclusions from Kinetic and Inhibitor Constant3he
5). These results are similar to those reported ini@f  Kms for H320Q, G, and N are all greater than those of the
Starting with CitCoA, somewhat smaller deuterium excess WT. This is the pattern expected for a residue with a binding
is observed if the OAA release is made irreversible. These @s Well as a catalytic role. However, tkas for the H320X
results are most consistent with the exchange occurring inMutants are negatively correlated with thgs for both
the condensation half-reaction only when the substrates areSubstrates; the more active mutants bind substrates more
bound to the enzyme, but most of this may occur from loosely. Overall, the interactions provided by H320 imida-

reversal of the entire condensation sequence (while remainingZ0'€ Stabilizeboth the ground state and transition state.
bound to the enzyme, vide infra). However, within the series Q, G, and N, those residues

providing better hydrogen bonding to the OAA carbonyl (i.e.,
Q, then G plus a water molecule) destabilize the ground state
while stabilizing the transition state.

Exchange can logically take place by reversal of the
proton-transfer step itself or by reversal back from CitCoA

of the entire condensation sequence. It appears reasonable Prior OAA binding increases the affinity of the WT

that the lifetime of the stablegrtgrmedia:jg, CitCoA, will bel enzyme for AcCoA or its analogues by a factor between 10
longer than that of the unstable intermediate, AcCoA enol- and 20 (, 13, 30, 31 For the H320Q, G, and N mutants,

(ate). Thus, for enzymes which have a substantial CitCOA o yestapilization of the OAA binary complex is propagated
cleavage rate, most of the exchange would occur by reversalto the ternary complex with AcCoA even though there is no

from CitCoA to ACCOA/OAA since more time will be iro tinteraction between AcCoA and H320. The OAA site
allowed for the protonated active-site base to access the bulk(H320Q G, and N) mutants have slightly reduced affinity

solution. While not excluding the possibility of exchange o poth AcCoA-site ground and enol(ate) analogues con-
by reversal of the proton-transfer step, Myers and Boy8Y ( firming the propagation of effects at the OAA site to both
also favored exchange by complete reversal of both steps inhe ground state and transition state for proton transfer.

the condensation_ reaction for the WT._ Simulatiqn _of_the For H320R, steric and charge issues confuse the interpre-
complete mechanism for exchange confirms that this is likely 5tion of kinetic constants.

the case for any enzyme with a significant CitCoA cleavage  Etects on the CS Conformation Changehe near-UV
rate. CD spectra of mutants at H320 fail to respond to OAA
However, the results with the H320 mutants show that binding in the same way as WT, indicating differences in
exchange by reversal of the proton transfer step does occurthe structures of the binary complexes. This may be a local
CitCoA formation is irreversible for these mutants (Table change not reflecting the overall ability to form the closed
3). Yet they show substantial amounts of exchange into the conformation.
methylene of citrate when the reaction is started from The “closed” form finally reached by the mutants H320N,
AcCoA/OAA. H320Q shows slightly less exchange than Q, and G in ternary complexes is likely very close in structure
the WT, while H320G shows substantially more and H320N to that of the WT. There are no significant differences
shows close to complete equilibration with the solvent (1.4 between the ternary complex CD spectra of H320N, Q, G,
equiv of the 2 possible). and WT. All binary complexes of CMCoA which have been
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studied are in fast NMR exchange where excess ligand resultssubunits into the “closed” form slowing or preventing egress
in a population-weighted chemical shifiut in all ternary of products and thereby severely hampering turnover.
complexes, CMCOoA is in slow exchange with the free ligand  Since the CD spectrum of H320R-OAACMCO0A more
that is, the presence of excess CMCoA has no effect on eitherclosely resembles that of binary complexes of CS with CoA
the position or line width of the bound resonance. This is analoguesZ) than spectra of other ternary complex&8)(
true even for H320G where the chemical shift in the ternary we reasonably conclude that this mutant fails to close. (Steric
complex remains at the binary complex value. Although the hindrance from its size or the charge of the R side chain
Km (AcCoA) andKq (ground-state analogue, dethiaAcCoA) may be responsible.) Note that H320Q, G, and N, all of
values are 420-fold larger than those of WT, it appears which can close, also all show kinetic cooperativity with
that the H320 mutants with Q, G, or N substitutions can CitCoA while H320R, which we believe cannot reach the
decrease the dissociation rate constant for the AcCOA closed form, shows no cooperativity.
intermediate-state analogue, CMCoA. Preliminary SAXS/  Effects on OAA Actation (Carbonyl Polarization). None
SANS data (S. J. Henderson and L. C. Kurz, unpublished of the mutants of H320 are able to significantly polarize the
results) record a reduction of the radius of gyration on carbonyl of OAAthe chemical shift of the OAA carbonyl
formation of the binary OAA and ternary OAACMCOA in both binary and ternary complexes of the H320 mutants
complexes with H320G that are within experimental error shows minimal deshielding (2.5 ppm) in comparison to
of those of WT. Thus, the ternary complexes afem these the free solution value (Table 2). Even the glutamine
very defectie mutants possess properties batieé to be substitution fails to promote polarization despite the ability
associated with the closed conformation of the enzyme.of glutamine to hydrogen bond to the carbonyl in a manner
These results do not exclude dynamic differences or differ- similar to histidine imidazole (S. J. Remington et al.,
ences in the energy cost of achieving that closed form..  unpublished modeling data). Chemical shift changes of the
The unusual shapes of the CitCoA progress curves magnitude actually seen in these mutant complexes are
observed for WT, D375E, H320Q, G, and N are a manifesta- commonly attributed to nonspecific environmental effects,
tion of kinetic cooperativity arising from subunit interactions but may represent the portion of the polarization which
(15). For H320Q, G, and N, the cooperative interactions results from the general positive electrostatic potential in this
settle down into a steady state by the collection of the first area of the active site. The active site contains several
data point (Figure 3), while for WT and D375E, the transient positively charged residues at least two of which interact
leading to establishment of the allosteric steady state (burstdirectly with the OAA carbonyl. The presence of H320 is
phase) is still evident for some tifieAn extensive analysis  required for the major effect even though it appe&:s3Q)
of the case of H320G has been presented previoddly (  to be uncharged. These results are quite similar to those
H320Q and N show very similar behavior. At the root of obtained with H95 substitutions in TIM, where an apparently
cooperativity is the occupation dfoth actve sites at the  uncharged H95 performs a similar role in the polarization
same timeby the high-affinity chemical intermediate, a of the carbonyl of substrate dihydroxyacetone phospl3&e (
situation which will occur only rarely, if ever, during normal  34). The glutamine substitution of H95 also fails to polarize
turnover. One successful modéHB of these data supposes the substrate carbonyl in that enzyme.
that occupation of both active sites by CitCoA “locks” both  Effects on Ability to Catalyze Proton Transfer from AcCoA.
The chemical shifts of the carboxyl of the enolate analogue
®Indeed, the expected burst phase is observable under stopped-flowp ternary complexes of H320Q, G, and N show small to no

conditions for H320Q, G, and N. Data can be collected only at 236 . .
nm where thioester disappearance can be detected on top of considerablg'fferences from the ternary complex of WT. This suggests

absorbance from the adenine and protein chromophores. The secondthat the final hydrogen-bonding environment experienced by
order DTNB reaction which monitors CoA product appearance at 412 the analogue in these complexes is not greatly perturbed by

nm is too_slowto monitprthe_ rate of fast transients: For WT and D3?5E, OAA site changes. However, all these mutants show a
it is possible to show identity between the (relatively slow) transient . . - .
in data collected at 236 and 412 nm and thus show that substrateProfound defect in their ability to activate the ground-state

disappearance has the same time course as product appearance; @f ACCOA for the essential proton-transfer reaction. While
experiment not possible for H320Q, G, and N. Nonetheless, the H320Q, the H320 mutants show either the same or more exchange

G, and N transients share many properties with those observed for the : :
WT transient. They are readily fit either by a single exponential decay of solvent protons into ACCOA or citrate methylene compared

(at high enzyme concentrations) or by a single exponential followed t0 WT, therate of exchange remaingry slow comparable

by a linear decay (at lower enzyme concentrations). The transientto their slow ke;s. Previously reported data on the CS
amplitudes are directly proportional to [E] but independent of [S] (as catalyzed exchange of the methyl protons of dethiaAcCoA
long as [S] is in excess). Using the extinction coefficient for substrate h lusioh

disappearance, the amplitudes exceed the enzyme concentrations b?quort_t e S_ame conc_u3|o 3. )
severalfold in all cases and thus represent several turnovers. The Consideration of the citrate exchange data (Table 4, Figure
transient rate constants are directly proportional to [E] and [S] with no 5) taken together with the steady-state kinetic data (Table

signs of saturation. However, for H320R, the rapid transient at 236
nm shows an increased absorbance and thus could not represen?') for H320Q, G, and N reveals an apparent paradox. Rates

substrate utilization. It was not possible in the case of H320R to increase@nd eXtent.S of eXChang? vary inversely with the values of
the enzyme concentration to a level sufficiently high so that the transient ke Very little exchange is observed for H320Q and nearly

comprised the entire time course. While the amplitude was directly complete exchange for H320N. T, values, which are

proportional to [E], the rate was roughly independent of it. We conclude .
that the 236 nm transients for H320Q, N, and G do in fact represent all substantially greater than those found for WT, also vary

the same rapid product formation phase as in WT but occurring on directly with the rates and extents of exchange; the enzyme
faster time scales, while the transient observed with H320R primarily with the lowest affinity for substrates (H320Q) also shows

results directly from a conformation change. Even for H320Q, N, and the least exchange. The H320 mutants obey a rapid
G, we cannot exclude a contribution at 236 nm from other processes . . . A
such as a conformation change, formation of an enzyme covalent €quilibrium mechanism with respect to substrate binding, and

intermediate with a slightly different absorbance spectrum, etc. the Kp, values represent true dissociation constants. There
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is no doubt that the rate of dissociation of AcCoA for these CitCoA hydrolysis is even slower than tihibitedrates of
mutants is fast, of the order of 10 000's The simplest any of the other enzymes (Figure 3B).

explanation for the wide range of exchange extents is that The deleterious effects of the H320 mutations on the
the value of the rate constant for the step following proton forward CitCoA hydrolysis rates could originate in distur-
transfer, condensatioks), varies from about 10 times faster pances of hydrogen bonding to the CitCoA intermediate,
to 10 times slower than that for the reverse of the proton since the—OH of CitCoA hydrogen bonds to H320. Perhaps
transfer k-3). [This conclusion is obtained using a set of the binding energy provided by these interactions has been
reasonable rate constants compatible with the kinetic con-yutilized by the enzyme to stabilize the transition state(s) for
stants to simulate (Kinsim3g)) the observed extents and  the hydrolysis reaction. Note that the rates of CitCoA
rates of exchange for the H320 mutants.] Changes in thehydrolysis follow the same order as the ability of the mutant
relative commitments of steps within the condensation side chains to hydrogen bond (Figure 3). Since several of
sequence account for the observed extents of exchange whileghese mutants (G and N) cannot have a (direct) hydrogen

the actual rates remain low. bond to the citryl-CoA alcohol, it is unlikely that this effect
Relative Effects on the Stabilities of Intermediates and is due to excessive stabilization of that intermediate, but is
Transition States. Condensation is Rate Determini@g- primarily a result of transition state destabilization.

CoA hydrolysis with these mutants is faster than the overall The OAA site mutants at H320 have functional defects in
keae Showing that the slowest step is in the condensation hoth their ability to activate OAA through carbony! polariza-
reaction. The lack of partitioning of the chemical intermedi- tion and to activate AcCoA by efficient catalysis of proton
ate (eq 2) back to reactants 3%, Table 3) shows that  transfer from its methyl group, but these failures do not seem
reversal of the condensation is made practically impossible to be a consequence (except possibly in the case of H320R)
by any substitutions at this position. The barrier to the actual of g gross failure to form the “closed” form of the enzyme.
condensationky) must be raised by the inability of any of

these enzymes to polarize the carbonyl of OAAhe Ky AcCoA Site: D375E and G

for H320X is the apparent forward rate constant for the ] o o

condensation step,(q 1). Sincek_» is large compared to _Conclusions from Kinetic and Inhibitor Constant§he

the other terms in f in the case of a prior-equilibrium Significantly increased affinity of D375 mutants for the
mechanism, eq 2 reduces to the ratitks. Although substrates in comparison with WT suggests that some of the
cooperativity prevents assignment of an exact valuedpr ~ ground-state substrate interactions with this residue are
its value is clearly smaller for the mutants than for the wT. €nergetically unfavorable and may represent substrate de-
Thus, the numerator of eq 2, which represents the reverse ;tapll|zat|pn normal_ly rellevec_i m_the transition state. Con-
step of the condensation reaction, mustzeey small for firming this conclusion from klnetlc_ constants, D375E binds
the H320 mutants. This term can be dropped fromkie the ground-state analogue more tightly than the WT but the
for these mutants. Sinde still remains substantially faster enol(ate) analogue 100-fold more loosely. D375G binds both
than condensation for all the H320X, we can write eq 3.  the ground-state and enol(ate) analogues very much more

ksk, 8In principle, the rate of exchange of the hydrogen transferred to
Ker=TF= K+k+k. (3) the active-site base with the deuterons of the solvent could be kinetically
4 3 —3 significant, even rate determining. There is general agreement that all

the chemical steps of the catalytic cycle occur in the closed form. In

it biv. th idual relati fecti fth the closed form crystal structures, the active-site base does not have
Quite reasonably, the residual relative effectiveness of the yccess to the bulk solution through a water “chanr@/s( §. However,

mutants in carbonyl polarization is reflected in the order of the second carboxyl oxygen of D375 is hydrogen bonded to a water
the keas as well as in the order of threlative values of the molecule which in turn is hydrogen bonded to a complex polar network

: ~ through which we can imagine indirect access to the bulk solution.
condensation and reverse proton-transfer rate constahts, What seems to be at issue is whether the protonated Asp would have

k-s. Modeling studies (S. J. Remington, personal com- time and freedom to rotate so that such an exchange process could
munication) reveal that a glutamine side chain can form all operate efficiently. Thus, it may be unnecessary for the enzyme to

the hydrogen bonds of the naturally occurring imidazole “open” in order for exchange to be rapid. Even if “opening” is required,

. . . it may occur on a time scale fast compared to reaction for the slow
without generating any bad contacts. The otherwise 0pen , iant enzymes. For TIM, “opening” occurs at a rate of 20* s -

space left by the glycine side chain could readily be filled (7). The extreme position, which holds that the range of solvent
by a water molecule also satisfying the hydrogen bonds. Theexchange observed in the H320 mutants is completely controlled by

asparagine side chain is least satisfactory; it is too short tothe relative abilities of the mutants to stabilize the closed form, is
. unlikely to be correct. The data suggest that there is no defect in the

hydrogen bond to the carbonyl and too large to admit a water aplity of these mutants to “close”. The CD changes arising from the
molecule. The structural predictions track well with the adenine chromophore (Figure 2) which accompany ternary complex
kinetic and exchange data. formation for H320Q, G, and N are the same as those for WT. In
. . . contrast, the H320R ternary complex spectrum is identical to that of
Hydrolysis. The CitCoA hydrolysis rates for H320Q, G,  the binary complex. Indeed this enzyme may not be able to “close” as

and N are also less than observed in WT in either its burst a consequence of the steric bulk or the positive charge of the side chain.
or its steady state showing that even the hydrolysis reaction More convincing evidence comes from the lack of NMR chemical

. . . . . exchange (Table 2) between free and bound CMCoA ternary complexes
is deleteriously affected by a mutation that primarily slows ¢"ihe 3200, G, and N mutants. Experiments to probe more

the condensation. This is also true for H320R, which shows definitively the dynamics (open-closing rate) as well as the position of
a normal progress curve shape and normal concentrationthe equilibrium between the forms as affected by the mutations are
dependencies of initial velocities (no substrate inhibition). "€eded. Major projects using solid-state NMR (analogous t@)ras

. . well as fluorescence-transfer experiments using labeled enzymes may
Even for H320R which catalyzes hydrolysis at a fast rate give more quantitative information on the rate and position of

compared to its ability to catalyze condensationkitsfor equilibrium of the closed-open CS conformation change.



Catalytic Residues of Citrate Synthase Biochemistry, Vol. 37, No. 27, 1998®735

tightly than WT (data were insufficiently precise for this very catalyzed by H320X (see above), no final acceleration phase
tight binding mutant to be able to quantify these observa- occurs.] In the WT, the effective barrier for cleavage is
tions). For D375G, some of this increased affinity may be higher than the barrier for hydrolysis and most of the CitCoA
electrostatic in origin. See extensive discussions in tefs goes directly to citrate/CoA so the amplitude of the final
and 36. phase is small. A dramatic reversal of this situation occurs

Effects on the CS Conformation Changghe relatively in D375E where the barrier to hydrolysis is much greater
small changes in the CD spectra of binary and ternary than the barrier to cleavage.

complexes of these mutants suggest little or no perturbation The dominance of the internal reaction profile by the
of the ability of to achieve the closed form. This conclusion barrier to the CitCoA hydrolysis reaction also explains the
is further strengthened by slow chemical exchange of citrate exchange results (Figure 5). When the reaction is
CMCoA out of ternary complexes and the presence of started with AcCoA, we see nearly complete exchange into
marked kinetic cooperativity when CitCoA is utilized as citrate since the reaction backs up behind the very high
substrate by D375E. barrier to hydrolysis and many cycles of reversal through
Effects on OAA Actiation (Carbonyl Polarization).The  the condensation pathway result. If the reaction is started
mutants in the AcCoA-binding site behave very differently from CitCoA, a pattern emerges which allows an interesting
from those in the OAA site. As indicated by the deshielding distinction. If OAA release is allowed to be reversible, a
of the OAA carbonyl chemical shifhoth D375G and D375E  bimodal distribution of isotopes results with relatively high
achieve full polarization of the OAA carbonyl in ternary  peaks afdy andd,. The citrate withds and d; must have
complexes Thus, all the H320 mutants have a major impact cycled back to free OAA whose methylene was then free to
on the AcCoA site interactions, but the converse is not the exchange nonenzymatically. At least some of theand
case. Therefore, polarization, not just binding of OAA, is ds-citrate results from exchange from only the bound form
necessary for generating the function of the AcCoA site.  of reactants, and tha-citrate comes from the approximately
Effects on Ability to Catalyze Proton Transfer from AcCoA. 10% of the CitCoA which is directly hydrolyzed to citrate
In comparison to the H320 mutants, the larger chemical shift without any opportunity to exchange by reversal. If any
changes of the carboxyl of the enolate inhibitor suggest thatreturn of free OAA from solution is prevented by trapping
more profound disturbances of hydrogen-bonding environ- it with cMDH/NADH, all the exchange occurs while ligands
ment occurs in D375 mutants. The full mechanistic signifi- are bound to the enzyme and ordy, di- and d,-citrates
cance of these larger changes are presently unknown.  are found. The deuterium excess under these latter condi-
D375 is the base removing the proton from AcCoA. This tions is about half that when CitCoA is allowed to cycle all
is why the rate of exchange of solvent protons catalyzed by the way back to free OAA (Table 4). Thus, about half the
D375E into AcCoA is low (Table 4, somewhat slower than exchange occurs when the reactants are enzyme bound. [A
the reaction itself). The importance of D375 is further similar but less dramatic effect is seen in the WT where the
illustrated by the D375G mutant which tightly binds sub- higher degrees of exchangd (n this case) are only seen if

strates and analogues but is unable to catalymeof the OAA is allowed to cycle through the free state (Table 4,
partial citrate synthase reactions. Figure 5)].

Relatve Effects on the Stabilities of Intermediates and  For p375€ ks (eq 1) Is Very Small.Since the initial
Transition States. Hydrolysis is Rate Determining375  partitioning of the chemical intermediate indicatesery

mutants dramatically disrupt the internal thermodynamics of high parrier for the hydrolysis stepThere is convincing
the enzyme. For the WT, the partitioning of the intermediate evigence from the exchange experiments with dethiaAcCoA
is consistent with a reaction profile having relatively equal (13) that the proton-transfer stefs) is substantially defective
barriers to forward and reverse condensation and hydrolysisiy this mutant. This suggests that the tefnis small
(23). For D375E, the initial partitioning of CitCoA favors  compared to the AcCoA dissociation rate const&ng)( in

the reactants, indicating relatively larger increase in the  \yhich case the partitioning (eq 2) is dominated by the ratio
barrier height for the hydrolysis step than for the condensa- of the apparent rate constant for CitCoA cleavage to that
tion step [similar results have been found for tBe coli for hydrolysis: r/ks = 8. If k_s is large compared tks; and

enzyme which has most of the active site residues strictly , j.e. a very unstable proton-transfer intermediate, this term
conserved 7)]. Hydrolysis has become the slowest step frther simplifies tok_4/ks = 8.

by far.

This is the reason that the final acceleration phase forfu
D375E when CitCoA is the substrate is so large that it
dominates the progress curves. The high affinity of the
enzyme for CitCoA combined with its inhibited steady-state
rate of turnover is the cause of the terminal acceleration
phases for both WT and D375E. As long as significant gaa/AcCoA Site: H274G
CitCoA is left in the solution, its extraordinarily high affinity
for the enzymes compared to the normal substrates prevents Conclusions from Kinetic and Inhibitor Constantsuta-
much processing of the OAA/AcCoA which builds up during tions in H274 solely affect transition state-stabilization; the
the reaction from the reversal of the condensation reactionKys for this mutant are close to those observed for the WT
(15, 23. Thus, the final acceleration phase in both these while thek.y is greatly decreased. As expected, then, only
enzymes results from the feed through of the OAA/AcCoA the binding of the enol(ate) analogue is deleteriously affected
produced during the steady-state of CitCoA hydrolysis. and not that of the ground-state analogue (dethiaAcCoA),
[Because no OAA is produced from CitCoA in the reactions implying that the hydrogen bond provided by H274 to the

These D375 mutants of a single residue show two
nctional failures. They cannot efficiently abstract the
proton from AcCoA nor can they efficiently hydrolyze the

CitCoA intermediate. However, mutating D375 does not
affect OAA binding or polarization.
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AcCoA carbonyl is more important to the stabilization of

Kurz et al.

rate constant for the reverse of the condensatiphas a

the enol(ate) intermediate than it is to the ground-state value of 30 min!. Together with the value df. (Table

thioester.

Effects on the CS Conformation Changéhe response
of the CD spectrum of H274G to OAA binding is indistin-
guishable from WT. (H274G is the only mutant found to
behave totally normally in this regard.) The ternary complex
spectrum is similar to that for WT and D375E. Since this
mutant is unable to polarize OAA (from NMR results), CD
spectral changes which normally occur on OAA binding are
not directly linked with carbonyl polarization. Again, the
closed form may be more difficult to reach, but its final

1), we calculate a value of 1.2 mihfor the effective rate
constant for the forward condensatién,The proton-transfer
step ks) is profoundly damagedl@). The removal of a
hydrogen bond to AcCoA and its activated form greatly
impedes the necessary proton transféB).( The NMR
experiments show that this mutant cannot polarize the
carbonyl of OAA so the condensation stdg) (s impaired

as well. This opening up a space in the back wall of the
OAA-binding site by substituting G for H interferes with
OAA carbonyl polarization; perhaps by compromising the

structure seems to be very little perturbed at least as detectegbositioning of the OAA carbonyl in a region of appropriate
by this method. As in the other mutants, the ternary complex electrostatic potential. [Recall that H274 is both a hinge and

is in slow exchange on the NMR time scale, indicating
relatively slow dissociation of the ligand from the complex.
This mutant shows no kinetic cooperativity with CitCoA

catalytic residue and the conformation change is undoubtedly
altered. In the future it may be possible to disentangle these
effects by studying a pure hinge mutant such as G2723Y](

as substrate. In our model, this means that the closed form Since this mutant has a very much higher barrier to the
is not accessible or that the interconversion between openforward condensation than it does to the hydrolysis of

and closed forms is fast even in the presence of a high-

affinity CitCoA. The first possibility is ruled out by the CD

CitCoA and since the cleavage is relatively facile, the OAA
and AcCoA produced from CitCoA are essentially trapped

and NMR data discussed in the preceding paragraph. H274and cannot be utilized until all the CitCoA is processed. This

hydrogen bonds to the carbonyl of CitCoA. From the
relative ease of the cleavage reaction of CitCoA with this
mutant, it is apparent that the bound CitCoA is relatively
destabilized in comparison with its stabilization in the other
enzymes. This destabilization may be sufficient to avoid

the substrate inhibition observed with the other mutants

gives rise to marked two-phase kinetics for CitCoA utilization
by this mutant. It appears that the forward and reverse
condensation and hydrolysis barriers are also increased over
those of WT, but the overwhelming defect in this mutant
appears to lie in the early, proton-transfer step.

Hydrolysis. Hydrolysis of CitCoA is at least 10 times

whatever the detailed allosteric mechanism. For H274G, the faster than the overali.;.though slower than thie.,; of WT.

overall situation is complex since H274 is both a catalytic

So, although condensation is probably more profoundly

and hinge residue (showing a large change in coordinatesaffected in this mutant than in the others, hydrolysis does

between the open and closed form of the enzyme). [It will

not escape unscathed. The structural basis of the deleterious

be of interest in the future to examine the pure hinge mutants effects of the H274 mutation on the CitCoA hydrolysis rate

(G275A and G275V, X1)).] What effect substitution of a
glycine residue has on the conformational equilibrium and
what part of the catalytic defect may be attributed to
perturbation of that equilibrium are subjects of future work.
Effects on OAA Actation (Carbonyl Polarization).From
the NMR data (Table 2H274G shows two binding modes
of OAA in the binary complex and polarization is not
achieved in either binary or ternary complexes (1hn the
binary complex, the two binding modes interconvert only
very slowly Kexch Must be<x 76 s1, the separation between

probably originates in disturbances of hydrogen bonding to
the CitCoA intermediate if the binding energy provided by
this hydrogen bond has been utilized by the enzyme to
stabilize the transition state(s) for the hydrolysis reaction.
As in the case of the mutants in H320, H274G is affected
in all the functions identified for CS catalytic residues.
Conclusion. Is the Citrate Synthase Condensation Reac-
tion Ever Concerted? When Is There an Intermediaiée
results reported here have allowed a partial dissection of the
roles of three catalytic residues of citrate synthase. The

the OAA resonances). Only one resonance is observed inenergetics of the catalysis are tightly coupled with each

the ternary complex, indicating one binding mode. However,
for H274G, polarization is still not achieved. The structural
data B8) suggest that replacement of H274 with a small

residue having important interactions in each stage of the
catalytic cycle. Itis remarkable that changes in H320, which
apparently only interacts with OAA, have such profound

glycine residue is likely to open up a space allowing a greater affects on AcCoA activation. Were there no evidence to

freedom of motion for the OAA molecule than it would
otherwise experience.

Effects on Ability to Catalyze Proton Transfer from AcCoA.
The rate of exchange of solvent protons into AcCoA or
dethiaAcCoA (3) is very low indicating that failure to

the contrary, the easiest explanation would be that the
condensation reaction is concerted with proton transfer and
carbon-carbon bond formation occurring simultaneously.

This is clearly not the case for the H320Q, N, and G mutants
where solvent exchange occurs before generation of CitCoA

stabilize the enol(ate) intermediate by the hydrogen bondingwhose formation is not reversible. However, if the energy

normally provided by H274 has inevitably slowed its
formation.

Relative Effects on the Stabilities of Intermediates and
Transition States. Condensation Is&@whelmingly Rate
Determining We can calculate f and r for H274G (egs 1
and 2) Substantial partitioning of the intermediate is
observed. Knowing the value &, 150 min?, allows us

well for the enol(ate) intermediate is a relatively shallow one,
then the flanking transition states for proton transfer and
carbon-carbon bond formation are close in energy and
structure [Hammond Postulat89)]. Any structural pertur-
bations destabilizing one transition state will also affect the
other. When we consider that the enzyme catalyst is an
inseparable component of both chemical transition states,

to calculate that the numerator of eq 2, and the effective then it is even more reasonable that perturbations of one part
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of the active site will affect all the processes that take place

within it. This idea was elegantly elaborated by Jencks in

his

discrete intermediates in several types of organic reactions

discussion of the factors controlling the existence of

(40).
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