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ABSTRACT



IX

Escherichia coli ciÍrate synthase (CS) is an allosteric, hexameric enzyme

which is activated by KCI and inhibited by NADH. This enzyme caralyzes the

first reaction of the TCA cycle, the condensation of OAA and AcCoA to form

citrate and CoA-SH. Although the three-dimensional structure for E. cali CS is

not yet available, its amino acid sequence is similar to that of the dimeric pig

heart CS, whose structure is known; the similarity is especially close at the

active site.

The aim of the research presented in this thesis wâs to determine

whether the roles of E. coli CS active site residues coincided with the predicted

roles of their pig hea¡t CS counterparts. Ol igonucleotide-di rected in yitro

mutagenesis was used to create four mutant E, coli ci¡rate synthase enzymes

designated CS R407L, CS F383A, CS D3624, and CS H2644. The effecr rhese

mutations had on the catalytic efficiency and allosteric nature of tlìe enzyme

was determined.

CS R407L, CS D3624, and CS H2644 exhibited dramaric decreases in rheir

respective kcat values. The removal of the positively charged Arg-407 residue,

which is predicted to interact with the 4-carboxyl group of OAA, was associated.

with a 33 and 11 fold increase in the KiOAA and K644 parame¡ers. An 84 fold

decrease in the kcat value implys that Arg-407 is needed to align OAA properly

in the active site for reaction with AcCoA. Asp-362 and His-264 are residues

believed to be involved in the enolization of AcCoA. When the residues were

mutated to alanine; a 940 and 620 fold decrease in the kcat parameters for CS

D3624 and CS H2644, respectively, were observed in the presence of KCl.
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CS D3624, CS H2644, and CS F3834 enzymes exhibired changes in their

allosteric nature. Kinetic (lower Km values for both substrates, lower KCI

activation ratio, weakened binding of NADH) and physical (OAA induced

ultraviolet difference spectra, in the absence and presence of KCI) evidence

suggested that the CS D362,{ and CS H264A enzymes had rheir allosteric

equilibria shifted towards the R state, before addition of ligands.

Phe-383 is a conse¡ved E. coli active site residue. A role for the pig

heart equivalent of Phe-383, namely Phe-397, has not been predicted.

However, since an "edge-on" interaction of the phenyl ring with the

substrates was observed in pig heart citrate synthase, it was of interest to

mutate Phe-383 to alanine (CS F3834). As compared to rhe CS H264A results, CS

F3834 exhibited opposÌte, yet similar kinetic and physicat evidence suggesting

that CS F3834 had its allosteric equilibrium shifted towards the T state, in the

absence of ligands.
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INVOLVEMENT IN CELLULAR RESPIRATTON

Citrate synthase is a regulatory enzyme that catalyzes the fi¡st reaction

of the tricarboxylic acid (TCA) cycle, fhe condensation of acetyl-CoA (AcCoA)

with oxaloacetate (OAA). The condensation of the methyl carbon of AcCoA's

acetyl group with the carbonyl group of OAA results in the formation of

citrate and coenzyme A (CoA-SH). The TCA cycle (Figure 1), occurring after

glycolysis and before the electron transport chain, serves two purposes in

aerobic cell respiration. Catabolically, rhe first role of the TCA cycle is to

oxidize metabolites entering the cycle as AcCoA to carbon dioxide (CO2). In

total, the TCA cycle generates 3 molecules of NADH, 1 molecule of FADH2, and 1

molecule of ATP for each AcCoA molecule. Biosynthetically, the cycle's second

responsibility is to supply precursors for the creation of macromolecules.

The glyoxylate cycle (Figure 2), which also utilizes citrate synrhase as

its first enzyme, is a modified form of the TCA cycle. It is not nearly as

efficient an energy producing cycle as the TCA cycle, but it allows planrs and

certain microorganisms to utilize acetate and fatty acids as their sole source of

carbon. Interestingly, the glyoxylate cycle is not present in animals since the

enzymes isocitra[e lyase and malate synthase are absent.

Citrate synthase is also involved in the non-cyclic TCA pathway (Figure

3) common to some facultative anaerobes such as E. coli. Upon need, this

anaplerotic pathway creates TCA cycle intermediates for the creation of other

macromolecules.

All in all, the cyclic and non-cyclic TCA pathways as well as rhe

glyoxylate cycle, act in harmony to maintain the cell's energetic and

biosynthetic need s.
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ALIGNMENT AND SEQUENCE COMPARTSONS

Currently, four eukaryotic and five prokaryotic citrate synthase amino

acid sequences are known. The eukaryotic sequences are from pig heart

(Bloxham et at., 1982), two from baker's yeast (Suissa et al., I984; Rosenkrantz

et al., 1986), and a pea plant, Arabidopsis tholiana (Unger er al., l9g9).

Escherichia coli (Ner et al., 1983; Anderson and Duckworth, 1988),

Ac¡netoba.cter anitratum (Donald & Duckworth, 7987), Pseudomonas aerugínosa

(Donald et al., 1989), Rickettsia prowazekíi (Wood et al., 1987), and. Acetobactet

aceti (Fukaya, et al., 1990) are the sources of the prokaryotic sequences. It

should be noted that the pig heart and E. coli citrate synthases were confirmed

by protein sequencing. Donald & Duckworth, 1989, compared the above

mentioned sequences on the basis that the functionally essential active site

amino acids are total[y conserved among all the known citrate synthases. As a

result, alignment of these functionally essential amino acids permits regions

of sequence similarity between the pig heart (437 residues; Bloxham et al.,

1981) and E. coli (426 residues; Ner et al, 1983) citrate synthases to be noticed.

Actually, approximately 3070 sequence similarity exists between E. coli and pig

heart citrate synthase. Furthermore, these alignments illustrate that every

residue suggested to be important for enzyme interaction with OAA and 13 of a

possible 25 putative CoA and citrate interacting residues are conserved

between pig heart and E, coli citrate synthases.
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PIG HEART CITRATE SYNTHASE X-RAY STRUCTURE

The pig and chicken heart citrate synthases are the only citrate

synthases which have been crystallized. The three dimensional structures of

the pig and chicken heart enzymes were resolved using X-ray crystallography

at 1.7 and 2.7 Å respectively (Remington, Wiegand, & Huber, 1982).

The pig heart citrats synthase subunit (Figure 4) is "comma" shaped and

is composed of a larger and a smaller domain (Remington et at., 1982). Twenty

a-helices, labelled A to T, are distributed between the four domains of the pig

heart citrate synthase dimer. Fifteen o-helices are found in the large domains

while fìve exist in the small domains. The domains of each subunit are hinged

by two passes of the potypeptide backbone, between helices M and N and R and

S. The two subunits bind antiparallel to each other. They bind large domain to

large domain, on the subunit face of the active site. The helices involved in

the antiparallel contact are F, G, M, and L on either subunit.

The pig heart citrate synthase has been crystallized wìth OAA, CoA

(AcCoA analogue), and citrate. As a result, 3 conformations have been

observed (Wiegand and Remington, 1986). The three conformations are: open

conformation (containing citrate); a partially closed conformation (in the

presence of OAA or CoA); and a fully closed conformation (in the presence of

both citrate and CoA). An 18.5 Ä rotation between the large and small domains,

and a total shift of as much as 15 Å by other atoms is the largest change

observed bstween the open and closed conformers (Wiegand & Remington,

1986), Furthermore, the two closed forms are structurally similar despite

minor changes observed at their active sites.

Interestingly, when OAA is added to the open form, the crystals fracture

(Remington et al., 1982). This finding suggesrs rhat OAA, found in the partially



FTGURE 4: STEREO DRAWINGS OF A PIG }IEART CITRATE SYNTTIASE

SUBUNIT IN ITS CITRATE-BOTIND OPEN CONFORMATION

(WIEGAND & REMINGTON, 1986). THE RIBBON (A) AND

CYLINDERIC (B) REPRESENTATIONS OF TÉIE SECONDARY

STRUCTURE ARE VIEWS OF TTIE DIMER INTERFACE.
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closed form, induces the conformational shift observed between the open and

partially closed forms. It is believed that the binding of OAA creates minute

changes in the orientations of amino acid side chains which translate into

small yet significant adjustments and ror.ations of helices within both domains

(Lcsk & Chothia, 1984). In addition, in tlte open conformarion, the snìall

domain does not make contact with the other subunit. Howeve¡, in the closed

conformations, the small domain of one subunit does meet the large domain of

tlÌe other. The CoA binding site found in closed conformation does not exist

until conversion from the open conformation to the closed conformation

occu rs.

The pig heart crystal slructure shows rhat the active site is located in a

cleft between the large and small domains (Remington et al, i982). The active

site is composed of amino acids f¡om both domains of a single subunit and

three residues from the large domain of the opposite subunit. Therefore, each

dimer has two active sites, which are complete only when the two subunits

unite to form the dimer. As a result, it has been suggested that the enzyme is

active only when Lhe dimer is created (Else et al., 1988).

THE MODEL OF E. coli CITRATE SYNTHASE

Usually, to create an accurate structural model of an enzyme, its three

dimensional X-ray structure must be known. The three dimensional X-ray

structure of E. coli citrate synthase is not known; However, because an

approximate 3070 sequence similarity between E. coli and pig heart citrate

synthâses exist, a three dimensional working model for E. coli citrate synthase

(Figure 5) has been created by building its sequence into the structure of rhe

pig heart enzyme (Duckworth et al, 1987). 'lhe E. coli citrare synthase model is



t0

LARGE
DOMAIi.{

SMALL
DOMAIN

FIGURE 5: TIIE THREE DIMENSIONAL WORKING MODEL OF AN E' coli

crrRATE SYNTIIASE SLIBUMT (MODIFIED - DUCKWORTH

et a1., 1987). TIIE MODEL PROPOSES A SINGLE SECTION OF

B-SIIEET (ARROWS) AND 20 ø-IIELICES (15IN TI{E LARGE

DOMAIN (A TO M, S AND T) & 5 IN Tm SMALL DOMAIN

(N TO R). ACTTVE SITE RESIDTIES ARE REPRESENTED BY

SOLID DOTS (HIS-229 BY A HOLLOW DOT SINCE BEHIND

M-TIELIX). ACTIVE SITE RESIDUES CONTRIBUTED FROM

OTHER SUBUNTTAREREPRESENTED BY SOLID SQUARES.
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stnrcturally similar to the pig heart structure. There are twenty cr-helices (A

to T) and a three stranded section of antiparallel p-sheet. The large domain has

the A to M, S and T helices, while N to R comprise the small domain helices. In

addition, the conserved M-N and R-S inter-helical regions "hinging" the

domains are present in the E. col¡ citrate synthase model. presence of the

"hinge" region was demonstrated when two chimeric citrate synthases were

created by domain exchange between the E, coli and A. anitratum enzymes

(Molgat, Thesis, 1990).

Because NADH does not bind to nor inhibit pig heart citrate synthase,

efforts to locate the NADH binding site in the E. coli model cannot be

accomplished by sequence comparisons. Chemicat modification studies of E.

coli citrate synthase have identified Cys-206 as being at or near the putative

NADH binding site (Duckworth et al, 1987). This finding is associared with the

fact that the Ellman's reagenr - DTNB (5,5'-di thiobis-(2-nitroben zoic) acid)

reacts with a cysteine (probably Cys-206) ro abolish citrate synthases

sensitiviry ro NADH (Talgoy et al., 1979).

REACTION MECHANISM OF E. colí

& PIG HEART CITRATE SYNTHASE

As stated earlier, citrate synthase catalyzes the condensation of AcCoA

with OAA to produce citrate and CoA-SH. It should be noted that citrate

synthase is the only TCA cycle enzyme capable of assisting in the formation of

a carbon-carbon bond betwoen its substrates, The proposed reactiolì

mechanism is based on kinetic (Johansson & Pettersson, 1974) and X-ray

(Remington et al., 1982; Wiegand & Remington, 1986; Karpusas er al, 1990)

studies conducted on pig heart citrate synthase as well as kinetic studies of E.
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col¡ (Wright & Sanwal, 1971) cirrare synrhase. These srudies of E. coli and pig

heart citrate synthases as well as similarities in their protein sequences,

especially at the active site, imply a common reaction mechanism. Table 1 lists

the predicted roles of active site amino acids in the pig heart and E. coli ci,trate

synthases.

It is believed that the reaction mechanism is governed by an Ordered Bi

Bi equation (Cleland, 1963) as seen in Figure 6. The foundatìon of the equation

is that OAA binds to citrate synthase before AcCoA does.

The specifics of the proposed reaction mechanism are shown in the E.

coli ci¡,rate synthase reaction mechanism scheme (Figure 7). It should be

noted that visualization and description of the amino acids involved in the

reaction mechanism was made possible by viewing the pig hearr citrate

synthase dime¡/OAA complex using the Silicon Graphics personal IRIS

molecular graphics system.

When OAA binds to the active sites in each dimer of citrate synthase, the

dimers are in their partially closed conformation. The carbonyl carbon of OAA

appears to be centered at the snd of a narrow tunnel. AcCoA approaches the

carbonyl carbon through the tunnel and binds to the active site in the

vicinity of OAA. Step One shows the deprotonated form of Asp-362 abstracting

a proton from the methyl carbon of the acetyl group of AcCoA, The negative

charge of the enol oxygen is then stabilized by protonation by His-264. As a

result, the enol form of AcCoA arises. Nucleophilic attack by the enol on the sl

face of the carbonyl group of OAA constitutes the condensation po¡tion of the

reactÌon mechanism (see Step Two). The nucleophilic attack occurs readily

since Arg-314 and His-305 polarize the carbonyl group of OAA. His-305

protonates the carbonyl oxygen of OAA, forming citryl-CoA (a thioester), Step

Three shows Asp-362 in its deprotonated form attacking the carbonyl carbon
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of citryl-CoA. Consequently, His-264 protonates the negative charge of the

carbonyl oxygen which causes a tetrahedral intermediate to be formed. His-

264 then deprotonates the hydrogen used to stabilize the negative charge of

the carbonyl carbon and causes free CoA-SH to be released. Breakdown of the

tetrahedral intermediate results (see Step Four) and is followed by the

formation of a mixed anhydride which is proposed to interact with one of two

water molecules found in the pig heart citrate synthase crystal. The wate¡'

nrolecule is believed to attack the carbonyl carbon. As a result, the negative

charge of the oxygen is stabilized when His-264 protonates it. The outcome is a

tetrahedral anhydride hydrolysis intermediate (see Step Five). Finally, Step

Six displays proton abstraction by His-264, which allows Asp-362 to be ¡eleased

and restored as citrate is formed and released.

The citrate synthase reaction mechanism accounts for the three

conformations found in pig heart citrate synthase. The open form exists when

citrate is present in the active site. The partially closed conformation arises

once OAA binds. It is possible that the fully closed conformation does not resulf

when AcCoA binds, but results following the enolization and condensation

portions of the reaction mechanism. In other words, the conversion from the

partially to fully closed conformation happens as citryl-CoA is fo¡med.

Conformational changes in E. coli citrate synthase are a result of

interactions between active site amino acids and substrates, inhibitors, or

activators. These ìnteractions and the conformational changes caused by tlìem

are govemed by the laws of allostery.
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TABLE 1: PREDTCTED ROLES OF ACTTVE SITE AMINO ACIDS
IN PIG HEA,RT AND E. COII CITRATE SYNTHASES

O - RESIDUES CONTzuBUTED BY OTTTER SUBUNIT

@ - RESIDTJES INVOLVED IN CATALYSIS

t - WIEGAND ET AL., 1986

+ - REMINGTON ET AL., 1982

+ - KARPUSAS ET AL., 1990

PIG HEART
CITRATE

SYNTHASE
RESIDUE

BQUIVALBNT
E. coli

CITRATE
SYNTHASE
RESIDUE

ROLB

ARG-4210f ARG-4070r - ÞTNIrìC á_a-ÁÞRôtaVI rìFrìÁÀ ÀC\I-¡Ff T AC f-T"tÞ À't-¡

ARG-401r ARG-3 87r - BINDS I-CARBOXYL OF OAA AS WELL AS CITRATE

ASP-375 ø r + ASP-362ø f * - ASSISTS IN THE PROTON ABSTRACTION AND

ENOLIZATION OF AcCoA

- FOLLOWNG THE ALDOL CONDENSATION, ATTACKS

THE CARBONYL OF CITRYL-CoA

ARG-329r ARG-314r - BINDS I-CARBOXYL AND POLARZES THE

CARBONYL OF OAA AS WELL AS BINDS CITRATE

HIS-320ø r HIS-305@ + - BINDS +CARBOXYL AND POLARZES THE

CARBONYL OF OAA ENHANCING ATTACK BY ACCOA.

ALSO BINDS CITRATE

Hrs-27 4ø + HIS-264@ r - ABSTRACTS PROTON FROM ENOL FORM OF AcCoA AS

WEI,I, AS TIIF, MTXED ANHYDRIDE INTERMEDIATE

Hrs -23 8 r HIS -229 r - RINÐS 4-CARBOXYÍ , OF OAA AS WF.I-I, AS CITRATE

PHE-397r PHE-383r TINKNOWN

Mel-LYS-368+ LYS-355+ - BINDS 5'-DIPHOSPHATE OF AcCoA'S CoA GROUP

ASP-327+ ASP-312+ _ RrNrìe f-I'tÞ Á't'l

ARG-324+ LYS-309+ - BINDS 5'-DIPHOSPHATE OF AcCoA'S CoA GROUP

ARG-1640+ ARG-1570r - BINDS 3'-DiPHOSPHATE OF AcCoA'S CoA GROUP

ARG-46(}r ARG-320r - BINDS S'-DIPHOSPHATE OF AcCoA's CoA GROUP
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k1

Enzi'rne+OAA ê EnzYme-OAA
kz

k3

En-z¡nne-OAA+AcCoAêEnzyme-OAA-AcCoA
k4

Enzynne-OAA-AcCoA ê Erzyrne-Citrate-CoA

k5

ErLzyme-Citrate-CoA 
T, 

Enzyme-Citrate + CoA

k7

Enzyme-CitrateêEnzyme+Citrate
kg

FIGURE 6:'TmORDEREDBIBIEQUATION(CLELAND, 1963)

AS APPLIED TO CTTRATE SYNTFIASE
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ALLOSTERY

E, coli citrale synthase is an allosteric enzyme. Allosteric enzymes are

composed of multiple subunits (6 in the case of E. coli cifrate synthaso) bound

together (oligomeric). Their interactions are responsible for allosteric

effects. These enzymes possess a regulatory site, distinct from the active site,

where positive or negative effector molecules bind non-covalently. The

allosteric effect refers to a process where effector molecules induce a change

in the active site which in turn affects the catalytic rate and efficiency of the

enzyme by either increasing or decreasing the snzyme's potential to bind to

its substrates. In the case of E. coli and other "large" citrate syntlìases, the

effector molecule is called a positive modulator (potassium (K+) and orher

monovalent cations (Faloona & Srere, 1969)) when the catalytic efficiency is

improved, and a negative modularor (NADH (Weitzman, 1966)) when the

catalytic efficiency is reduced. Obviously, the system is designed to

accommodate feedback inhibition by the effector molecules.

One model for explaining the allosteric effect is the Monod-Wyman-

Changeux (MWC) Theory (Monod et al., 1965) (Figure 8). Assumprions made by

this theory are crucial and as follows: All subunits in oligomeric alloste¡ic

enzymes are symmetrically organized in equivalent positions. Allosteric

enzymes exist in equilibrium between their acrive (R) and inactive (T)

conformational states. This equilibrium is governed by the allosteric constant

(L) which is a value representing the ratio of the T-states to the R-states in the

absence of ligands. The R and T states represent different inter-subunit

binding states since at any given time not only are all the subunits in the sane

state, but no mixed states exist. This idea is paralleled by the General Model of

Allostery (Eigen, 1967) depicted in Figure 9, which proposes rhar the R ro T and
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FIGURE 8: THE MONOD-WYMAN-CHANGEIIX MODEL FOR BINDING OF

LIGANDS TO A TETRAMERTC PROTEIN (FERSHT, 1985).

S=SUBSTRATE, R=RELA)GD (ACTIVE), T=TAUT (INACTIVE)

4s+FF -- ffi*os
.lr. .lt

3 S+ FTIvlr¡ lll cÕ_1_rò
.Jr. .$

2s+FF '- ffi+zs
.$ .ll

c.., fsfsl .. CIOo- lsT-l oö *-
.$ {l

trE OOlslsl .' 7 CIo

T FORM R FORM
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FIGURE 9:

ffi=ffi=ffi=ffi=ffilt.lt,lt.lt'.lt
ffi=ffi=ffi*ffi=ffi.ll Jt Jt Jt Jt

ffi=ffi*ffi=ffi=ffiJl .lt .lt Jt lt

ffi*ffi=ffi=ffi=ffillJt lt it lt

ffi=ffi*ffi=ffi=ffi

EIGEN'S GENERAL MODEL FOR THE BINDING OF LIGANDS
TO A TETRAMERIC PROTETN (FERSrn, 1985). CTRCLES

REPRESENTTHER OR RELÆGD (ACTTVE) STATEWHILE
SQUARES REPRESENT TIIE T OR TAUT (INACTVE) STATE.
S=SUBSTRATE.
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T to R conversions occur betwgen individual subunits. The next MWC

assumption is that equivalent substrate binding sites, and binding constants,

exìst in each subunit. However, the binding constants differ between the T

and R states. The fact that the R state has a higher affinity for the substrate(s)

is the final assumption of the MWC theory for allosteric enzymes.

Allosteric regulation observed for E. coli citrate synthase is both

homotropic and heterotropic allosteric regulation.

Homotropic allosteric regulation happens when E. coli civate synthase

is allosterically modulated by its own substrate, AcCoA (at low salt

concentrations). As OAA bÌnds to the active site, a conformational change in

the active site occurs, Since saturation by OAA is hyperbolic, it is likely that

the OAA induced conformational change occurs independently at each activô

site, and is not communicated from one active site to another. Consequently,

and assuming absonce of NADH, E. coli citrate synthase adopts a new

conformation favoring the bÌnding of subsequent substrate molecules

(AcCoA). A second conformational change, resulting from AcCoA binding

occurs cooperatively. Saturation by AcCoA is sigmoidal,

Heterotropic allosteric regulation results when interactions between

sÌtes of different kinds occurs, such as active sites interacting with the

binding sites for allosteric regulators. KCl, the activaror, abolishes

cooperativity in AcCoA saturation, presumably by stabilizing the R srate. Thus,

the conformational equilibria of citrate synthase is shifted in the direction of

ths R state. When NADH (the inhibitor) binds, AcCoA binding weakens. Ir is

presumed that NADH binds selectivoly to the T state, which has a dec¡eased

affinity for AcCoA. Therefore, the conformational equilibrium shifts in the

direction of the T state.
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Finally, it is important to note that shifts in the equilibrium berrveen

the R and T states occur not only in tlìe prosence of enzyme activators and

inhibitors, but also when specific R or T state stabilizing amino acid residues

are removed by site-specific mutagenesis. The shift can result in either state

prcdominating, as was observed in studies of mutant hemoglobin proteins

(Bonaventura & Riggs, 1968; Bunn et al, 1974). Hemoglobin is a protein of red

blood cells capable of binding oxygen. When oxygen is bound, the prorein is

in its R state and designated oxyhemoglobin. Deoxyhemoglobin rep¡esents rhe

protein in its T state, when oxygen is not bound. Creation of a mutant

hemoglobin protein designated, HbKempsey, caused a deoxyhemoglobin

stabilizing interaction to be lost. Thus, the T to R state equilibrium was shifted

towards the R or oxyhemoglobin state. A 15-20 fold greater affinity for oxygen

rvas observed. HbKunru*, a mutant causing a oxyhemoglobin stabilizing

interaction to be lost, resulted in a protein with very low affinity for oxygen.

The impact of ths mutation shifted the T to R state equilibrium towards the T or

deoxyhemoglobin state.

Considering the allosteric E. coli citrate synthase enzyme, mutations ar

the active site also affect the equilibrium between the R and T states. These

studies will be discussed in the RESULTS section.
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OBJECTIVES

The objective of this thesis is to use site-directed mutagenesis to

determine whether four E. coli citrate synthase active site residues, listed in

Table 1, play similar roles in catalysis and substrate binding as their predicted

pig heart counterparts. ln E. coli and pig heart (equivalent residues in

brackets) citrate synthases, these four residues are Arg-407 (A,rg-421), (Arg-

397), Phe-383 (Phe-397), Asp-362 (Asp-375), and His-264 (Hís-214). It should be

noted that three other E. coli cifrate synthase active site residues, listed in

Table 1 (His-229, His-305, and Arg-314), have already been mutated and

kineticatly characterized (Anderson & Duckworth, i988). The effects of the

mutations were found to coincide with the ¡oles predicted for the equivaler)t

pig heart residues.

Arg-407 (Arg-421) is a residue predicted to bind citrate and OAA.

Moreover, Alg-407 (A,rg-421) is believed to bind to the 4-carboxyl group of

OAA. When this arginine is mutated to leucine, binding of OAA Lo E. coLi ci¡.rate

synthase is expected to decrease slightly, while a slight drop in catalyric

efficiency (kcat) is anticipated.

Asp-362 (Asp-375) and His-264 (His-274) are amino acids believed to

abstract and donate protons from the various intermsdiates arising as citrate is

formed from AcCoA and OAA. Elimination of these charged amino acids by

mutation to alanine is predicted to cause a drastic decrease in the respeðtive

kcat values. The enzyme's affinity for its substrates is Iikely to decrease.

However, the magnitude of this decrease cannot be anticipated.

Lastly, foreseeing the effect of mutating the strongly conserved Phe-

383 (Phe-397) to an alanine is not possible since its role in the pig heart

enzyme is not possible to predict. This phenylalanine, however, does make an
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"edge-on" intsraction with the substrates; AcCoA and OAA

result of this mutation cannot be guessed, a disruption to

active site is likely. The effect this disruption may have

kinetics of this enzyme is also impossible to foresee.

Even though thc

the integrity of the

on tho stgady staf.e



MATERIATS & METHODS
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REAGENTS

COMPANY REAGENT
Aldrich Chemical Company Inc. DTNB and OAA

Amersham International T4 polvnucleotide kinase
Bethesda Research Laborato¡ies

Life Technolosists
BamHI, HpaI, and SalI

restriction enzvmes
B oehringer Mannheim (Canada)

Ltd.
T4 DNA ligase

British Drug Houses (Canada) Ltd. dimethyldichlorosilane, glucose,
and masnesium sulohate

Canlab acetic acid
Dupont Icl-32P]dATP

Eastman Organic Chemicals N,N,N',N'-tetramethylene-
diamine

Fisher Scientific Company

acetic acid, ammonium acetate,
ammonium chloride, boric acid,

calcium chloride, cesium chloride,
chloroform, EDTA, ethanol,

hydrochloric acid, isopropanol,
líthium chloride, 2-

mercaptoeth an ol, methanol,
phenol, polyethylene glycol-

6000, potassium chlo¡ide, sodium
acetate sodium chloride, and

sodium hvdroxide
Gibco Ltd. agarose, yeast extract

J. T. Baker Chemical Companv magnesium chloride
Kodak xylene cyanol and photographic

solutions
Matheson, Coleman. and Bell bromoohenol blue

Pha¡macia (Canada) Ltd.
acetyl-CoA, agarose-NA, deoxy-

& dideoxynucleotides, DNA
polymerase I Klenow fragment,

Sephadex G-200, and EcoRI,
HindIII restriction enzymes
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Sigma Chemical Company

ATP, agarose, ampicillin, BSA,
c hl oramphen ic o1, Coomassie

Brilliant Blue R, cytosine,
dithioreitol, egg white lysozyme,

ethidium bromide, glutamic
dehydrogenase, NADH, SDS,

thiamine HCl, Trizma base (TRIS),
and uridine

Terochem Laboratories Ltd. acrylamide, methylene
bisacrvlamide. and urea

Whatman DE52 (DEAE-cellulose)

Eschericltia colí STRAINS

STRAIN GENOTYPE PURPOSE

E. colí C1236
(Kunkel et al., 1987)

F+,dutl , ungl, thíL ,

relAl lpCI105 (Cmr¡

- used in the Kunkel
mutagenesis protocol
for creation of uracil-
containins Dhase DNA

E. coli IMl03
(Messing et al., 1983)

F+,, Alacpro, thi, strA,

supU, endA, sbcB15,

hsdR4, F'traD36,
proAB, laclq,ZAMl5

- used in the Kunkel
mutagenesis protocol
for mutant selection
- used as host for

growth of M13 phage

derived clones

E. coli MOB754
(V/ood et al., 1987)

F-, gltA6, galk3),
pyrD36, relAl ,

rpsLI29, thi I , )"- ,

supE44, hsdR

used as host for the

expression of
plasmids containing

mutant
E. coli citrate

svnthase senes
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MEDIA

JM103 host cells were grown on TY liquid culture media composed of 8

grams (g) Bactotryptone, 5 g yeast extract, and 2.5 g NaCl per litre of distilled

water adjusted to pH '7 .2.

M9 minimal plates composed of 1.5 7o agar with M9 salts (6 g Na2HPOa, 3 g

KH2PO4, 1 g NHaCl, and 0.5 g NaCl), 246.5 rng MgSO4, 14.7 mg CaCt2, 337 mg

thÌamine, and 4 mg glucose in one liter of distilled water at pH 7.2, were used to

propagate the JM103 cell line.

CJ236, harboring Mi3 derivatives, used to produce uracil -containing

DNA, were grown at pH 7.2 in LB liquid culture media containing 10 g

Bactotryptone, 5 g yeast extract, and 10 g NaCl per litre of distilled water, but

with 0.25 mg of uridine supplemented per litre.

Propagation of the CJ236 cell line was accomplished using LBC plates,

which were created using LB liguid culture media supplemented with 7.5 Vo

agar and 170 mg chloramphenicol in ethanol per litre.

Ml3 phage and host cells were first placed in H-top agar (10 g

Bactotryptone, 8 g NaCl and 8 g agar per litre) and rhen placed on TyE medium

plates composed of 20 g Bactotryptone, 10 g yeasr exrracr, 16 g NaCl with 1.5 Zo

agar per litre of distilled water ar pH 7.2.

MOB 154 cells containing mutant plasmids that express active citrate

synthases, were grown in LB liquid culture media and then selectively grown

on MOBmin minimal plates containing 1,5 7o agar with M9 salts, 100 mg

thiamine, 4 mg glucose, and 12.5 mg cytosine per litre; adjusted to pH '7.2.

When a positive control was needed to assess the growth of MOB 154 cells

bearing mutant plasmids, 12.5 mg glutamate was added per litre to the MOBmin

minimal pl ates.



32

LBA liquid culture medium is identical to LB except that 100 mgs

ampicillin is added per litre. LBA v¿as used to grow and select for MOB154 cells

harbouring mutanf plasmìds. LBA plates (LB supplemented with 1.5 7o agar)

were used to propagate these cells.

PLASMIDS AND OLIGONUCLEOTIDES

'lhe E. coli citrate synthase gene, gltA, including promoters and

terminators, rvas expressed in pESglrA, a derivative of pHSg/tA (Anderson &

Duckworth, 1988). M13ESglt,4 was a result of cloning the small EcoRI-Sall

restriction fragmont from pESgltA into the large EcoRI-Sall fragment of

Ml3mp18 RF DNA.

Mi3 is a bacteriophage that infects bacteria. It harbours two forms of

DNA; a circular single-stranded form and a double-stranded form called

replicative form DNA (RF DNA). RF DNA is comprised of single-stranded phage

DNA and a complementary strand. The Kunkel method of mutagenesis utilizes

Messing's (1983) requirement that gltA be cloned into a Ml3 bacteriophage

vector of known sequence (M13rnp18 for my work). Use of M13mp18, during

this project was important since single-stranded DNA isolated from M13mp18

was used in the Kunkel method to prepare single-stranded uraci l-colìtaining

template which was annealed to the synthetic oligonucleotides coding for

mutant I ttA genes. Furthermore, single-stranded dideoxynucleotide

sequencing of the mutant g/tA strand rvas possible and necessary to snsure

that gltA was indeed a mutant form. Once this check was accomplished, RF DNA

served as a source of mutant gltA which was used to create M13ESS/IA. The

synthetic oligonucleotide primers, listed in T able 2, were synthesized at and

purchased from the University of Calgary's DNA Custom Synthesis Center.
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They were created to be complementary

sites are numbered from the fi¡st base

to the anti-sense glt.4 strand. Priming

in the initiator methionine codon.

TABLE 2: SYNTHETIC OLIGONUCLEOTIDES USED FOR
MUTAGENESIS AND SEQUENCING STUDIES

SYNTHETIC
OLIGONUCLEOTIDE

5'-+3'
BASE SEQUENCE

5'-+3'
PRIMING SITES
(MUTANT SITE)

oligo L407 O GACGCGGAA'GCCCAArc 1536 -+ l52O
( 1528)

oligo L387 O AACGGTMGTGCCATTG 147 5-+1459
(1468)

olieo PR384 @ TCACCCAACCrGTACCT 482-+1466
oligo 4383 O ATIGCGGEAATGAC]GGT 462-+ 1446

1456-+55)
oligo 4362 O AGTAGAAAGCGACGTrc 1401-+1385

(1393)

oliso PR329 0 TCATCCTTCGTCTCCCAG l3O9-+1.293

oligo 4264 O CAGACreGCACG'TAC 1105-+1089
11099-+ 9 8 )

olieo PR260 0 AGGTCCCC¡CCAGTGAAG 1094-+107 8

olieo PR221 0 ATCAGAATAAGGTCCAT 979-+963
olieo PRTERM 0 GCCATATGAACTGCI]GG 1637 -+1621
O = SYNTIIEIC OLIGONUCLEOTIDES USED FO MUTAGENESIS

@ = SYNTHETIC OLIGONUCI-EOTIDES USED FOR SEOUENCING

UNDERLINBD BASBS = MUTATED BASES USED INMUTAGENESIS
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THE KUNKEL MUTAGENESIS PROCEDURE

THEORY

The Kunkel method of ol igonucleotide-d irec ted in yitro mutagenesis

(Figure 10), is the basis for the flowchart of procedures utilized to creatc and

analyze mutant E. colí ci¡rate synthases (see Figure 11). The Kunkel method,

which utilizes small synthetic fragments of DNA (12-30 nucleotides long)

called oligonucleotides, is a modification of the original mutagenesis

procedure invented by Zoller and Smith, 1982. The ol igonucleotides are

constructed so that they will be complementary to the template DNA in every

way except for the mismatch. For my work, the template DNA, Ml3ESglrA,

contained the E. coli citrate synthase gene, gltA, subcloned into the M13mp18

bacteriophage vector (Anderson, 1988). The Kunkel method requires that the

tomplate contain uracil. This is possible when Ml3ES gltA is transformed into

E. colí CJ236, a host cell deficient in the enzymes dUTPase and uracil glycosyl

transferase. The lack of dUTPase allows dUTP to accumulate since the

formation of dUMP from dUTP will not happen. A small portion of the excess

dUTP's will lead to the incorporation of some uridines into the M13 template in

place of thymidines, a process normally counteracted by the action of uracil

glycosyl transferase. Once the single-stranded uracil -contain in g Ml3ESglfA

template is created, it must be annealed to a phosphorylated mutagenic

ol igonucleotide. The mutagenic oligonucleotide must be phosphorylated so

that DNA ligase can ligate its ends after primer extension by the large Klenow

fragment of DNA polymerase L Consequently, a covalently closed circula¡

heteroduplex is formed which can be transformed into JMl03, a host cell

possessing uracil glycosyl transferase. The uracil-containing strand of the
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<-

co \. alc n I I\' -c lo scd
circul¡r hctcro-

duplcx

THE KTJNKEL METHOD OF OLIGONUCLEOTIDE-DIRECTED

IN VITRO MUTAGENESIS (TAKEN FROM MOLGAT, 1990)
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IDENTIFYING CODON TO BE CHANCED ON ANTI-SENSE g/f,  STRAND
J

SYNTHESIS OF OLIGONUCLEOTIDE COMPLEMENTARY TO SENSE g/fá
STRAND

J
TRANSFORMATION OF Ml3ESgltA, INTO ¿'. coli CJ236 (dut' uns- HOST)

t
ISOLATION OF SINGLE-STRÀNDED URACIL.CONTAINING TEMPLATE

(CONTAINS grtÁ GENE CODING FOR CITRATE SYNTHASE)
J

ANNEALING OF M13 URACIL-CONTAINING TEMPLATE (+)
TO PHOSPHORYLATED OLIGONUCLEOTIDE PRIMER (-)

J
PRIMER EXTENSION AND LIGATION

USING dNTP'S, KLENOIV FRAGMENT DNA POLYMERASE I, AND DNA
LIGASE

J
TRANSFORMATION INTO E. colì JMl03 (ilut+ ung+ HOS"I)

J
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FIGURE 11: FLOWCHART OF PROCEDURES UTn IÆD TO CREATE
AND ANALYæ MUTANT¿. coli CITRATE SYNTHASES
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heteroduplex is then degraded in vivo by this uracil glycosyl transferase. I n

vivo extension and ligation occu¡s to form mutant M13 RF gltA DNA.

CONSTRUCTION OF SINGLE-STRANDED URACIL TEMPLATE

A Ml3ESgltA/JMl03 plaque was transferred to 1ml LB liquid culture

media (LB) and incubated for 5 minutes ar 60"C to kill tlìe JMl03 cells. The cells

were pelleted and 100 pL of the supernatant was added to 100 mL of LB

supplemented with 10 pL of a 2.5 mg/mL uridine stock. Five microlitres of mid-

log phase CJ236 was transferred to the mixture and incubated at 37oC for 5

hours with vigorous shaking. After incubation, the CJ236 cells wers pelleted

following centrifugation at 5K for 10 minutes, The viral supernatant was

suspended in a quarter volume of 20Eo PEG-6000i2.5 M NaCl and placed on ice

for 24 hours. Precipitation of phage resulted. Following centrifugation at 10K

for 10 minutes, the viral pellet was suspended in 2.5 mL of TE buffer in order

that single-stranded phage DNA be prepared following rhe protocol of Sanger

et al., i981. To this solution, an equal volume of 1:1 (w:v) phenol/chloroform

was added, followed by five minute vortexing and centrifugation periods. To

the separated aqueous layer, 0.1 volume of 3M NaOAc (pH 6) and 2.5 volumes of

ethanol were added. To induce precipitation of the single-stranded uracil

template, the solution was placed at -20.C for at least an hour.

MUTAGENESIS

Once the single-stranded uracil template was isolated, a phage titre was

conducted to determine if the template had at least a 105 fold greater survival
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in CJ236 than JM103. The phosphorylated mutagenic oligonucleotide was then

annealed to the single-stranded uracil containing template,

Two hundred picomoles of thg mutagenic oligonucleotide were

incubated with 3 pL 1 M Tris buffer (pH 8), 1.5 pL 200 mM MgCl2, 1.5 pL 100 nM

DTT, 3 pL i0 mM ATP and 5 units of polynucleotide kinase af 37oC fo¡ I hour.

Dilution with sterile water yielded a 20 ¡:,glmL stock solution of phosphorylated

mutagenic oligonucleotide. Five microlitres of this 20 mglmL stock was

incubated at 65'C for 5 minutes with 10 trl- of single-stranded uracil template (1

pC/pL), 1.7 mL of 20X SSC and 17.3 mL of water. To ensure annealing, this

mixture was slowly cooled to 4"C. Extension of the phosphorylated mutagenic

oligonucleotide to form a covalently closed circular heteroduplex rvith the

uracil template occurred when 20 pL 100 mM Tris buffer (pH 8),50 mM MgCI2,

20 pL 10 mM DTT, 10 pL 10 mM ATP, 5 pL of each of the four dNTP stocks (10

rnM), 12 units of the large Klenow fragment of DNA polymerase I and 12 units

of T4 DNA ligase was added to the above mixture and left at 4"C for 24 hours.

The heteroduplex was used to transform JM103 cells, which were mixed with H-

top agar and plated on TYE plates (see MEDIA section), A 24 hour incubation ar

37"C followed. In yiyo degradation of the single-stranded uracil template

occurred resulting in M13 RF mutant progeny.

MUTANT SCREENING

Following the Kunkel mutagenesis procedure, single-stranded phage

DNA was prepared, from lhe potential M13 clones containing murated gltA, in a

scaled down version of Sanger's protocol (1981) utilized to prepare single-

stranded uracil -containing template DNA. Screening of these clones was

accomplished by single-track sequencing (Zoller and Smith, 1983; Sanger er
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al., 1917) of the mutation region (1098-1528). Once a mutanr was "tracked",

final confirmation that the mutation induced by the oligonucleotide was the

only one present was obtained from sequencing of the enf.fte gltA Hpai-Sall

restriction fragment of DNA. This task was accomplished using five specific

synthelic oligonucleotide primers designated oligos 221, 260, 329, 384, and

TERM (see Figure 12). Since the HpaI-SalI restriction fragmenr (759-1589)

contains a large portion oî the gltA coding sequence and is the only sequence

produced by primer extension using the large Klenow fragment of DNA

Polymerase I, sequencing is required to ensure that no random mutations

occurred because of the action of the large Klenow fragment of DNA

polymerase I. Portions of the glt.4 sequence outside of the HpaI-SalI region

need not be sequenced since subcloning eliminates this portion from the DNA

synthesized by Klenow DNA polymerase I.

CLONING TECHNIQUES

Isolation of mutant replicative form DNA was accomplished using the

Alkaline-SDS method of Birnboim & Doly, i979. Restriction enzyme digests,

agarose gel electrophoresis, cloning, preparation and transformation of

competent cells using calcium chloride, and replica plating were performed as

described by Maniatis et al., 1982.

Mutant pESg I tA plasmids were constructed by digesting mutant

replicative form DNA (M13ESglr.4) and wild type pESglrá with the resrricrion

enzymes HpaI and Sall. Agarose gel electrophoresis of these digests was

conducted and separate fragments isolated. The smaller Ml3ESgltA HpaI-SalI

gltA fragment was cloned into the larger pESglr.A HpaI-SalI fragment. The

result, as illustrated in Figure 13, is mulant pESg/tÁ.
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FIGURE 12: SEQUENCINGSTRATEGYOFgûA
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Testing the effect of the mutation on citrate synthase properties

requires transformation of these plasmids into competen¡ host cells lacking

native citrate synthase. E. coli MOBL54 cells rvere the host cells used for this

purpose.

The procedure known as replica plating revealed whetlìer ampicillin

resistance from the larger pESgltA HpaI-Sall fragment existed. Assuming

pESg/t.4 coded for an active mutant E. coli citrate synthase enzyme, use of

MOBmin minimal plates (see MEDIA section) with (positive control for grorvth)

and without glutamate, ensured that mutant glr.4 was expressing. Fìnal and

definite proof that the mutant E. coli citrate synthases obtained were indeed

derived from mutant glrÁ genes, arose from double-stranded sequencing of the

mutant plasmids (Mierendorf and Pfeffer, 1987) in the region of the mutatioli.

MUTANT Escheríchía co¡i CITRATE SYNTHASE

PRODUCTION AND PURIFICATION

Following verification of the presence of the mutationp by plasmid
\

sequencing, one colony was transferred into 5 mL of LBA liquid culture media.

The entire culture was used to inoculate 500 mL of LB liquid media containing 5

mL of an ampicillin stock solution (20 mg/ml-). MOB 154 harbouring a mutant

plasmid from the 500 mL culture was grown in twelve flasks, each containing

one liter of LB and 5 mL of ampicillin (20 mg/ml) at 37oC for 24 hours. After 8

hours, an additional 5 mL of ampiciltin solution was added to each of the twelve

flasks. Once the cultures were grown ( 16 hours later), the cells were

harvested using a Sharples centrifuge (7000 rpm) and ruplured in a French

pressure cell (17000 psi.). The resultant extract was centrifuged at 15000 rpm

for I hour. The supernatant possessing citrale synthase and other proteins
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was purified by ion-exchange column chromatography, using the anion

exchange resin diethylam inoethyl (DEAE) cellulose and gel chronìatography

using Sephadex G-200, according to the method of Duckworth and Bell, 1982.

The DNase trealment and ammonium sulphate precipitation steps were omitted.

ASSESSMENT OF B. coli CITRATE SYNTHASE PURITY

Two procedures, employed to assess the purity of mutant E. coli citrate

synthases created during this project, were: SDS polyacrylamide gel

electrophoresis (Laemmli, 1970) and Immunodouble diffusion precipititi

reaction (Ouchterlony, i953).

Ouchterlony immunodouble diffusion supporting medium was composed

of 1.07o agar, 147 mM sodium chlo¡ide, 0.027o sodium azide, and iOmM Tris

buffer (pH 7.4). Each plate had a center well and five surrounding wells

punched into the supporting medium where antibody and antigen were placed

respectively. The diffusion process was allowed to proceed at 3'7'C lor 24

hours,

The Ouchterlony immunodouble diffusion precipitation reacrion was

done with individual and "pooled" fractions collected from DEAE-celluose and

Sephadex G-200 chromatographic columns in order to detect the presence of E.

coli citrate synthase. Diffusion of twenty microlitres of undiluted rabbit anti-

wild type polyclonal E. coli citrate synthase antiserum (gift from Dr J.

Jamieson), placed in the center well, and tr¡/enty micrograms of appropriately

diluted potential E. coli citrate synthase, placed in surrounding wells, near

their equivalence point resulted in the formation of a cross-linked

immunoprecipitate. The immunoprecipitate only formed if the antigen was E.

coli cirrate synthase. In addition, identity between antìgens was implied when



44

precipitin arcs, formed between the single antibody and surrounding wells,

were totally fused.

Sodium Dodecyl Sulphate (SDS) Polyacrylamide Gel Electrophoresis

(PAGE) was conducted on column chromatography fractions. Standards used

were bovine serum albumin (BSA) (68 000 g/mol), glutamic dehydrogenase (56

000 g/mol) and ovalbumin (44 000 g/mol). Following electrophoresis, E. coll

citrate synthase (subunit molecular weight = 48000 g/mol) was found to

migrate to a point between glutamic dehydrogenase and ovalbumin. Use of 10

and 50 microgram preparation sizes determined whether the E. coli citratç

synthase preparations wore pure and free of significant amounts of

contaminating proteins respectively.

CITRATE SYNTHASE ASSAYS

The objective of an enzyme assay is to detect the presence of citrate

synthase and its activity. Citrate synthase utilizes the substrates, OAA and

AcCoA to form citrate and CoA-SH. Because CoA-SH contains a free sulfhydryl

group, it can reacr wirh 5,5'-dithiobis-(2-ni trobenzoi c acid) (DTNB), also

known as Ellman's reagent, to form 2-nitro-5-thio-benzoic acid-Co A and 2-

nitro-s -thio-benzoic acid anion (E412=13600 M-1 cm-i). Figure 14 illustrates

DTNB's reaction with coenzyme A. Since the formation of CoA-SH is the rate_

limiting step, rate of appearance of yellow color must be equal !o the rate of

the reaction catalyzed by citrate synthase. DTNB also reacts with a sulfltydryl

group (Cys-206) of E. coli citrate synthase (Talgoy et alr, 1979). Since the

concentration of protein under assay conditions is insignificant, contribution

of the protein reaction to the amount of 2-nitro-5 -thio -benzoic acid anion
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produced will also be insignificant. The reaction between DTNB and CoA-SH

can be followed spectrophotometrically, at 4l2nm, in a Gilford 2400-2 single

beam spectrophotometer using the method of Srere et al., 1963.

Citrate synthase assays were performed in 1 cm cuvettes in total

volumes of 1 ml and 600 pL. Standard E. colí citrate synthase assay conditions

required 940 pl of Tris buffer (TB) (20mM Tris-Cl, pH=7.8, lmM EDTA), 10 pL of

suitably diluted enzyme, and 50 pL of Tris buffer containing 2.0 mM AcCoA, 2.5

mM OAA, and 1.0 mM DTNB. Assays were carried out at room temperature.

Under standard assay conditions, one unit of citrate synthase activity is

defined as the amount of enzyme required to produce 1.0 pmol of product per

minute at room temperature, and is determined using the following formula:

rrnol prodqElq¡.L= Géþl@4\Znmlqjn) * UA!*196p-ol.x V x D
mL extract e@412 mL mol E

where e is the extìnction coefficient of 2-nitro-5 -thio -benzoic acid

anion (13 600 tø-1cm-1), E is pL of enzyme assayed, V is assay volume, D is the

dilution facror.

Specific activity is defined as units of activiry divided by milligrams of

citrate synthase (determined by absorbance values at 278nm) assayed.

STEADY STATE KINETICS OF E, coli CITRATE SYNTHASE

Following standard enzyme , assays, activities were determined fo¡

various combinations of OAA and AcCoA concentrations in the presence and

absence of 0.1M KCl. Relationships between specific activities and subsrrare

concentrations rvere plotted in Lineweaver Burk double-reciprocal form. Sets
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of data obeying the Ordered Bi Bi equation (Cleland, 1963) were fitted into thc

equation by the GENLSS program of DeTar, 1972. The GENLSS program

determines best values for the four parameters (Vmax, K644, KiO¿,n, KAcCoA)

by independently placing each data point into the Mich ael is -Menten

hyperbolic curve equation. In addition, assignment of a standard deviation to

eaclì parameter is accomplished. Vmax is the maximum velocity of the

reaction in the presence of saturating amouts of OAA and AcCoA. When AcCoA

is saturating, Kg44 is the concentration of OAA yielding half the Vmax. KiOee

is the dissociation constant for OAA in the absence of AcCoA. When OAA is

saturating, KAcCoA is the concentration of AcCoA yielding half the Vmax.

In the absence and, at times, presence of KCl, Lineweaver-Burk plots

(specific activity-1 versus [AcCoAl-1¡ of mutanrs created during the course of

this project, exhibited curved as opposed to straight lines. When such sigmoid

curvature occurred, the y-intercepts (Vmax values) for the various OAA

concentrations were collected and used to create Hill plots (log (v/Vmax-v)

versus log IAcCoA]), where v represented the specific activity of cirrare

synthase at that particular OAA/AcCoA concentration combination. The slopes

of the lines represent the Hill numbers, which were averaged for each OAA

concentration and reponed as a common HilI number for the mutant enzyme.

The anti-log of the slopes divided by the y-intercepts are the S0.5Acço4 values,

which were also .averaged to report a common S0.5AcCoA value for the mutant

enzyme. Values for the apparent Km of OAA were determined from specific

activity-l versus IOAA]-l Lineweaver-Burk plots which were always linear.

For each AcCoA concentration, the x-intercepts of these sets of data

represented the apparent Km for OAA at that particular AcCoA concentration.

The apparent Km for thè mutant enzyme is reported as that of the highest

AcCoA concentration.
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ACTIVATION & INHIBITION STUDIES

Activation and inhibition studies pertaining to E. coli citrate syntlìase

involve the enzyme's activator, KCl, and inhibitor, NADH.

Determining the effect of KCI on the enzyme's activity requires that a

series of standard citrate synthase assays be performed with increasing

amounts of KCl. Maximum activation of wild type å. coli citrate synthase

occurs at approximately 100 mM KCl. KCI concentrations exceeding 100 niM

commonly result in a decrease of activity.

To determine the inhibitory effect of NADH on enzyme activity, standard

citrate synthase assays, in the absence of KCl, were performed with increasing

amounts of NADH. Since KCI abolishes the inhibitory effecl of NADH on E. coli

citrate synthase (Talgoy & Duckworth, 1979), it was omitted from assays of

NADH inhibition.

Citrate synthase activity is also subject to comperitive inhibition rvith

respect to oxaloacetate, at the active site, by a-ketoglutarare (o-KG) (Wright &

Sanwal, 1967). Because a-KG is an analogue of OAA, it rvill bind ro rhe active

site (Anderson & Duckworth, 1988), but not be urilized by the enzyme. As a

result, the enzyme is inhibited by increasing amounrs of a-KG. in practical

terms, th9 standard citrate synthase assay is performed in the presence and

absence of KCI using constant OAA concentrations and varying o - K G

concentrations. The outcome is inhibition curves for the different OAA

concentrations.

Determination of the maximum percent activation and Km, KCI values as

well as the maximum percent inhibition and Ki, NADH or Ki, a-KG values,

required creation of Lineweaver-Burk plots of KCI activation and NADH or a-
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KG inhibition curves. The y-intercepr yielded l/(Vo-V_) and 1/(V_-Vq) values

for inhibition and activation plots respectively. Vo represented specific

acfivity values when KCl, NADH, and c.-KG concentrations were equal to zero.

V* represented specific activity values with an "infinite" amount of additional

ligand present. The maximum percent activation by KCI was determined using

the following calculation, (V--Vo) x 100. Maximum percenr inhibition by

NADH or a-KG was found using (Vo-V-) x 100. The x-intercepts of Lineweaver-

Burk plots were determined by subjecting the data to the GENLSS program. As

a result, Km, KCl, Ki¡lAOg and K¡o_1ç6 values were determined along with their

associated standard devi ations,

FLUORESCENT LIGAND BINDING STUDIES

ANS DISPLACEMENT

ANS displacement studies, conducted during the course of this project,

were executed using a Gilford Fluoro IV Model 1452X11 Spectrofluorimeter and

lcm Canlab fluorescence cuvettes. The method of Talgoy & Duckworth, 1979,

was followed. ANS or 8-anilino- 1-naphthalenesulfonic acid is a fluorescent

ligand that binds to E. col¡ ciLrate synthase. In the presence and absence of

KCl, ANS/citrate synthase complexes were titrated with the ligands OAA and

AcCoA in order to determine whether they displaced ANS from the enzyme.

The concentration range in which displacement occurs, reflects the enzyme,s

affinity for its substrates. Changes in fluorescence (AFobs) occurring as a

function of ligand concentrations (tl-l) were plotted as Scatchard plots

(aFo6s/[Lì versus AFo6s). When saturation with ligand is hyperbolic (linear

scatchard plot), A F o6, is represenfed by the equation: A F obs =
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(a Fm ax [L])/(KD app + [L]) (Talgoy & Duckworth, 1979). aFo6, is the change in

fluorescence observed at any [L]. AFmax represents the maximal change in

fluorescence obtained at saturation, while KpaPP is the concentration of ligand

(nucleotide) required to get half the maxima[ fluorescence change. Data

giving linear scatchard plots were fitted to the abovs equation for a

rectangular hyperbola, using DeTar's GENLSS program, and values for ÄF-u*

and KÞ app were obtained along with their respective errors. Sigmoid

saturation data were fiued to the equation aFobs = (aFmaxtl-l)/(ttg.i2+lL)2),

which is the Hill equation with n=2. L6.5 represents the ligand concentration

needed to achieve half minimal fluorescence changes. Once again, the GENLSS

program was employed to determine the AFmax and L9.5 values and their

9rrors.

NADH BINDING

NADH binding was measured using the fluorescence enhancement

technique of Duckworth & Tong, 1976. The aim of this technique was to

observe the effsct the presence of KCI and substrates had on the binding of

NADH to both wild type and mutant E. coli citrate synthases. A Gilford Fluoro

IV Model l452xl1 Spectrofluorimeter using Canlab fluorescence cuvettes (1

cm) was used. Data obtained frorn NADH binding experiments were treated

according to Duckworth & Tong, 1976, and were fitted to the equation for a

rectangular hyperbola using DeTar's GENLSS program. Values for KD, NADH

were given along with their associated deviations.
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PHYSICAL STUDIES

CIRCULAR DICHROISM SPECTROSCOPY

Ellipticity values generated by circular dichroism spectroscopy ol E. coti

citrate synthase were collected on a JASCO-5004 Spectropolarimeter in the

range of 210-240 nm using 0.5 cm cuvettes. Concentrations of enzyme

solutions used were approximately 0,2 mglmL. The percentage of a-helix in

the enzymes was determined from ellipticity values collected at 222 nm. prior

to determining the percent o,-helix content, ellipticity values at 222nm, 0222,

were used to determine the molar ellipticity, lø ZZZ)*1, in. cm2 dmol-l, using

the following equation (Adler, 1973):

lsZZùM= 0222xM
l0 x L x C

where M is the molecular weight

concentration in milligrams/ml, and L is

percent d-helix in mutant citrats synthases,

of the protein, C is the protein

the path length (5.015 mm). The

fa, was found using the formula,

la=!e2221+2730

where [0222) is the mean residue ellipticity calculated by dividing the

molar ellipticity by the number of amino acids in the protein,

Comparison of the percent r-helix in wild type to mutant citrate

synthases ensured that mutant citrate synthases created during this project

retained structural integrity.
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ULTRAVIOLET DIFFERENCE SPECTROSCOPY

A Cary 15 double-beam spectrophotometer was employed for collecting

ultraviolet difference spectra in the range of 240-340 nm, Double chamber

cuvettes were used in which each chamber had a path length of 4.4'I mm. The

concentration of enzyme solutions was approximately 2,3 mg/ml so that

effective absorbance of samples was nearly 1.0. The suspension buffer used

was TB buffer (see MEDIA) supplemented with 0.15 M KCI when needed. Since

OAA absorbs light at the 240-270 nm range, two double chamber cuvertes

(reference and experimental) were used. In the reference cuvette, TB buffer,

with and without 0.15 M KCl, was added to both chambers. Subsequently, OAA

was added in the first chamber and enzyme solution was added to the second.

In the experimental cuvette, TB buffer and protein were placed in the first and

second chambers respectively. OAA was added to the second chamber of the

experimental cuvette at the same time it was added to the first chamber in the

reference cuvette.

It is important to note that because OAA absorbs in the region, 240-ZlO

nm, OAA induced difference spectra, in this region, may in part be due to

changes in the absorbance of OAA upon binding to cit¡ate synthase,

Furthermore, OAA induced difference spectra of citrate synthase may not

necessarily be due to a conformational change caused by OAA binding, but

rather to a change in the environment of aromatic amino acids caused by the

presence of OAA,
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PURIFICATION & STRUCTURAL ANALYSIS

Prior to analyzing the kinetic and physical properties of mutant E. coli

citrate synthase enzymes created during this project, it was important to

determine whether these enzymes were indeed E. coli citrate synthases, and

furthermore, whether fhey were properly purified in a manner that retained

their structural integrity,

Ouchterlony immunoprecipitation reactions of mutant. enzyme

preparations with E.coli citrate synthase antiserum are shown in Figure 15.

Precipitation was due to the presence of E. colí citrate synthase domains for

each of the mutant enzyms preparations.

SDS-PAGE results of all mutant enzyme preparations (gel not shown)

gave a single band of molecular weight about 48000 grams/mole (same as wild

type). Contaminating bands were not apparent in lanes of the SDS gel

containining excess enzyme sample. Therefore, all mutant enzyme

preparations werg pure.

In order to determine whether conformations of mutant E. coli cîtrala

synthase enzymes were different from wild type E. coti citrate synthase, in the

absence of substrates or other ligands, circular dichroism (CD) spectra were

compared. As an example, the CD spectrum of CS R407L showed no significant

difference from the wild type spectrum (see Figure iZ). Therefore, no

detectable overall conformational change was caused by mutating Arg-407 to

leucine. Moreover, quite simitar spectra were exhibited by all the other

mutant enzymes created (spectra not shown). As stated in the METHODS

section, determination of the percentage of s-helix in both wild type and

mutant enzymes was possible by using the ellipticity values at 222 nm. Wild

type E, coli citrate synthase has approximately 507o c¿-helical content. Since
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the d-helical content of the mutants (seen

type value, it was expected that all the

integrity despite their mutations.

cs R407L

FIGURE 15:

in Table 3) were similar to the wild

mutant enzymes maintained structural

WILD TYPE

CS F3834

CS H264A CS D3624

OUCITTERLONY DOUBIÆ,-DIFFUSION OF W]LD TYPE

CITRATE SYNTTIASE AND MUTANTS. ALL E¡{ZYME

CONCENTRATIONS WERE 82 pglrnl-. TO EACH WELL,

20 t-tl- OF SAMPLE AND UNDILUTED ANTISERUM

WERELOADED.
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TABLE 3: DETERMINATION OF c¿_HELICAL CONTENT FOR
WILD TYPE CITRATE SYNTHASE AND CS R4O7L.

ENZYME ELLIPTICITY
(mo)

MOLAR
ELLIPTICITY

ro-- 2 ,r-^r-1r

MEAN
RESIDUE

ELLIPTICITY
locm2 dmol-1)

PERCENTAGE
OF

a-HELIX

WILD
TVÞtr'.

-26 (-7.1+0.1)x 10ô (-1.710.1)x104 48.20r0.05

cs
R4O7L

-28 (-7.710.1)x 10Ó (- 1.8t0.1)x 104 52.6010,05
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Figure 18 is a three-dimensional illustration of the pig

synthase activc site residues surrounding OAA. Equivalent E. coll

listed in Table 1. The citrate synthase reâction mechanism (seen

is a rcsult of studying the X-ray data behind Figure 18.

heart citrate

residues are

in Figure 7)

FIGURE 18: THREE-DIMENSIONAL ORIENTATION OF PIG HEART

CITRATE SYNTHASE ACTTVE SITE RESIDUES. OAA IS

SHOWN IN TIIE ACTiVE SITE. EQUMLENT E. coli

RESIDUES ARELISTED INTABLE I. THE'A'AND 'B'
SYMBOIJ, FOLLOWING THEAMINO ACID LABELS,

REPRESENT THEIR RESPECTTVE SI.IBUNIT.



58

CS R4O7L

INTRODUCTION

X-ray diffraction studies on pig heart citrate synthase (Wiegand and

Remington, 1986) have implicated A,rg-421, the residue equivalent to Arg-407

of E. coli, in the binding of OAA and citrate to the active site. In fact, it was

proposed that this arginine formed either a hydrogen bond or an ion pair rvith

the 4-carboxyl group of OAA. To determine whether this conserved arginine

played the same role in the E. coli enzyme, I mutated Arg-401 to leucine. The

mutant enzyme created was named CS R407L.

Since Arg-407 is implicated in substrate binding and not direct catalysis,

it is expected that the kcat parameter for CS R407L will be only slightly lowcr,

while it is expected that the affinity of CS R407L for OAA will dec¡ease, that is,

that K¡964 a¡d KOAA will increase.

STEADY STATE KTNETTC RESULTS

IN THE PRESENCE OF KCI

CS R407L steady state kinetic parameters are listed in Table 4, and

Lineweaver-Burk plots are shown in Figure 19 and 20. The nearly 33 and l1

fold increases in Kig44 and Kg44 values respectively, were as expected. Figure

21 illustrates the comparison of Kig64 and Kg44 values between CS R407L and

wild type citrate synthase. Saturation by AcCoA was hyperbolic and associated

with a Hill number of 1.00 (see Figure 24 for AcCoA Hill plot). K4s664 for CS

R407L was comparable to the wild type value, The kcat value for CS R407L rvas

unexpected. lt was determined to be nearly 80 fold lower than the wild type

value.
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IN THE ATSENCE OF KCI

Steady state kinetic data are presented in Table 5, while Li¡reweaver-

Burk plots are shown in Figure 22 and 23, In the absence of KCl, saturation by

AcCoA was sigmoid. The Hill number was 1.55 (see Figure 24 for Hill plot). The

Sg.5 value for AcCoA was determined to be almost the same as the wild type

value. In the presence of 700 pM AcCoA, the apparent Km for OAA rvas

determined to be 90f20 pM (wild typei 27rS pM). The kcar value for CS R407L, ìn

the presence of KCl, was 20 fold larger (wild type; 2 fold larger) than in the

absence of KCl.

ACTIVATION & INHIBITION RESULTS

Activation and inhibition results are seen in Table 4 and 5 respecrively.

The Km, KCI value determined for CS R407L was idenrical ro the wild rype value

within error. Therefore, KCI binds to CS R40?L equally as well as it does ro wild

type E. coli citrate synthase. Funhermore, the KCI acrivation ratio (4714) was

only slightly larger than the wild type value of 39t3.

CS R407L sensitivity ro NADH inhibirion was unlike rhar of wild rype.

The Ki, NADH parameter was approximately 9 fold Iarger. Maximum percent

inhibition by NADH was found to be 85r97o (wild rype; ggilqù.

In the presence or absence of KCl, CS R407L did no¡ bind c-KG very rvell.

In the absence of KCl, a 9 fold increase in the amount of o-KG was required to

inhibit CS R407L activity, while in rhe presence of KCl, only a 2.3 fold increase

in this amount was necessary. Increased Ki5, o-KG values, for CS R407L, rver.e

not unexpecred, since o-KG inhibits by binding at the OAA sire.
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BINDING RESULTS

NADH BINDTNG

From NADH binding data collecred for CS R407L (see Table 6), it rvas

apparent that NADH binding was similar to wild type, since rhe K¡, NADH

parameter was quite similar. The trend with NADH binding to wild type citrate

synthase is that it decreases with increasing amounts of KCl. Although this

trend was maintained with CS R407L, KCI inhibited NADH binding ro a grearer

extent. The Kp, KCI value for CS R407L was 37t4 pM (wild rype; 90i10 ¡rM).

ANS BINDTNG

Both the CS R407L and wild type enzymes exhibited sarurable decreases

in fluorescence of ANS-citrate synthase complexes upon additon of AcCoA and

CoA, as indicated by LO.S, AcCoA and Lg.5, CoA values lisred in Table 7. As rvith

the wild type enzyme, when 0.2 mM OAA was present, the L¡.5, CoA values for

CS R407L decreased further since OAA tightened CoA binding. A subsequent

and similar decrease in respective Lg.5 values, in the presence of 0.1 M KCl, was

observed for both enzymes.

As expected, the Kp, OAA and Kp, c-KG paramelers for CS R40?L, in the

absence of KCl, increased substantially. Obviously, the loss of Arg-407

decreased the ability of this enzyme to bind OAA and o-KG.
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PARAMETER WILD TYPE CS R4O7L

k.'or (sec- I 81f6 0.959!0.143
K,r^¡^,r (uM) 120!20 130r19
Kn,r,r (uM) 26x5 280È100
Krorr (pM) 33+7 11001200

Kr., a-KG (uM) 7 60t25 0 1800r I 7 0
K-, KCI (mM) 28x4 29+4

KCI
ACTIVATION

RATIO
39!3 4'7 +4

HILL NUMBER 1.0 t.0

TABLE 4¡ CS R407L STEADY STATEKINETICS
(IN THE PRESENCE OF KCI)
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FIGURE 21:
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(¡rM) UNITs

COMPARISON OF CS R4O7L AND WILD TYPE
Ki9¡4 AND K666 PARAMETERS. KCI PRESENT.
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PARAMETER WILD TYPE CS R4O7L

k.o 1 (sec- r ) 44!5 0.04610.006
S o-s ancn ¡ (PM ) 410!20 500r5 0
apparent Km
for OAA (uM )

27t5 * 90f20 *

Ki", a-KG (pM) 93r18 835r3 3 0
K;, NADH (pM) 3.3f 0.1 29t5
MAXIMUM

INHIBITION
NADH

Vo

BY 99!1 8 5+9

HILL NUMBER 1.3 1.55
* DETERMINED AT 1000 ¡rM AcCoA.
* DETERMINED AT 700 pM AcCoA.

TABLE 5: CS R4O7L STEADY STATEKINETICS
0N THE ABSENCE OF KCl)
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ENZYME
K¡¡ NADH

(t¿M)
(- KCr)

K¡¡ NADH
(r¿M)

(+ KCI)
K¡' KCI
(pM)

0.1 M 0.2 M 0.3 M
WILD
TYPE

r.94!0.07
0.42-0.74

3.6 8r0.05
0.5i+0.03

6.8710. 1 6

0.49+0.01
11.8r0.50
0.43!0.01

90110

CS
R4 O7L

2.36t0.29
0.73 t0.03

7.26t0.51
0.67t0.03

t2.33t1.30
0.66t0.05

16.64!0.39
0.58t0.01

37+4

TABLE 6: CS R4OTLNADHBINDING RESULTS

È = MEASURED IN PRESENCE OF 0.2 mM OAA
t = MEASURED IN PRESENCE OF 0.2 mM CoA
ND =¡91¡¡'¡URMINED

PARAMETER WILD TYPE CS R4O7L

(uM) NO KCI 0.1 M KCI NO KCI 0.1 M KCI
Lo s, AcCoA 260t40 60r3 250!20 7 0t4

Lo s, CoA 270x40 53!3 27 5!5 5 7 5x5
Ln <. CoA f 73!3 47t5 15816 60+7
Kn. OAA t 25tl ND 30013 0 ND
Kn, c¿-KG t 7 6!11 ND 2500r100 ND

TABLE 7¡ CS R407L ANS BINDING RESULTS
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cs lg2é4a

INTRODUCTION

Wiegand and Remington (1986) proposed that His-27 4, a pig heart citrate

synthase residue, equivalent to His-264 of the E. coli enzyme, was involved in

the first step of the citrate synthase reaction mechanism, enolization of AcCoA.

This charged residue was believed to donate a proton to the carbonyl oxygen of

AcCoA. In addition, His-274 was implicated in proton abstraction. Since citrate

synthase converts its substrates into products by sequentiat protonation and

deprotonation, it was of interest to observe the consequences of mutating His-

264 to alanine (CS H2644).

The catalytic efficiency of CS H2644 is expected to be severely retarded

if protonation and deprotonation of substrates by His-264 is lacking. Since

many amino acids exist to secure and position the substrates for interaction

with His-264, the effect of this mutation on substrate binding may be minimal.

STEADY STATE KINETIC RESULTS

IN THE PRESENCE OF KCI

Steady state kinetic data listed in Table 8 were determined from

Lineweaver-Burk plots presented in Figure 25 and 26. In comparison to wild

type citrate synthase, a decrease in the kcat value of approxÌmately 620 fold

was observed along with a four fold increase in the affinity of the enzyme for

OAA and AcCoA. The Kg46 and KAcCoA values calculated were 6.7tI.3 ¡rM and

32+7 pM respectiyely.



71

INJLHEABSE¡LCN OLKCI

Because the loss of His-264 severely retarded the catalytic efficiency of

the enzyme in the presence of KCl, collection of steady stare kinetic data in the

absence of KCI was not possible. Attempts to assay for activity using a 50 fold

increase in protein concentration and an 8 fold increase in AcCoA, as

compared to wild type assay conditions, proved unsuccessful. As a resulr,

collection of steady state kinetic and Lineweaver Burk plot data was not

feasible, Furthermore, a Hill number was not determined.

ACTIVATION & BINDING RESULTS

Table 8 shows CS H264A activation resulrs. The Km, KCI result (6.2t0.4

mM), for CS H2644, was four fold lower than the wild type value. Therefore,

the affinity of CS H2644 for KCl, with respsct to wild type, increased by a factor

of four. Consequently, a i0 fold decrease in the KCI activation ratio rrr'as not

unexpected. The maximum specific activity observed for this mutant occurred

in the presence of 20 mM KCI (see Figure 2? for KCI saturation curve). In

contrast, wild type citrate synthase attains maximum specific activity at 100

mM KCl.

Since CS H2644 is virtually inactive in the absence of KCl, collection of

data from o-KG and NADH inhibition studies was nor possible. Inhibition of cs

H2644 by o-KG, in the presence of KCl, however, proved to be unaffected. The

Ki5, o-KG parameter was identical to the value for wild type citrate synthase.
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BINDING RESULTS

NADH BINDTNG

NADH binding data for CS H2644 are outlined in Table 9. In the absence

of KCl, ths K¡, NADH parameter is 23.24!0.42 ¡tÌ'l/,. Therefore, binding of NADH

to CS H2644 is decreased by a factor of 12. The presence of 0.1 M KC[, causes a

further 1.3 fold decrease in NADH binding (1.9 fold for wild type). As rhe

concentration of KCI increases to 0.2 and 0.3 M, however, a further decrease in

NADH binding to CS H2644 did nor occur as it would have with the wild type

onzyme. Finally, the K9, KCI resulr for CS H2644 was 5.6 fold lower than rhe

wild type value.

ANS BTNDING

ANS binding results are listed in Table 10. As with the wild type enzyme,

when AcCoA and CoA were added to ANS-CS H264A complexes, saturable

decreases in fluorescence resulted. The L0.5 AcCoA and CoA values were quite

similar to wild type results regardless of whether KCI or OAA were presen!.

In the absence of KCl, Kp, OAA and K¡, o-KG results wsre slightly larger

than those for wild type.
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ULTRAVIOLET DIFFERENCE SPECTROSCOPY

Relative to wild rype E. cori citrate synthase, the increased affinities

(lower Kms) for both substrates, lower Km for KCI activation, and weaker

binding of NADH values observed for cs H264A, suggest the possibility thar the

H2644 mutation causes a conformational shift towards the R or active state, as

previously postulated for the E. coli cs R319L mutant (Anderson et al, 1991). In

order to obtain direct evidence for such a change, ultraviolet difference

spectra were collected. Previous studies have demonstrated that both oAA and

KCI induce characteristic difference specrra in wild type and CS R3i9L

enzymes; the full OAA difference spect¡um is obtained with wild type enzyme

only in the presence of KCl, while with cs R319L, KCI has no effect (Anderson

et al, 1991).

In the absence of KCl, it is possible rhat the binding of OAA (first

substrate to bind) to wild type E, coli citrare synthase induced a conformational

change which was detected by ultraviolet difference spectroscopy (see Figure

28 A). It is also possible that OAA binding, in the presence of KCl, induced a

further conformational chânge (see Figure 28 B). For CS H264A, Figure 29

shows two ultraviolet difference spectra induced by oAA in the absence (A)

and presence (B) of KCl. Because the two spectra were nearly identicar, this

suggested that Kcl had no effect on the conformation of the protein.

Therefore, it is possible rhat oAA binding to cs H264A, in rhe absence of KCl,

induced an enzyme conformation further arong in R state than the wild type

conformation in the absence of KCl,
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PARAMETER WILD TYPE CS H264A

knot (sec-I 8116 0.130r0.003
K¡.'c.'¡ (PM) 120!20 32+'7
Ko¡¡ (pM) 26t5 6.7t1.3
Kionn (pM) 33+'t 69t22

K;", s-KG (uM) 7 60x250 7 60!23 0
K-, KCI (mM) 28r.4 6.2!0.4

KCI
ACTIVATION

RATIO
39!3 3.5r0.5

HILL NUMBER 1.0 1.0

TABLE 8: CS H2644 STEADY STATE KINETICS
(rN TrrE PRESENCE OF KCI)
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ENZY[4E
K¡, NADH

(pM)
(. KCr)

K¡, NADH
(trM)

(+ KCI)
K¡, KCI

0.1 M 0.2 M 0.3 M
WILD
TYPE

1.94x0.07
0.42-0.74

3.6810.05
0.5i+0.03

6.87*0. 1 6
0.49t0 .0 I

11.8r0.50
0.43+0.01

90Ji 0

cs
H264A

23.24!0.42
0.62!0.02

29.11t0.99
0.68t0.02

30.l4l l .8 I
0.63 +0.0l

29.86t1.64
0.57 t0.0 r

| 6+4

TABLE 9: CS H2644 NADH BINDING RESULTS

PARAMETER WILD TYPE CS H264A

luM) NO KCI 0.1 M KCI NO KCI 0.1 M KCI
Ln .. AcCoA 260t40 60r3 19513 0 61!7

Ln <, CoA 270x40 5 313 230!40 56l.9
Lo s, CoA t 73r3 47t5 77 +7 49!8
Kn. OAA t 25!l ND 52!4 ND
Kn. s-KG t 76tt1 ND 120tt9 ND

f = MEASURED IN PRESENCE OF 0.2 mM OAA
t = MEASURED IN PRESENCE OF 0.2 mM CoA
ND=NOTDETERMINED

TABLE 10: CS H264A ANS BINDING RESULTS
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CS F383A

INTRODUCTION

Wiegand and Remington (1986) did not predict a role for phe-397, a pig

heart citrate synthase active site residue, conserved in all known citrate

synthase sequences and equivalent to Phe-383 of the ð. coli enzyme. However,

the authors did observe an "edge on" interaction of the phenyl ring ìn the

vicinity of the substrates OAA and AcCoA. Because phenylalanine is a stable

uncharged amino acid, it was difficult to predict the effect of removing it.

Phe-383 may play a role in maintaining the structure of the active site. Acting

as a space "filter", Phe-383 may keep other active site residues in their proper

orientations for reaction with substrates. phe-383 was mutated to alanine t<.r

determine what effect, if any, the phenyl ring had on catatysis or substrate

binding. The mutant enzyme created was designated cs F3g3A.

STEADY STATE KINETIC RESULTS

IN THE PRESENCE OF KCI

CS F3834 steady stare kinetics are listed in Table i1, while Lineweaver-

Burk plots are shown in Figure 30 and 31. Remarkably, saturarion by AcCoA,

in the presence of KCI, was sigmoid and associated with a Hilt number of 1.g5

(see Figure 32 for specific activity versus AcCoA concentration plot and Figure

33 for CS F3834/wild type AcCoA HiU plor). Because kinetic dara for CS F3g3A

were sigmoid, values for KAcCoA, KiOea, and Kg44, could not be extracted.

Instead, 56.5, 4gçs4 and apparent Km for OAA values are reported. An Sg.5,

6sç64 value of 20001100 pM was determined for this enzyme. The apparent Km
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for OAA, 3015, at 2000 pM AcCoA was equivalent to rhe v/ild rype value (2j!S tlM

at 1000 pM AcCoA) wÌthin error. The kcat value for CS F3B3A was determined ro

be about 8 fold lower than the wild type value.

IN THE ABSENCE OF KCI

"lable 12 shows the steady state kinetic data for CS F383A in the absence

of KCl. When AcCoA saturation of CS F3834 was conducted, in the absence of

KCl, rates of activity collected were very low. Correction for a blank rate due

to CoA in AcCoA, which increases as AcCoA increases, was necessary. However,

subtraction of large blank values led to badly scattered data which showed no

signs of saturating the enzyme at the highest AcCoA concentration (4000 pM )

tested, Therefore, these data were not collected, however, Michaelis-Menten

and Lineweaver-Burk OAA saturation ptots, in the presence of 2000 pM AcCoA,

were collected (see Figure 34), Because AcCoA saturation was not obtained, a

Hill number and a value for Sg.5,4sgs¿ could not be determined. From data

presented in Figure 34, Ihe apparent Km for OAA was 1000f100 pM at 2000 pM

AcCoA, whereas the apparent Km for the wild rype enzymo, ar 1000 pM AcCoA,

is 27t5 trM.

ACTIVATION & INHTBITION RESULTS

Activation and inhibition results are seen in Table 11 and 12

respectively. The Km, KCI value for CS F3834 was determined to be twice the

wild type value. As a result, rhe ability for KCI to bind to CS F3g3A was

decreased by a factor of two. The KCI activation ratio (14+1) of this mutant,

however, was found to be 3 fold lower than the wild type value of 39t3.
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Determining rhe ssnsitivity of CS F3 834 ro NADH inhibition was nor

possible since the enzyme had such low activity in the absence of KCl.

Therefore, K1, NADH and maximum percent inhibition by NADH values were

not possible to determine,

In the presence of KCl, a 1,4 fold increase in the Kis, a-KG value for CS

F3834 was observed. Because CS F3834 lacked activiry in the absence of KCl,

determination of a K¡r,a-KG value was not possible.

BINDING RESULTS

NADH BINDING

Based on NADH binding data collected for CS F3B3A (see Tabte 10), it was

apparent that NADH binding was similar to wild type, since rhe Kp, NADH

parameter was only slightly larger. NADH binding to CS F3g3A decreased

significantly upon addition of increasingly concentrated KCl. The Kp, KCI

value for CS F3834 was derermined to be 16+4 t¡M (wild rype; 90r 10 pM).

ANS BINDING

Both the CS F3834 and wild type enzymes exhibited saturable decreases

in fluorescence of ANS-citrate synthase complexes upon additon of AcCoA and

CoA, as indicated by LO.S, AcCoA and Lg.5, CoA values listed in Table I1.

However, in comparison to wild type L¡.5, AcCoA and CoA values, CS F3g3A

valuss were greater by a factor of two, The presence of 0.2 mM OAA did not

appear to tighten CoA binding nor significantly decrease the L0.5, CoA values

for CS F3834 in the absence of KCl. A decrease in the L0.5, AcCoA value, in the

presence of 0.1 M KCI and 0,2 mM OAA, was observed however.
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In the absence of KCl, the K¡, OAA and K¡, a-KG results rvere 300130 pM

and 3600+200 pM respectively. Thus, the abitiry of CS F3834 ro bind OAA and d-

KG was hindered.

ULTRAVIOLET DIFFERENCE SPECTROSCOPY

Since a strongly sigmoidal saturation curve for AcCoA, in the presence

of KCl, was associated with a S9.5, AcCoA value, 17 fold greater than the rvild

type value, it is believed that this mutant is still in the T confo¡mational state,

even in the presence of 0.1 M KCl. Wild type citrate synthase shorvs non-

cooperative kinetics under those conditions. To obtain further evidence fo¡

such a conformationa[ change, OAA induced difference spectra were collected

for reasons previously explained for the CS H2644 mutant.

OAA induced ultraviolet difference spectra for CS F3834 in the absence

(Figure 35-A) and presence (Figure 35-B) of KCI were different. Response to

KCI was similar to the wild type difference spectrum under identical

conditions. However, it shoutd be noted that the CS F3834 OAA induced

difference spectrum, in the presence of KCl, was similar in appearance to the

wild type OAA induced specrn¡m, in the absence of KCl. This may suggest thar

prior to KCI addition, CS F3834 was in a conformation favoring rhe T-state, but

when KCI was prssent, CS F3834 was in a conformation favoring the R-state.

In fact, this R-state favoring conformation may have been simila¡ to the

conformation of the wild type enzyme in the absencs of KCI since the spectra

were similar. When comparing CS F383A OAA difference specrra, in the

presence of KCI, to the wild type OAA difference spectra, in the absence of KCl,

it should be remembered that CS F3834 lacks Phe 383 which mav contribure to

the difference spectrum,
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FTGURE 33:

2.4

los [AcCoA] (mM)

HILL PLOTS FOR AcCoA SATURATION OF WILD TYPE

CITRATE SYNTHASE (HILL # = 1.0) AND CS F3834
(HILL # = 1.85), DETERMINED IN TI{E PRESENCE OF KCi,
4T300 pM OAA.
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PARAMETER WILD TYPE CS F383A
Y

k.,o1 (ssq-r) 44x5 0.13 910.025
So ç¡.c.,¡ (!rM) 410x20 NPTD
apparent Km
for OAA luM )

27x5 * 1000f100 *

Ki", a-KG (pM) 93r18 NPTD
Kr, NADH (¡¡M) 3.3+0.1 NPTD
MAXIMUM

INHIBITION
NADH

Vo

BY 99+ 1 NPTD

HILL NUMBER r.3 NPTD. but >1.85
NPTD = NOTPOSSIBLE TO DETERMINE.
* DETERMINED AT 1000 ¡rM AcCoA.
* DETERMINED AT 2000 ¡rM AcCoA.
V DATA BASED ON LINEWEAVER-BURK PLOT (SPECIFIC ACTIVITY-I

VERSUS toAa¡-l¡ AT 2000 ¡rM AcCoA.

TABLE 12: CS F3834 STEADY STATE KINETICS
(rN THE ABSENCE OF KCI)
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ENZYIVIE
Kn, NADH

(pM)
(- KCr)

K¡, NADH
(rrM)

(+ KCI)
K¡, KCI

O.I. M 0.2 M 0.3 M
WILD
TYPE

L94l.0.07
0.42-0.74

3.6810.05
0.53t0.03

6.87f0.16
0.49t0.0I

1 I .810.5 0
0.43 +0.0l

90t10

CS
F3834

2.7 st0.17
0.82+0.02

7.17!0.47
0.78+0 .03

22.03!0.38
0.93 +0.0I

52.41!6.60
L57 +0 .17

1614

TABLE 1,3: CS F3834 NADH BINDING RESULTS

PARAMETER WILD TYPE CS F383A

(uM) NO KCI 0.1 M KCI NO KCI 0.1 M KCI
Ln s, AcCoA 260t40 60r3 630r9 0 440+9 0

Ln <. CoA 270!40 5 313 590r1 10 400r7 0
Lo s, CoA t 73x3 47!5 5 1017 0 290145
Kn, OAA t 25xl ND 3 00r3 0 ND

Kn. c¿-KG t 7 6tl1 ND 3 600120 0 ND

Ë = MEASURED IN PRESENCE OF 0.2 mM OAA
t = MEASURED IN PRESENCE OF 0.2 mM CoA
ND =NOTDETERMINED

TABLE L4: CS F3834 ANS BINDING RESIILTS



FIGURE 35:

240 260 280 300 320

DIFFERENCE SPECTRA INDUCED INCS F{}83A BY OAA,
rNTHE ABSENCE (A) AND PRESENCE (B) OFKCt.
EI'{-¿YT4E, OAA, AND KCI CONCENTRATIONS WERE
41 pM,0.91 mM, AND 0.15 M RESPECTIVELY.
INCLUDED IN BOTH SPECTRA IS A BASE-LINE, & A
VERTICAL BAR REPRESENTING O.O5 ABSORBANCB UMTS.
THE BOTTOM SCALE IS WAVELENGTH IN NANOMETERS.
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CS-D362A

INTRODUCTION

From X-ray diffraction (Wiegand & Remington, 1986; Karpusas, 1990)

studies of pig heart citrare synthase, Asp-375 (8. colí equivalent, Asp-362), has

been implicated in the reaction mechanism as a protonating/deprotonating

residue. It is involved in the enolization of AccoA as well as the formation of a

tetrahedral intermediate from citryl-CoA. In order to determine the

importance of Asp-362 in catalysis, elimination of this charged residue by

mutation to alanine was accomplished.

As with CS H2644, ir is expected rhat the caralytic efficiency of CS D362A

will be minimal. Since many amino acids secure and position the substrates

for interaction with Asp-362, the effect of this mutation on substrate binding

may be minimal.

STEADY STATE KINETIC RESULTS

IN THE PRESENCE OF KCI

Table 15 shows steady state kinetic data determined from Lineweaver_

Burk plots presented in Figure 36 and 3j. In comparison to wild type citrate

synthase, a decrease in the kcat value of approximately 924 fold resulted. Tho

K 6 ¿ 4 vafue for this mutant (2016 pM) was quite similar to the wild rype value,

however, the K6çgs4 value was 78t22 ¡ttrl (wild type; 120t20 ¡tM).
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IN THE ABSENCE OF KCI

As with CS H2644, the loss of Asp-362 severely relarded the caralytic

efficiency of the enzyme. Consequently, collection of steady state kineric data

in the absence of the enzyme's activator, KCl, was not possible. In addition, a

Hill number for CS D3624 was not determined.

ACTIVATION & INHIBITION RESULTS

Table 15 shows CS D3624 activation results. The Km, KCI result found for

CS D3624 'ttas 2.2 fold lower than the wild type value. As a result, a 4.2 lold

decrease in the KCI activation ratio was not unexpected. As with CS H2644, CS

D3624 attained maximum activity in the presencs of 20 mM KCI (see Figure 38

for KCI saturation curve). In contrast, wild type citrate synthase atrains

maximum specific activity at 100 mM KCl.

Because CS D3624 was virtually inactive in the absence of KCl,

determination of the K¡., c-KG and K¡, NADH parameters was not possible.

BINDING RESULTS

NADH BINDING

NADH binding data for CS D3624 is outlined in Table i6. In rhe absence

of KCl, the Kp, NADH parameter is 1.7210.16 pM. Therefore, binding of NADH ro

CS D3624 was quite similar. When KCI was present, however, a further 7.8 fold

decrease in NADH binding (1.9 fold for wild type) resulted. As rvirh the rviìd

type enzyme, when 0.2 and 0.3 M KCI was introduced, a 19.5 and 40.5 fold
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decrease in NADH binding to CS D3624 was observed respectively. The K¡, KCI

result for CS D3624 was 2.9 fold lower than the wild type value of 90f10 pM.

ULTRAVIOLET DIFFERENCE SPECTROSCOPY

As with CS H2644, rhe CS D3624 dara, presented above, suggesred rhar

mutation of Asp-362 to alanine was responsible for the loss of a T-state

stabilizing interaction. Once again, OAA induced ultraviolet difference

spectroscopy was employed to determine whether the conformation of CS

D3624 in the absence of KCI was shifted towards the R-state. Figure 39-A shows

the OAA induced spectra in the absence of KCl, while Figure 39-B represents

the OAA induced spectra in the presence of KCl. The two spectra are only

slightly different from one another. The effect KCI has on the OAA induce

spectra of CS D3624 is small, suggesting that CS D3624 is in a conformario¡r

favoring the R-state. Interestìngly, when comparing the two CS D3624 spectra

to the two CS H2644 spectra @igure 29-A and, -B), it appears that CS D3624's

conformation favors the R-state less than the CS H2644 conformation.
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PARAMETER WILD TYPE CS D362A

k c,r (sec- r ¡ I 116 0.08 610.005
K¡nr:"¡ (PM ) r20!20 78!22
Ko¡¡ 0rM) 26!5 20!6
Krn¡ ¡ (uM) 33!7 150r4 0

Ki"' o-KG (uM) 7 60t250 VERYLARGE
K-, KCI (mM) 28!4 12.7!5.4

KCI
ACTIVATION

RATIO
3 9+3 9.2!0.9

HILL NUMBER 1.0 i.0

TABLE 15: CS D362A STEADY STATE KINETICS
(IN THE PRESENCE OF KCI)



98

f
o)
E

t-

tro

(J
G
()
ul
o-
U)

Ð
o)
E

F

tro

9
IL
(J
lrl
o-
Ø

0.04 0,

1/[OAAI

06 0.08

(1/pM)

0.04 0.06 0.08

1/tOAAl (1/tiM)

LINEWEAVER-BURK PLOTS FOR SPECIFIC ACTTVITY OF

CS D362A AS A FUNCTION OF OAA CONCENTRATION AT
VARIOUS AcCoA CONCENTRATIONS. KCI PRESENT.

0

fì

FIGURE 36:



99

f
o)
E

I

C)

o
G
(J
u-to
<l)

Ð
tt)
E

E

tro

9
LL

(J
u
o-
Ø

300

250

200

150

100

50

0
0. 000 0.0250.005 0.010

1/[AcCoA]

0.015 0.020

(1/¡tM)

60

50

40

30

20

10

FIGURE 37:

0
0.000 0.005 0.010 0.015 0.020 0.02s

1/[AcCoA] (1/pM)

LINEWEAVER-BURK PLOTS FOR SPECIFIC ACTTVITY OF

CS D3624 AS A FUNCTION OF AcCoA CONCENTRATION AT

VARIOUS OAA CONCENTRATIONS. KCI PRESENT.



o)
E
J

F
-- /t 

^o
o

o
Eo
t¡l
o-a n01

30 40 50

(mM)

FIGURE 38: KCISATURATIONCURVEFORCSD362A'



101

ENZYI\4E'
Kn, NADH

(pM)
(. KCÐ

K¡, NADH
(rrM)

(+ KCI)
K¡, KCI

0.1 M 0.2 M 0.3 M
WILD
TYPE

1.94t0.07
0.42 -0.7 4

3.68r0.05
0.53+0.03

6.8710.16
0.49!0 .0l

11.8f0.50
0.43 +0 .01

90r10

CS
D362A

1.72!0.16
0.62t0.02

13.4611.00
0.68+0.02

33.59r5.40
0.63 t0.01

69.'7l!4.54
0.57+0.01

31+5

TABLE 1-6: CS D3624 NADH BINDING RESULTS
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FIGURE 39: DIFFERENCE SPECTRA INDUCED INCS D362A By OAA,
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4l pM,0.91 mM, AND 0.15 M RESPECTIVELY.
INCLTJDED IN BOTH SPECTRA IS A BASE-LINE, & A
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The research presented in this thesis was cantered around two major

objectives. Since the pig heart and E. coli cirrate synthase amino acid

sequences are almost totally conserved in the region of their active sites, the

first objective was to mutate the E, cot¡ citrate synrhass active site residues in

order to confirm that their roles were similar to those of their pig heart

counterparts. Determining the effoct of mutations on the allosteric nature of

E, colì citrale synthase was the second aim of this research.

EFFECTS ON CATALYSIS

Three mutant E. coli citrate synrhases, CS R407L, CS H264A, and CS D362A,

exhibited striking decreases in their respective kcat values.

Results for CS R407L confirm that removal of this arginine, from the

lower OAA-binding layer of the active sire, weakens the affinity for OAA,

However, the dramatic decrease in the kcat parameter was not expected. When

OAA binds to the enzyme, it is possible rhat the process of Arg-407 and other

residues of the second subunit closing around OAA and the active site, may

cause a significant conformational rearrangement to occur. Removal of Arg_

407 may significantly prevent this "induced fit', from occurring, so that a

severe effect on catalysis results.

Since His-264 and Asp-362 are believed to protonate and deprotonate the

substrates and their intermediates, as they are converted to products, removal

of either of these two residues from the upper snolization layer of the active

site should severely retard the enzyme's catalytic efficiency. In fact, for CS

H264A, a 620 fold decrease in the kcat parameter resulted in the presence of

KCl, while enzyme activity could not be detected in the absence of KCl. In the

presence of KCl, a 924 rold decrease in the kcat value for cs D362A resulred.
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The effects the H264A and D3624 mutations had on substrate binding were

minimal. For either mutant enzymo, the Km values for both substrates were

either lower than or similar to the wild type values. These findings may be

explained by the fact that many amino acids secure and position the substrates

for interaction with His-264 and Asp-362, so thar removal of His-264 or Asp-362

might have little or no effect on substrate binding, white the effect on

catalysis is immense.

In order to fully appreciate the impact the above mutations had on

catalysis, a free energy diagram was constructed (see Figure 40) from

sstimates of free energy changes, in the presence of 0.1 M KCl, for the

transition state and intermediate complexes (see Table 17). The standard free

energy differences (^G o') between enzyme-substrate complexes (E-S) are

determined using equilibrium constants for the association of these complexes.

Assuming the Ordered bisubstrate mechanism is obeyed, the symbol ,O o n

Figure 40, represents the activation free energy value for the formation of E-

OAA + AcCoA from free E + OAA + AcCoA, which was calculated from rhe rate

constant of the reaction k1 or kcat/K644 (Belt, 1978 - Thesis, Table 5). The

ôGo' value between the E-OAA complex and free enzyme and OAA (@ on Figure

40 and Table 17) is found using the equarion, 
^Go'- 

- RT ln K¡6¿4, since K¡g44

is the true equilibrium complex for the association of enzyme and OAA. The

symbol, @, on Figure 40, is a maximum value for the activation free energy

determined from k3 ((kcat/KA"664)(l+k4lk5)), rhe rate constanr for rhe

formation of the E-OAA-AoCoA complex from E-OAA + AcCoA. The k4 and k5

constants are defined in Figure 6, and the minimum value of k3 is

kcat/KAccoA, Since the true equilibrium constant for the formation of the E-

OAA-AcCoA complex is unknown, KAcCoA is used as an approximation for the

determination of AGo' from the equation, 
^Go,= 

-RT ln K4.go4. The standard
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free energy difference between the E-OAA-AcCoA complex and free enzyme

and substrates (@ on Figure 40 and Table 17) was predicted using the equation,

AGo'= -RT ln (K¡944.K4.6o¡). The Eyring equation, ÂGo'= RT In (KkgT/h) - RT

ln kcat, where K is the "transmission coefficient" for the reaction (usually

taken as 1)¡ kg is the Boltzmann constant; and h represents the plank's

constant, was used to determine the standard free energy of activation for the

ternary complex relative to rhe E-OAA-AcCoA complex (@ on Figure 40), while

AGo'= RT ln (KkgT/h) - RT ln (kcar/Ki944.KAcCoA) was used to derermine the

free energy of activation relative to the free enzyme and substrates (O on

Figure 40 and Table 17). The vertical position of the E-CITRATE-CoA complex,

on Figure 40, is not known, as indicated by dashed lines. However, it must be at

least a few kcal/mol below the E-OAA-AcCoA complex, since the reaction is

irreversible. The vertical positions of the transition states for formation of

the E-CITRATE and E-CITRATE-CoA complexes from products are also unknown

and indicated by dashed lines in Figure 40. However, these values have been

estimated to be approximatety 8 kcal/mol above their reactants, by analogy

with the values for O and @. The 
^Go' 

of stabilization of the E-CITRATE

complex relative to the E + CITRATE + CoA complex (Ø on Figure 40) was

determined using the Ki for citrate as a competirive inhibitor of E. coli ci¡rate

synthase with respect to OAA, measured by Wright, 1970 (Thesis, page 103), as 4

x 103 M. Finally, the ÂGo' for the overall reaction (-7.16 kcal/mol) accounts for

the veraical position of the E + CITRATE + CoA mixrure relarive to rhe E + OAA +

AcCoA mixture.

Figure 41 compares the effects of the active site mutations on substrate

binding (grey and hatched bars) and transirion state stabilization (black bars).

Since CS F383A did not obey the Michaelis-Menten equation, it was not

subjected to the above calculations,
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In summary, Figure 41 shows that, as expected, much of the loss of

transition state stabilization energy associated with the R407L mutation was

accounted for by poorer OAA binding. Despite the fact that the substrate

binding energies, for D3624 and H264A were close to the wild type values,

their transition state destabilization was large.

EFFECTS ON ALLOSTERY

Citrate synthases follow an Ordered Bisubstrate kinetic mechanism.

Initially, OAA binds to the enzyme causing the two domains of each subunìt to

shift to a conformation favoring binding of AcCoA. Subsequenrly, a further

conformational shift results, causing the reaction to occur. For E. coli c,itrafe

synthase, however, an additional allosteric conformational change,

accounting for sigmoid saturation by AcCoA, must be involved. The presence

of KCI increases the enzyme's affinity for AcCoA and allows this addirional

allosteric conformational change to occur more easily, while NADH

allosterically inhibits ¿. coli citrafe synrhases by binding at a site distinct from

the active site.

Using the common terminology of Monod et al, (1965), the allosteric

nature of E. coli citate synthase is described by a conformational equilibrium

in which two conformational states, T and R, exist in equilibrium. The T state

binds NADH, while the R state binds substrates well, and is favoured in the

presence of KCl.

Using ultraviolet difference spectroscopy, Anderson et al, 1991,

demonstrated that both OAA and KCI could induce characteristic spectra for

wild type E. coli ciûate synthase. In this same study, it was found that the OAA

induced ultraviolet difference spectrum, for CS R319L, an E. coli cifiate
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synthase mutant, resembled the spectrum induced by OAA in wild type enzyme

in the presence of KCl. To account for these observations, it was suggested that

wild type E. coli citrate synthase exists in equilibrìum botween the T and R

states, where the R state could be converted to another substrate binding state,

R', by KCl, and that rhe allosteric equilibrium of CS R319L was shifted towards

the R state, in the absence of ligands. Kinetic evidence, such as lower Km

values for both substrates, lower Km for KCI activation, and wsaker binding of

NADH, also suggested that CS R319L was in a R conformational state before

addition of ligands (Anderson et al, 1991).

When three E. coli citrate synthase active site residues, His-264, Asp-362,

and Phe-383, were mutated to alanine, kinetic and physical studies suggested

that their allosteric equilibria were shifted rowards the R (CS H2644 and CS

D3624) ard T (CS F3834) states.

As compared to the wild type enzyme, CS H2644 steady state kinetics, in

the presence of KCl, changed in four ways which could most readily be

explained by assuming that its allosteric equilibrium shifted towards the R

state. First, the KCI acrivation ratio for CS H2644 was approximately 1l fold

lower than the wild type value. In addition, maximum activity occurred in the

presence of 20 mM KCl, whereas for the wild type enzyme 100 mM KCI is

required. Secondly, Lineweaver-Burk plots for AcCoA saturation of CS H264A

were linear in the presence of KCl, Next, Michaelis constants for both

substrates, in the presence of KCl, were lower than witd type values by a factor

of 3.75. Lastly, binding of NADH to CS H2644 was decreased by a factor of 12.

In order to determine whether CS H2644 coutd be converted to a R state,

by KCl, ultraviolet difference spectroscopy was used. That OAA induced

difference spectra, in the presence and absence of KCl, for CS H264A were
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similar in appearance, suggests that CS H2644 was in an R state conformation

before any ligands were added.

In the case of CS D3624, the allosteric equilibrium is also betieved to be

shifted to the R state. As with the CS H2644 enzyme, rhe KCI activation ratio is

also decreased, however, only a 4,2 fold decrease was observed. Maximum

activity occurred in the presence of 20 mM KCl. While the KOAA parameter was

found to be similar to the wild type value, KAcCoA was decreased by a factor of

1.5. Kinetic data, determined in the presence of KCl, suggested thar the D362A

mutation caused a T state stabilizing interaction to be lost, Furthermore, NADH

binding to CS D3624 \ as very similar to rhat of rhe wild type enzyme, in the

abssnce of KCl, but the abitity of 0.3 M KCI to prevent NADH inhibition

increased 6 fold.

As with CS H2644, ultraviolet difference specrroscopy was employed to

determine whether CS D3624 could be converted to an R state conformation, by

KCl. The OAA induced difference spectra, in the presence and absence of KCl,

were similar, however, the shape of the spectra, in the presence and absence

of KCl, resembled the wild type OAA induced spectra in rhe presence of KCl.

This may suggest that before any ligands were added, CS D3624 was in an R

state conformation which is similar to the R state conformation of the wild

type enzyme in the presence of KCl. Since CS H2644 spectra do not resemble

the wild type OAA induced spectra in the presence of KCl, it may be that the

allosteric equilibrium of CS H2644 was shifted towards rhe R state further, in

the absence of ligands, than wild type is in the presence of KCl. Therefore,

when OAA is bound ro CS D3624 and CS H2644, lhe domains of each subunir may

shift to an R' state conformation rather than an R state conformation observsd

for the wild type enzyme. Addition of KCI will not induce a further

conformational change.
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As stated earlier, CS F3834 is a mutant E. coli citrate synthase whose

allosteric equilibrium is believed to be shifted towards the T state. Steady state

kinetics, in the presence of KCl, provide evidence for this T state shift. As

compared to the wild type value, a 2 fold increase in the Km, KCI parameter was

observed. Lineweaver-Burk plots for AcCoA saturation of CS F383A were

sigmoid and associated with a Hill number of 1.85. It was found that OAA

induced the wild rype and apparently the CS F3834 enzymes to shift inro R

state, however, the l7 fold larger CS F3834 K¡ggs4 value suggests that the R'

state may no! be attained. Binding of NADH to CS F3834, in the absence of KCl,

was similar to wild type, and the presence of 0.3 M KCI did cause a further

decrease in NADH binding. These NADH binding results do not coincide with

the idea that CS F3834, in the absence of ligands, is in the T srare. However,

since NADH binds at a site distinct from the activs site, ir may bs rhar the F383A

change has no effect on the NADH binding site, and therefore, the enzyme

may still be in a T conformational state. Although the L0.5, coA ANS binding

results, in the presence and absence of OAA, were not as high as expected, they

are larger than the wild type values, suggesting that CS F3834 does not bind

AcCoA very well. Collection of steady state kinetic data for AcCoA saturation, in

the absence of KCl, was not possible. This finding strongly suggests that CS

F3834 is in the T state, even in the presence of KCl.

Once again, ultraviolet difference spectroscopy was used to obtain

further evidence that CS F383,{ existed in a T state conformation before

addition of ligands. OAA induced ultraviolet difference spectra in the presence

and absence of KCI were quite different. Response to KCI was similar to that of

the wild type enzyme. The observation rhat the CS F383A OAA induced

spectrum, in the presence of KCl, was similar in appearance to the wild type

OAA induced spectn¡m, in the absence of KCl, suggesled that addition of KCI
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caused CS F3834 to shift from a T state to an R state conformation, similar to the

wild type enzyme in the absence of KCl.

FUTURE DIRECTIONS

Unfortunately, the X-ray structure of E, coli citrate synthase has not

been obtained. Until this problem is solved, insight into what parts of the

active site actually undergo rearrangement during the allosteric

conformational change can be gained by mutating amino acids in the vicinity

of His-264, Asp-362, and Phe-383. Since sigmoidicity of AcCoA sarurarion is

intensified in CS F3834, murarion of neighboring residues in the vicinity of

the AcCoA binding site, such as the conserved Leu-259, may exhibit similar

kinetic and allosteric effects. Mutation of residues near His-264 and Asp-362,

such as the conserved residues, Asn-232 and Ser-234, may also disrupt

catalytically important interactions, required for the enolization of AcCoA.

Thus, a better understanding of the importance of enzyme structure for the

enolization of AcCoA will hopefully be obtained.
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TABLE 1-7: FREE ENERGY PROFILE DATA FOR CATAI,YSIS BY
CITRATE SYNT}IASE ACTIVE SITE MUTANTS

l9L is not an active site muta
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FIGURE 41: THE EFFECTS OF E. C¿Ii CITRATE SYNTHASE ACTIVE SITE MUTATIONS

ON SUBSTRATE BINDING (GREY AND HATCIIED BARS) & TRANSITION

STATE STABILIZATION (BLACK BARS). THIS GRAPH V/AS CREATED

FROMDATAONTABLE 17.
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