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ABSTRACT

Escherichia colí citrate synthase is an allosteric enzyme, a three-dimensional model of

which has been constructed based on the known X-ray structure of pig heart citrate

synthase and the sequence homology between the two enzymes. The pig heart active

site residues are conserved in the E. colí sequence, and their roles in substrate binding

and/or catalysis have been postulated. They are believed to play similar roles in the E.

colí enzyme. A mutant was prepared in which 24 amino acid residues had been deleted

near the acetyl-CoA binding site, including a catalytic residue His-264. This deletion

mutant was inactive and unable to bind acetyl-CoA at the active site. It was however,

still able to bind NADH, as well as acetyl-coA, at the allosteric site.

In the remaining experiments, oligonucleotide-directed, invitro mutagenesis was

used to mutate individual amino acid residues, at the level of the DNA. Mutation to

glutamine of ÍJ¡s226, but particutarly His-229, predicted to be involved in oxaloacetare

binding, resulted in mutant enzymes which not only showed reduced affinity for that

substrate, but also for the substrate analogue a-ketoglutarate, thus proving the

competitive nature of cr-ketogluta¡ate inhibition. Removal of the positive charges from

the side chains of His-305 and Arg-314, residues predicted to be involved in the

polarization of the carbonyl group of oxaloacetate, gave rise to mutant enzymes with

extremely low tumover numbers, confirming their importance in catalysis.

several arginine residues (Arg-188, Arg-217, Arg22r, and both Arg-217 and,

Atg221) were mutated to leucine in an attempt to locate a specif,rc interaction between

the enzyme and the allosteric inhibitor NADH; however, none of these mutations had

any effect on NADH inhibition or the ability of the enzyme to bind that nucleotide.

"frp-260 (a residue homologous between bacterial citrate synthases) was

changed to alanine (the corresponding residue found in eukaryotic sequences), with

widespread effects on the enzyme-affecting both its ability to bind the substrates, and

the ability of NADH to inhibit rhe enzyme activity.
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In the final mutant, Arg-319 was mutated to leucine, which resuhed in a shift in

the allosteric equilibrium of the enzyme towards R, the active state, with the

corresponding increase in substrate affinities and reduction in KCI activation properties.

Not only do these experiments confirm the predicted roles of active site residues

homologous to those in the pig heart enz),rne, but they strongly support the idea that the

basic subunits of the non-allosteric (pig heart) and allosteic (8. coli) citate synthases

are very similar.



NON"E,3f}GOUJ,NT



Citraæ Synthase



1

The Central Role of Citrate Synthase in Cellular Metabolism:

Citrate synthase is the first enzyme in the Tricarboxylic Acid (TCA) Cycle and

catalyzes the following condensation reaction :

Oxaloacetate + Acetyl-CoA (+H2O) -> Citrate + CoA(-Sþ

It facilitates the entry of carbon, in the form of acetyl units, into the cycle (Figure 1),

and is the only enryme within that cycle to catalyze the formation of a carbon to carbon

bond. Because intermediates do not accumulate (Krebs & Lowenstein, 1960), the

citrate synthase reaction may well be the rate limiting step of the TCA cycle, so that its

control is likely to make a significant contribution to the overall regulation of the cycle.

The TCA cycle has a two-fold metabolic function. The first is to oxidize

metabolites and generate NADH, which can be used either as a source of reducing

power in biosynthesis, or for the production of ATP, through oxidative phosphorylation

(Figure 1). The second role of the cycle is to supply precursors, in the form of various

intermediates in the cycle, which are required for the biosynthesis of sugars, fatty acids

and amino acids. In most plants and microorganisms, a modified form of the TCA

cycle, the glyoxylate cycle, allows these organisms to utilize acetate or fatty acids as the

sole source of carbon (Figure 2). The glyoxylate cycle produces succinate, from two

molecules of acetyl-CoA, which is then used for the biosynthesis of new sugar

molecules. Both the TCA cycle and the glyoxylate cycle may operate simultaneously,

providing the cells'energy and biosynthetic needs, respectively.

During the anaerobic growth possible in some organisms, the enzyme

u-ketoglutarate dehydrogenase is absent; so that the TCA cycle becomes a branched,

non-cyclic pathway (Amarasingham & Davis, 1965) (Figure 3). The reductive arm of

this pathway is independent of the enzyme citrate synthase and leads to the production

of succinyl-CoA, used in the biosynthesis of heme groups and some amino acids. The
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oxidative arm of the non-cyclic TCA pathway is simply the frst three steps of the TCA

cycle, including that catalyzed by citrate synthase, and results in the formation of

a-ketoglutarate, an important precursor in the biosynthesis of amino acids. s-Keto-

glutarate is enzymatically converted to glutamate by the direct incorporation of ammonia

molecules; and glutamate, in turn, provides the cell with a source of cr-amino groups,

for the biosynthesis of various amino acids. In E. coli, this non-cyclic TCA pathway

operates under aerobic, as well as anaerobic, conditions (Amarasingham & Davis,

1965). Thus, citrate synthase is a key enzyme in the production of NADH, ATP, and in

some cases, cr-ketoglutarate.
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Classcs of Citratc S}'nthases:

All citrate synthases which have been carefully examined are composed of a

single type of polypeptide chain of about 430 amino acids, corresponding to a molecular

weight of about 48,000 g/mole (v/eitzman & Danson, 1976; Bloxham et al., 19g1,

1'982: suissa et al., L984; Rosenkrantz et a1.,1986; Tong & Duckworth, 1975; Ner

et a1.,1983; Donald & Duckworth, L987). Weitzman & Danson (1976) were the first

to divide citrate synthases into two classes. The enzymes of eukaryotic and Gram-

positive bacteria form one class of cinate synthases, and are composed of "small,' non-

allosteric dimers, of molecular weight about 100,000 g/mole. This class of enzymes is

not inhibited by NADH, or o-keroglutarare, but is inhibited by ATp, which is

competitive with the substrate, acetyl-CoA. This inhibition has been suggested as a

plausible feedback mechanism, whereby ATP, the ultimate product of the TCA cycle,

controls the activity of the fîrst enzyme of that pathway (Weitzman & Danson, Lg76).

Pig heart citrate synthase, the best studied eukaryotic example, with a subunit molecular

weight of 48,969 g/mole (Bloxham et al., 1981, 1982), has been the subject of a very

thorough X-ray crystallographic analysis (Remington et al., 1,9g2; v/iegand &

Remington, 1986), so that its three-dimensîonal structure is well defined. A variety of

other eukaryotic and Gram-positive citrate synthases have been partially characterized

(e.g. Higa &, cazzulo, 1976: Porter & v/right, 1977: Koeller & Kindl, 1977; Juan

et a1., 1977: Harmey & Neupert,1979; and Alam et al., r9g2) and all seem ro fit into

the "small", non-allosteric class of enzymes.

The other class of citrate synthases are those of Gram-negative bacteria, like E

coli, which are "large" enz)mtes, of molecular weight about 280,000 g/mole, in which

hexamers are prominenr ar pH 7.8 and 0.1M KCr (Tong & Duckworth, 1975). These

"large" citrate synthases are not very sensitive to inhibition by ATp, but are subject to

strong and specific allosteric inhibition by NADH (Weitzman , 1966; Weitzman &

Danson, 197 6). Since NADH can be considered a product of the TCA cycle, the role of
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ATP, as a feedback inhibitor of citrate synthase, might be transferred to NADH in this

class of enzymes. E. colí citrate synthase is the best studied example in this class. The

gene encoding this enzyme, gltA,has been cloned (Guest, 1981) inro the HindIII and

^SølI restriction endonuclease sites of the plasmid vector, pBR322, yielding an

ampicillin-resistant recombinant plasmid, pHSg/rA (Duckworth & Bell, lg82). In the

E. coli host cell line H8101, pHSg/rA produces citrate synthase ás about 87o of its total

cellular protein, 14 times more citrate synthase than the cell would contain without the

plasmid. Thus, the cloning of the gltA gene into pBR322 has provided a biological

system for obtaining large quantities of E. coli citrate synthase, which are homogeneous

upon purification and show normal allosteric properties.

The entire E. coli gltA gene has been sequenced (Ner er al., 1983) and its

inferred protein sequence matches that of the portions of the E. coli citrate synthase

protein which have been sequenced (Bhayana & Duckworth, 1984). The protein is

synthesized with 427 amino acid residues, but after the amino-terrninal methionine is

removed, the 426 amino acid subunit of citrate synthase has a molecular weight of

47,930 g/mole.

Since E. coli citrate synthase is an allosteric enzyme, it can exist in two

conformational states. In terms of the Monod, Wyman and Changeux model (1965),

the R, or active state of the enzyme binds substrates (like acetyl-CoA and oxaloacetate)

and activators Qike KCI), but not allosteric inhibitors (like NADþ (Figure 4); while the

T, or inactive state does not bind substrates or activators, but has a high affinity for

allosteric inhibitors. These fwo conformational states are presumed to be in equilibrrium

(TeR) and the resting state of the enzyme (conformation in the absence of ligands) can

be deduced by the shape of its ligand saturation curves. E. coli citrate synthase shows

hyperbolic saturation by NADH and, in the absence of KCl, sigmoid saturation by

acetyl-CoA. In the presence of KCI (0.1M), acetyl-CoA saruration becomes

hyperbolic. Therefore, in the absence of ligands, E. coti citrate synthase is in T state,
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of the enzyme (i.e. in the absence of ligands) is T state.
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and the effect of KCI (0.lM) on the acetyl-CoA saturation curye indicates that KCI

activates the enzyme by converting it from T to R state (Morse & Duckworth, 1980).

NADH fluorescence is enhanced by binding to E. coli citrate synrhase, shifting

the peak of emission of the coenzyme ftom 457 to 428nm. Thus, when measured at

428nm, the fluorescence of NADH bound to the enzyme is about l5-fold that for free

NADH in solution (Figure 5). This fluorescence enhancement property may be used to

measure the binding of NADH to the enzyme, alone or in the presence of various

ligands (Duckworth & Tong, L976; Talgoy & Duckworth, 1979). NAD+ and NADp+

are weak competitive inhibitors of NADH binding at pH 7.8, with K¡ values greater

than lmM, but stronger inhibition is shown by 5'-AMP and 3'-AMP, with K¡ values

of 83 + 5 and 65 + 4 ¡tM, respectively (see Figure 6 for stuctures). Acetyl-CoA, one

of the substrates, and KCl, an activator, also inhibit the binding in a weakly cooperative

manner. This has been interpreted in terms of two types of binding sites for nucleotides

on citrate synthase; an active site which binds acetyl-CoA, the substrate, and its

competiúve inhibitor, 3'-AMP; and an allosteric site which is found in both the T and R

states (Talgoy & Duckworth,l9T9), and can bind a number of adenylares at the same

site (Kp = 40 to 200 pM), but which has its characteristically high affiniry for NADH

(Ko = 1.6ttM), only in the T state. Active and allosteric sites cannot, therefore, be

occupied at the same time by acetyl-CoA and NADH respectively, and the binding of

one induces a specific conformational change which destroys the binding site of the

other @gure 4). In the absence of ligands, E. colí citrate synrhase is in T state, so the

effect of KCI may be to promote acetyl-CoA binding and enzyme activity by bringing

the enzyme into R state, simultaneously abolishing NADH binding. NADH inhibits the

enzyme presumably because it prevents this conforrrational change. The nucleotide,

S'-AMP, also inhibits the binding of NADH. Its similarity in srructure to one-half of

the NADH molecule (Figure 6) suggests that it might occupy part of the allosteric site.

If this is the case, then it must be the dihydronicotinamide ring of the NADH that is
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Figure 5. The effect of E. colí citrate synthase on the fluorescence emission of NADH.
The broken line is for free NADH, 1.94pM, in 0.015M sodium phosphate þH 6.6),
with excitation at 340nm. The solid line is for 1.94pM NADH in the same buffer, plus

?0t tt¿ citrate synthase (subunit concentration), again with excitation at 340nm. (Taken
from Duckworth & Tong, 1976.)
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Figure 6. Structures of various adenylic acid derivatives.
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involved in any allosteric conformational change, since s'-AMp does not inhibit

enzyme activity.

The inhibition of NADH binding by aceryl-CoA, a subsrrate, was originally

explained using an allosteric mechanism. This explanation was however called into

question by the later finding that both NADH and acetyl{oA, besides various non-

inhibitory adenylates, will protect a cysteine (Cys-206) of citrate synthase from reaction

with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (Talgoy et al.,lgTg). Except for

this effect by acetyl-CoA, all the evidence indicates that this cysteine is in or near the

NADH binding site. Since acetyl-CoA itself is an adenylate, with a similar srrucure ro

that of NADH (Figure 6), the possibility exists that this substrate also binds at the

allosteric site, where it would act not as an inhibitor, but perhaps as an allosteric

activator. This effect, rather than the classical homotropic interaction among active

sites, could also explain the sigmoid saturation curve observed at low salt concentrations

(Faloona & Srere, 1969). Oxaloacetate, the second substrate, and cr-ketoglutarate, an

inhibitor whose mode of action is uncertain, have no effect on NADH binding to citrate

synthase at pH 7.8.

The allosteric properties of the Gram-negative citrate synthases have brought

them under close examination, and have led to a further d.ivision of this class into two

subclasses. The NADH inhibition observed for the citrate synthases of aerobic bacteria

can be relieved by (5 -)AMP, but that of facultative anaerobic bacteria shows no such

reactivation. Weitzman and Jones (1968) suggested a rationale for such a division

based on the metabolic pathways of energy generation available to these two groups of
bacteria. Strict aerobes,like Acíræøbacter anitraturn and, Pseudomonos aerugínosa, are

absolutely dependent on the TCA cycle for energy production; consequently, elevated

AMP concentrations are an indication of low energy and the requirement for enhanced

cycle activity within the cell. Facultative anaerobes, like E. colí, cangenerate energy by

fermentation, so that they are not strictly dependent on the TCA cycle for energy
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production, and this may be why their citrate synthase enzymes have no biological need

to exhibit AMP reactivation. Under anaerobic conditions, the TCA cycle becomes a

branched, non-cyclic pathway, as discussed previously, and simply leads to the

production of succinyl-CoA and cr-ketoglutarate, used for biosynthesis. It is
interesting to note that the citrate synthases of these anaerobically growing organisms

are sensitive to inhibition by u-ketoglutarate, demonstrating yet another example of a

feedback control mechanism (Weitzman & Dunmore, 1969). Since this inhibition may

be abolished by treannents with high pH and/or high salt concentration, which do not

eliminate activity, it has been suggested that this a-ketoglutarate inhibition, like that of

NADH, is allosteric (wright et al., 1,967; v/right & Sanwal, l97l). It is far from

certain, however, that cr-ketoglutarare (HOOC-CH2-CH2-CO-COOH) binds to a

separate allosteric site and since it is very similar in structure to oxaloacetate

(HOOC-CH2-CG-COOÐ, a substrate of citrate synthase, it is reasonable to expect

that it would show some affinity for the oxaloacetate binding site. Since

o-ketoglutarate does not inhibit citrate synthase in the presence of 0.lM KCl, and does

not strengthen NADH binding when KCI or acetyl-CoA are present, it seems unlikely

that it could be stabilizing the T state, as NADH does. In fact, cr-ketoglutarate has been

found to inhibit oxaloacetate binding to the enzyme-CoA complex, perhaps

competitively, but at the same levels it will not inhibit binding of oxaloacetate to the

enzyme itself if KCI is present (Talgoy & Duckwonh, 1979). It may be that

cr-{<etoglutarate can bind to the oxaloacetate (active) sies, but that this site becomes more

selective for oxaloacetate in the presence of KCl.
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Citrate S)¡nthase Reaction Mechanism:

The structures of three crystal forms of pig heart citrate synthase have been

determined using X-ray crystallography: an "otr)en" form (crystallizeÃin the absence of

ligands), a "nearly closed" forrr (crystallized with bound citrate and coenzyme A), and a

"fully closed" form (crystallized with bound oxaloacetate and the substrate analogue,

S-acetonyl{oA) (Remington et a1.,1982; V/iegand & Remington, 1986). This three-

dimensional information locates the active site at the interface of the large and small

folding domains of a single subunit of the enzyme, with each domain making

contributions to the active site. Each active site is fomred primarily from the amino acid

residues from a single subunit, with a few residues contribuæd by the second subunit of

the dimer. X-ray data show that oxaloacetate and citrate are both deeply bound, at the

heart of the active site. Their orientation indicates that pig heart citrate synthase follows

an Ordered reaction mechanism, in which oxaloacetate binds to the enzyme first,

followed by acetyl-CoA. Kinetic evidence also supports an Ordered mechanism, in

which oxaloacetate binds first (Johansson & Pettersson, 1974). In the case of E. colí

citrate synthase, oxaloacetate improves the binding of the acetyl-CoA analogue,

coenzyme A (Talgoy & Duckworth, 1979), and citrate, the product, is a comperitive

inhibitor with respect to oxaloacetate (Wright & Sanwal, l97L). Both of these facts

indicate that with this enzyme, also, oxaloacetate binds fi¡st under catalytic conditions.

Therefore, all kinetic data within this thesis have been interpreted in terms of the

Ordered Bisubstraæ mechanism and the equation which it predicts (Cleland, 1963). (See

Methods section for more details.)

The reaction mechanism for citrate synthase is shown in Figure 7, where the

numbering refers to amino acid side chains from the pig heart enzyme. Oxaloacetate is

shown as plain text, while acetyl-CoA is shadowed, so that the contributions of each

substrate can easily be followed through the reaction mechanism. His-274 abstracts a

proton from the methyl group of acetyl-CoA, and in a concerted reaction His-320
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protonates the carbonyl of oxaloacetate. Acetyl-CoA attacks the si-face of the carbonyl

group in an aldol condensation, forming a thioester, cityl-CoA. Asp-375 then attacks

the thioester carbonyl group, displacing CoA, and forming a mixed anhydride

intermediate, which upon hydrolysis yields citrate. Note that the presence of several

bound water molecules in the immediate vicinity of the thioester bond, seen in the X-+ay

work, indicates that the final sæp of the hydrolysis could æcur without the necessity of

opening the active site to the solvent continuum. Note also that equivalent residues

Ifts-264, His-305 and Asp-362 arcpresenr in the E. coli sequence.

Wiegand and Remington (1986) proposed this model for catal¡ic activity based

on the three conformational states observed crystallographically for the pig hear"t

enryma The two closed forms obtained represent the ligase and hydrolase activities,

which both require a highly specifîc three-dimensional environment isolated from

solvenq and are the catalytically competent forms. The third conformational state is the

open, or product-release form, which allows substrate enüry, as well as product release.

In this scheme, oxaloacetate binds to the enzyme, inducing the "nearly closed"

conformation observed in one crystal form (that with bound oxaloacetate and the

analogue, S-acetonyl-CoA). This form strongly polarizes and orients oxaloacetate and

provides a binding site for acetyl-CoA with a narrow channel leading to oxaloacetate.

As acetyl-CoA enters, a proton is abstracted from the methyl group and condensation

occurs in a concerted reaction that results in the inversion of the configuration of the

hydrogens of the methyl group. The appearance of citryl{oA on the enzyme induces

the hydrolytic, fully "closed" forrn of the enzyme, observed in the crystals containing

cirate and CoA. The hydrolysis reaction occurs via aspartate and bound water, leaving

the enzyme free to open and release the products, citrate and CoA.

Thus, pig heart ciEate synthase undergoes a conformational change during the

catalytic mechanisrn This conformational change involves small shifts and rotations of

helices within the small and large folding domains of the enz)¡me, and at their interface.
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These small shifts and rotations alter the packing of various amino acid side chains, and

cumulatively give rise to larger movements of up to 15Å for more distant regions (Lesk

& Chothia, 1984), and about an 18o rotation of the two domains relative to each other

(Remington et al., 1982; v/iegand & Remington, 1986). By adopting different

conformations for each distinct step in catalysis, the enz5me maintains a high degree of

control over the progress of the reaction, so that hydrolysis cannot occur until after the

formation of the citryl-{-oA intermediate.
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Alignment and C,omparison of Citrate Slmthase Sequences:

The amino acid sequences of three eukaryotic and three prokaryotic citrate

synthases have now been determined. The enzyme from pig heart (Bloxham et aI.,

1981, 1982) is especially important because, as mentioned previously, it was the subject

of a very thorough X-ray crystallographic investigation by Robert Huber and.

co-workers (Remington et a1.,1982; Wiegand & Remington, 19g6). The amino acid

sequences of othereukaryotic citrate synthases, two yeast isozymes, were inferred from

the DNA sequences of cDNA clones (Suissa et a1.,1984; Rosenkrantz et a1.,1986).

These three citrate synthases are all inhibited by ATP, but do not show significant

inhibition by a-ketoglutarate, or NADH. As described previously, the gene for E. colí

citrate synthase has been cloned and sequenced. It is about 28Vo homologous in amino

acid sequence with the pig heart enzyme, showing identities for most of the active site

residues (Bhayana & Duckworth, 1984) identified by Huber and colleagues, as will be

discussed in detail later. More recently, the sequence of two other Gram-negative citrate

synthase genes have also been determined, those of Acinetobactor anitrattpn@onald &

Duckworth, 1986, 1987) and Pseudomonas aeruginosa (L. J. Donald, unpublished

work). Like the E. colí enzyme, these are allosterically inhibited by NADH, although

they require about one hundred times more NADH to achieve the same inhibitory effect.

These th¡ee Gram-negative bacteria show aboutT\Vo amino acid sequence homology

between them.

The Ríckettsia prowazekíi citrate synthase gene has also been cloned and

sequenced and its protein sequence inferred (Wood et al. , L987), R. prowazeÈíi is an

obligate inracellular parasitic bacterium, which multiples within the cytoplasm of its

eukaryotic host cell. Despite the fact that its morphology and cell wall are more t)¡pical

of Gr¡m-negative bacteria, the cirate synthase of this organism shows more functional

similarity to the eukaryotic and Gram-positive class of enzyme. It is a "small" enz¡rme,

whose activity is inhibited by ATP, but not by a-ketoglutarate, or NADH, and yet its
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amino acid sequence bears a striking resemblance to those of the Gram-negative

bacteria, showing 59Vo se,quence homology with the E. coli enzyme, as compared to

only 20Vo homology with the functionally similar pig heart citrate synthase (Figure 7).

Elucidation of the structure of this unusual enz)¡rne, and comparison with the E. coli and.

pig heart enzymes, could help to establish the location and extent of changes required to

convert one class of citrate synthase to the other (Wood et a1.,1987).

An alignment of the amino acid sequences of the seven citrate synthases of
known primary structure is shown in Figure 8. The regions involved in cr-helical

secondary structure are shown above two of the sequences. For the pig heart enzyme,

this is direct three-dimensional information from X-ray data (Remington et al.,l9B2);

while for E. colí citate synthase, the location of the cr-helical structures is speculation,

based on model building, which will be discussed later. The three eukaryotic sequences

show a very high degree of sequence homology between rhem, about 607o. Simitarly,

the three Gram-negative bacterial enzymes are approximately 70Vo identtcal in amino

acid sequence to each other, and about 30Vohomologous to the eukaryotic sequences.

Regions of homology are scattered throughout the sequences and include most

of the active site residues, as determined from the X-+ay analysis of the pig heart citrate

synthase data (Remington et a1.,1982; Wiegand & Remington, 1986). These acrive site

residues are listed in Table 1, with the equivalent residues found in E. coli citrate

synthase. Figure 9A is a diagram of the active site of the pig heart enzyme, from

V/iegand and Remington (1986), showing the proximity of several active site residues

to the product citrate. Upon comparison (Table 1), it is clear that equivalent residues

are conserved in the E. coli enzyme. A schematic representation of those residues

which forrr hydrogen bonds with citrate is shown in Figure 10. The strong homology

exhibited in these active site residues, in all seven enzyme sequences, reflects the fact

that these enzymes catalyze the same reaction and probably have similar tertiary

structures in the region of the active site. Residues 314 to 320 in the pig heart sequence
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Figure 8. Amino acid sequence alignment of the seven lnown citrate synthase seouences. The
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h: 
jf :w'ê,.î"öËf "i^i:'of "ëilbTË#"ïflHm,Íîifu'rå?i*qå.'¿,åu,o'

Þ) homology between 4 bacteria The numbers conespond !o the aminb-acid residues for the pig
hetrtandE cofi sequences, wifh every tenth residue underlined. As well, t¡e s-helical secondary
structures are shown for these two proteins, and are labeled A through T.



22

Table 1. Active Site Residues in Pig Heart Citrate Synthase and the Equivalent
Residues in the E. coli Enzyme.

Residues Involved in Citrate Binding: Residues Involved in CoA Binding:

Pig Hearta
Citrate Synthase

. His-238

"His-274b
" ffis-JJQb,e

'Arg-329
. Arg-401
f Atg-421'"
. Phe-397d

'AsP-375b

E. colí
Citrate Synthase

His-229
Ifts-264
His-305
Arg-314
Arg-387
Arg-4O7

Phe-383
Asp-362

Pig Hearta
Citrate Synthase

Arg-46
A, Arg-324

E Arg-164'c
Val-314e

^ 
Val-315e
Pro-316e

' GLY-317e

A Tyr-318e

' GIY-319e

E. coli
Citrate Synthase

Thr-47
Lys-309
Arg-157
Ar9-299
Iæu-300
Met-301
Gly-302
Phe-303
Gly-304

a Residues identified by Wiegand and Remington (1986).
b Residues involved in catalysis.
c The ' indicates that ttrese residues are provided for the active site by the second

subunit.
d Forms an unusual edge-on interaction with the citrate molecule.
e Peptide backbone involved in binding of adenine portion of acetyl-CoA (Wiegand &

Remington, 1986).
Homology symbols: o = absolutely conserved in all seven sequences; 

^ 
= conservative

replacements, as defined in Figure 12 (sequence alignment).
f Identical in 5 out of the 7 citrate synthase sequences; but is proline in the two yeast

sequences.
8 Identical in the pig heart, E. coli, A. anítratwn, P. aerugínosø; lysine in the two yeast

sequences, but no homologous residue is present in the R. prowazekfi sequence
(the alignment shows a deletion of this residue-see Figure 8).
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Fi8gre 9. . A) Stereo draqing of the citrate binding site in the fully "closed" form of
pig heart citrate synthase. The citrate molecule is drãwn with open bonds. Thin bonds
represent the important hydrogen bonds or salt bridges. Arginine-42l is from the other
subunit of the dimer.
B) .Stereo drawing of a model-built citryl-CoA based on the crystallographic analysis
of bound citrate and coenzyme-4, and the adenine recognition-loõp 314-520.
Citryl{oA is indicated_by open bonds while the thin bonds represent some of the
important interac_tions. Note the main-chù 

-hydtogen bonds to the adenine ring. (Both
were taken from V/iegand & Remington, 1986.)
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by the second subunit of the dimer.
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are wrapped around the adenine ring of CoA and form hydrogen bonds with the peptide

backbone rather than the amino acid side chains (Figure 9B), therefore the fact that there

are few conserved amino acids in this region is not surprising (Table 1 and Figure 8).

Note, however, that two glycine residues are conserved in all seven sequences,

indicating their importance in the maintenance of the structure of the adenine recognition

loop. In the pig heart enzyme, A19-46 and Arg-324 form a salt bridge ro the

S'-diphosphate group of CoA, while A19-164 (from the other subunit) interacts with its

3'-phosphate. The other citrate synthase sequences have arginines or lysines in

homologous positions to A19-164 (exceptR. prowazekü ) and Arg-324 (Figtne g), but

there seems to be no residue equivalent to A19-46 in any of the four bacterial sequences.

It has been suggested that the loss of this ionic interaction in the E. coli enzyme explains

the fact that this enzyme has a lower affinity for acetyl-CoA when compared to pig heart

enz)¡me (Ner er al.,1983); but the fact that the R. prowazekií citrate synthase also lacks

this homologous residue, as well as an A19-164 equivalent, and yet shows the same

high atrinity as the pig hean enzyme for that substrate (Woo¿ et al., lg87), casts some

doubt on this explanation. It is possible that the tertiary strucrure of these bacterial

proteins may bring another positively charged residue into the region of these phosphate

groups, but given the lack of three-dimensional information for any of these enzymes,

this is simply speculation.
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Evidence for the Same Basic Subunit for All Citrate S)¡nthases:

In spite of the obvious differences between the dimeric non-allosteric citrate

synthases and their hexameric allosteric counterparts, the ind.ivid.ual subunits of these

enzymes are believed to be very similar (Morse & Duckworth, 1980; Blell et al., l9B3;

Duckworth et a1.,1987). The sites of proteolytic cleavage have been identified in the E

coli enryme @hayana & Duckworth, 1984) and are essentially homologous to the those

in the pig heart enzyme (Bloxham et al., rgïr,lggz;Lilr et ar., l9g4).

Additional evidence ttrat eukaryotic and Gram-negative citraæ synthases have the

same basic subunit comes from several studies of citrate synthase mutants. Danson

et al. (1979) succeeded in reverting an E. coli mutant, lacking citrate synthase, to one

with a native molecular weight and regulatory properties analogous to those of

eukaryotic citrate synthases. They found that both the original, "large" allosteric

enzyme, and the new, "small" non-allosteric enzyme were coded for by the same gene.

A wild type marine Pseudomonas has been shown to possess two inter-

convertible forms of citrate synthase: an NADH- and AMP-insensirive, ATp-inhibited

form, of molecular weight about 100,000 g/mole, and a second form with molecular

weight about 300,000 g/mole, which is strongly activared by AMp and KCl, and

inhibited by NADH (Massarini & Cazzulo, 1974, r975; rrtga et al., L97g). Another

citrate synthase mutant, this one of Pseudomonas aeruginosa, was found to have the

unusual property of containing both a "large" and a "small" citrate synthase at the same

úme (Solomon & Weitzman, 1983). At present, though, it is unclear whether the two

citrate synthases in the Pseudomanas aerugínosa mutaÍrt are interconvertible forms of

the same gene product, as in the marine Pseudomonas, or if this particular strain of p.

aerugirnsa has two separate cirate synthase genes.

The resemblances between these mutationally generated enzymes and the types

of naturally occurring citrate synthases are striking, and raise the possibility that the

marked changes in subunit compositions and regulatory behavior may result from only
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small genetic alterations of amino acid sequence (Morse & Duckworth, 1980;

Weitzman, 1987). Like the oxygen-binding proteins, where myoglobin is a monomeric

version of hemoglobin and the ailosteric properties of hemoglobin arise from the subunit

interactions (Perutz, 1970), the allosteric nature of the hexameric citrate synthases is

proposed to result from the additional subunit contacts formed by the bringing together

of th¡ee enzyme dimers (Duckworth et a1.,1987).

The pig heart enzyme has been shown to assume different conformations during

the various stages of catalysis, yet it is non-allosteric, since no allosteric inhibitor has

been found to stabilize the inactive (product release) form of the enzyme. In view of the

high degree of sequence homology between pig hean and E. coli citate synthase around

the active site, the E. coli enzyme probably shows the same catalytic mechanism.

Therefore, the acquisition of allosteric properties by E. coli citrate synthase may simply

be related to the ability of NADH to stabilize the product release form of this enzyme.

The fact that only hexameric enzyme forms show allosteric properties, may in turn

reflect the possibility that the NADH sites are formed when three enzyme dimers come

together.
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A Stn:ctural Model for the Subunit of E. co# Citrate S)¡nthase:

In order to make wise choices for mutagenesis experiments, designed to answer

specific structure-function questions about a protein, it is essential to have some three-

dimensional information. There have been at least three separate attempts to obtain good

quality crystals of E. colï citrate synthase, suitable for high resolution X-ray

crystallographic studies, with no success (Duckworth et al., 1987). The more recent

cloning, sequencing, and expression of the citrate synthase genes ftom Acinetobacter

anitratum (Donald & Duckworth, 1986, L987) and Pseudomonas aerugínosa (L.1.

Donald, unpublished), has led to the prospect that crystals of one or both of these

enzymes may have better properties than those of E. colí. Since these two enzymes are

also allosterically inhibited by NADH, any three-dimensional information that may

become available for either enzyme? should provide specific details about the NADH

binding site present in all Gram-negative citrate synthases, including E. coli.

In the meantime, a working model of the E. coli enzyme has been constructed by

Ansel Chu, in Gary Brayer's research group at the University of British Columbia, by

building the E. coli sequence into the pig heart coordinates, available from X-ray

crystallography (Remington et a1.,1982). This model, of one subunit of E. coli citrate

synthase, is shown in Figure 11. Most of the protein takes on cr-helical secondary

sffucture, represented in the figure as cylinders. There are twenty cr-helices, labeled

from A to T, and one section of anti-parallel B-sheet. Active site residues are indicated

as black dots, all conserved in the E. coli enzyme. Those contributed from the second

subunit are shown as black squares-recall that the active form of pig heart citrate

synthase, on which this model is based, is a dimer, where both subunits make

contributions to the active site contained primarily on one subunit. Each subunit can be

further divided into a small (helices N-R) and a large (helices A-M, S and T) folding

domain, both of which contribute residues to the active site The relative motion of these

two domains is thought to accompany catalysis, and the conformational change between
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Figure 11. Model of one subunit of E. colí cirate synthase. There are20 cr-helices,
labeled A through T, indicated by cylinders, and one section of anti-parallel þsheet,
shown as wide alrows. Active site residues are shown as filled in circles, except
His-229, which is concealed in the diagram behind the M helix, on rhe section ôf
random coil between the K and L helices, and is shown as a dashed circle. Those
residues contributed to the active site by the other subunit in the dimer are shown as
filled ip s.qyges. The subunit can be divided into a small and large folding domain,
each of which contributes residues to the active site. The shading iñdicates tie degree
of s-eq-uence ho-mology between_t!g pig heart and E. colí enzymes, where aoõUty
t!"d4 ryqo-ns have greater than 507ohomology, singly shaded iegions have berween
25 and 507o homology, and unshaded regions liáve leis th an 25vo hõmology.
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the inactive and active states, as discussed previously (Remington et a1.,1982; rü/iegand

& Remington, 1986; Lesk & Chothia, 1984). The shading (Figure 11) indicates rhe

degree of sequence homology between the pig heart and E. coli enzymes. Doubly

shaded regions have greater than 507o homology and are highly conserved regions,

which include the active site. Singly shaded regions have between 25 and SyVo

homology and show moderate simila¡ities. These include the I and S helices, which

form the core of the monomer, as well as the G, M and L helices, th¡ee out of the four

helices (helix F is the fourth) involved in making up the d.imeric contact surface, affoss

the front of the model. The unshaded regions have less than25Vo homology and could

be involved in the features unique to the E. coli enzyme-the additional subunit contacts

required to form the hexameric structure, and the binding of the allosteric inhibitor,

NADH-since these properties are not present in the pig heart enzyme.

Using the model îor E. colí citrate synthase as a guide, togerher with the

alignment of the various citrate synthase amino acid sequences, experiments can be

chosen to establish what structural features account for its active and allosteric

properties, namely:

i) What parts of the subunit provide the new subunit interactions needed to maintain the

hexameric structure found in the E. coli enzyme?

ii) Where does the NADH bind to the enzyme, and how does it cause inhibition?

iii) Where does cr-ketoglutarate bind to the enzyme, and how does it inhibit? (Recatl

that cr-ketoglutarate is an inhibitor whose mode of action is unclea¡. Suggestions have

been made that it is allosteric,like NADH (Wright et a1.,1967); however, its obvious

structural similarity to the substrate, oxaloacetate, would lead one to speculate a

competitive mechanism of inhibition.)

iv) To fine-tun" prrdi"tions (as determined for the pig heart enzyme from X-ray

information) about the functions and relative importance of various active site resid.ues

which are conserved in the E. coli enzyme.



3t

Mutagenesis experiments, discussed in this thesis, wilt b concerned with points iÐ, üi)

and iv).



The History of Mutagenesis
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The idea of using mutations to find out more about the structural features

important for specific functions of an enzyme is not new. Naturally occurring mutations

have provided valuable infonnation about amino acid residues which are absolutely

essential to the normal functioning of an enzyme; but spontaneous mutation rates are

very low, of the order of 10-6 to 10-7 per gene per generation (Tamarin, 1982). The

actual number of spontaneous mutations occurring in a population of cells is

substantially higher than this, but most of the mutations are detrimental to the cell, and

result in retarded growth or cell death. These lethal mutations remain undetected in a

sample population, significantly reducing the apparent spontaneous mutation rate. To a

lesser extent, these low rates can also be attributed to the redundancy of the genetic

code. Although all amino acids are specified by a triplet codon, many only require the

first two bases to be precisely defined; while the third can be any of the four possible

bases. Some amino acids a¡e coded for by semi-specific codons, where the third base is

required to be a pyrimidine, or in other cases, a purine. In fact all but two amino acid

residues, methionine and tryptophan, are coded for by more than one triplet codon. In

addition to this redundancy, the tendency for like amino acids (i.e. non-polar,

hydrophobic, polar, acidic and basic) to be represented by related codons, minimizes the

effects of mutations. This ensures that a single random base change has an increased

probability, compared with the random assignment of codons, of resulting in no amino

acid substitution or in one involving amino acids with similar properties. Thog, the low

frequency of naturally occurring mutations is a formidable problem which makes their

isolation and characterization a laborious task

These low mutation rates can be increased through the use of in vivo

mutagenesis techniques (Tamarin, 1982) like X-rays, ultraviolet light and trea¡nent

with various chemical mutagens. Large doses of X--rays cause the DNA to break apart

in several locations and its mutagenic effect is cumulative, regardless of whether it is

given in a large dose all at once, or spread out in smaller doses over a period of time.



Ultraviolet light introduces covalent bonds between adjacent pyrimidine nucleotides,

creating dimers-usually thymine-thymine, but also thymine-cytosine or cytosine-

cytosine. Dimerization distorts the double helix and this interferes with both DNA

replication and RNA transcription. Repair me¡hanisms in most cells break these dimers

orremove the fragment cont¿ining the dimer and repair the DNA by filting in the correct

nucleotides, using the second smnd as a guide; but, if the damaged regions are missed,

the presence of a dimer will result in breaks and mut¿tions in newly synthesized DNA,

once replication occurs.

Numerous chemical mutagens have also been used to increase the frequency of

mutations in DNA, by growing the cells in the presence of base analogues, or treating

whole cells with nitrous acid, hydroxylamine, alkylating agents or acridine dyes. These

mutagens have been widely used over the years and a useful summary of their effects

can be found in Tamarin (1982), the highlights of which will be described herein. Two

of the more commonly used base analogues are S-bromouracil and 2-aminopurine.

Because S-bromouracil resembles thymine, it may be inserted in its place during DNA

replication. The keto form of S-bromouracil, which pairs with adenine, may undergo

tautomerization to the enol form, which readily pairs with guanine, causing a T-A to

C-C mutation. Like adenine,2-aminopurine forms two hydrogen bonds with thymine,

but it can also form a single hydrogen bond with cytosine. Therefore, it can replace

either adenine or guanine, producing an A-T to G-C transition. Nitrous acid

oxidatively deaminates cytosine to uracil, and hydroxylamine converts cytosine to

N4-hydroxycytosine. Both treatments result in C-G to T-A mutations. Alkylating

agents, like ethyl methane sulfonate and ethyl ethane sulfonate remove the purine rings

of adenine and guanine nucleotides through a multistep process which results in the

hydrolysis of the purine-deoxyribose bond. When DNA replication or repair takes

place, any of the four possible bases can be inserted into the new strand'as a

complement to the gap created when these alkylating agents remove a purine. The gap
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remains to continue to generate new mutations each generation, unless it is repaired.

Acridine dyes are planar heterocyclic molecules, like acridine orange and proflavin,

which become non-covalently inserted, or intercalated, between two successive bases in

DNA, physically separating them. This leads to the addition or deletion, usually of a

single base pair per molecule intercalaæd, during DNA replication, and results in a shift

in the reading frame of the gene. Thus, the mutagenic effects of acridine dyes begin at

the point of insertion or deletion and continue through to the end of the gene; which may

be considerably longer or shorter, since the nomral stop codon will not be recognized in

the new reading frame.

Although these in vivo techniques significantly increase the frequency of

mutation, they have some serious limitations as well. Since the mutagenesis is ca¡ried

out on whole cells, it is difficult to determine if several changes are produced in the

same organism; so that the observed differences from the normal, or wild type,

organism may be due to more than one change. As well, although most genes show

more or less simila¡ rates of mutation, whether spontaneous or induced (which depend

on the size of the gene, or target for mutation), some base pairs gain far more than the

number of mutations expected from a random distribution (Lewin, 1983). They may

have ten or even one hundred times more mutations than predicted by random hits; these

sites are called hotspots. Conversely, there are sites in which only a rare mutation is

found. Interestingly enough, spontaneous point mutations and mutations induced by

some mutagens have been found to give rise to one set of hotspots, while other

mutagens give rise to a different set of hotspots. Although the reason behind their

existence is not clear, one possible explanation has been found in the lac I gene of E.

coli,where hotspots for spontaneous point mutations all occur at sites at which the wild

type sequence contains a S-methylc¡osine, a cytosine which has been modified by a

methylase enzyme (Lewin, 1983). Spontaneous oxidative deamination converrs

5-methylcytosine to thymine, and cytosine to uracil. The uracil, however, is recognized
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by an enzyme in the cell, u¡acil-DNA-glycosidase, as not belonging in DNA; and so it

is removed and replaced by cytosine. Since thymine is a nonnal component of DNA,

this system does not operate to correct that change, and a mutation results. In strains of

E. coli unable to perform the methylation reaction, these hotspots do not exist.

Another factor which imposes serious limitations on the usefulness of ín vivo

mutagenesis methods is that of selectivity; often only certain base changes are prduced,

making it difficult to obtain specific desired mutations. In addition, isolation of

mutations in a gene of special biochemical interest, by simple assay, requires not only

exhaustive arnounts of labor to screen thousands of mutagenized organisms, but also

major, even lucþ, assumptions about what properties a mutant may or may not possess

relative to the wild type organism. Moreover, such methods do not perrnit the isolation

of organisms with only minor variations in phenotype which may go undetected, or

those which contain lethal mutations, since these cells do not survive. Classical ínvivo

mutagenesis therefore, allows the study of only certain aspects of the function of a given

gene and only certain genes in a given genome.

V/ith the advent of recombinant DNA technology, genes can be moved from

their norrral environment, in an intact genome, to cloning vectors, where the mutated

DNA is non-essential. The availability of purifîed genes in vitro, in microgram

quantities, has dramatically expanded the potential for inducing mutations. In the

controlled environment of the test tube, it is now possible to alter, efficiently and

systematically, the sequence of nucleotides in a segment of DNA. This allows these

same mutagens to be directed at the gene of interest specifically, and also ¡rrovides new

oppornrnities for the development of more advanced mutagenesis techniques which

address some of the other problems with the in vivo methods. But, unlike classical i¿

vivo mutagenesis, in which all mutations were studied inside a living cell, ín vitro

mutagenesis invariably yields gene mutations out of their normal context. This can

cr:eate some problems depending on the system under investigation. For example, the
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physiological effect of a mutation in a regulatory protein, native to a mouse cell, can

hardly be determined if this mutant protein is expressed in an E. coli ceIl. In a mouse

cell, this regulatory protein may be expressed differently than in an E. coli cell, and

interact with other mouse proteins or mouse DNA. Since none of these normal

environmental molecules are present in an E. coli cell, it would be very difficult to

assess the effect of mutations on this type of protein. However, if instead mutations

were created in an en4yme to study the catalytic roles of certain amino acid residues, the

context in which the enzyme is studied is less of a problem. The fact that this enzyme

may be expressed at a different level, or be isolated from its normal cellular

environment, would have little effect on the deterrnination of which residues were

important for catalysis.

Perhaps the most important advantage of in vito mutagenesis is the abitity to

introduce mutations efficiently and predictably into a gene of interest. t¡calized random

mutagenesis uses the ín vivo methods discussed previously to create mutations in

isolated segments of DNA which are then returned to the cloning vector in place of the

same unmutagenized fragment. This type of mutagenesis yields a variety of mutants

scattered over the region of interest and is often a fust step in the characterization of a

previously unstudied enzyme, especially in the absence of any three-dimensional

information; so that more judicious and/or precise mutations may then be chosen.

Ultimately, the investigator would want to change specific nucleotides in the DNA

sequence to produce the corresponding mutations in the resulting protein.

The recent availability of commercial automated DNA synthesizers, which can

readily make short pieces of DNA, called oligonucleotides, has made oligonucleotide-

directed ínvitro mutagenesis the method of choice, for creating specific mutations in

cloned and sequenced genes. The basic straregy Qnller& Smirh, lgBZ) for this method

is illustrated in Figure 12 andinvolves the formation of a heteroduplex between a single-

stranded template DNA and the mutagenic oligonucleotide at the site of interest. The
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mutagenic oligonucleotide is complementary to the template, except for the mismatch

that will induce the mutation, usually roughly in the center of the oligonucleotide. After

the mutagenic oligonucleotide is annealed onto the wild type single-stranded tempiate

DNA, it is extended by E. colí DNA polymerase I, Klenow fragment (which lacks a

5'to 3' exonuclease activity) and covalently closed DNA molecules (CC-DNA) are

formed by ligation of the newly synthesized strand with T4 DNA ligase. The

conversion of single-stranded molecules into covalently closed double-stranded

molecules is incomplete, so the CC-DNA is separated from unligated and incompletely

extended molecules by alkaline sucrose gradient centrifugation. The CC-DNA enriched

fraction is then neuralized and used to transform cells and obtain a population of mutant

and wild type clones. This method requires that the DNA of interest be cloned, ideally

into an M13 bacteriophage vector (Messing, 1983), which contains a multiple cloning

site, and, whose life cycle provides the opportunity to obtain both double-stranded

(or RF, for replicative form) DNA for cloning, and single-stranded template DNA, both

for mutagenesis and sequencing. The insert DNA must also be of known sequence (the

sequence of the M13 vector is already known), so that the sequence of the single-

sranded template DNA can be searched, usually by computer, for sequences similar to

that of the chosen oligonucleotide, thus determining if the oligonucleotide is likely to

prime at any location other than that desired to create the mutation. After synthesis, the

oligonucleotide is tested as a sequencing primer, just to be certain that it primes only in

the desired location. If second or multiple site priming occurs, a new oligonucleotide

must be synthesized, usually one that is longer to make it more specific for the desired

priming site.

Once the mutagenesis procedure is complete, the resulting M13 clones must be

screened (Zoller & Smith, 1983) to determine which are mutant and which are wild

type. If the mutation either creates or destroys a restriction endonuclease site, then this

can be used to distinguish between wild type and mutant clones. By digesting
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replicative form (RF) phage DNA with the appropriate restriction endonuclease, a

mutant with a restriction pattern different from the wild type, can be identified by

examining the digests on an agarose gel. This method of screening is not often useful

though, since most mutations do not create or destroy restriction endonuclease sites.

The more commonly used method of hybridization screening uses the radioactively

labeled mutagenic oligonucleotide as a probe for mutant clones. The principle behind

this procedure is that the mutagenic oligonucleotide will form a more stable duplex with

a mutant clone, which matches exactly, than with a wild type clone, which has a

mismatch. Mutant clones are detected by forming a duplex at a low temperature where

both mutant and wild type DNA interact, then carrying out washes at increasingly higher

temperatures until only mutant molecules continue to bind the radioactive mutagenic

oligonucleotide @gure 13). Another method, which is becoming more widely used as

mutagenesis procedures yield a larger proportion of mutants, is that of single-track

sequencing (TnlLer & Smith, 1933). In this method single-stranded DNA from each

clone is subjected to single-channel chain-termination sequencing using the dideoxy-

nucleotide that would differentiate wild type from mutant clones (Sanger et aI., 1,977).

For example, if a G to T mutation is being induced, A-tracking the single-stranded DNA

from the clones would show an A complementary to mutant clones containing the

desired T change; but wild type clones, with a G at this position, would not show an A

at the corresponding position.

In order to show conclusively that the mutation induced by the oligonucleotide is

the only mutation in the clone to be studied, the entire segrnent of DNA which was

present in the mutagenesis experiment, and is also present in the expressed mutant

clone, must be resequenced. This insures that any variation in observed phenotype is

due to the single known mutation.

In any mutagenesis experiment, it is important to maintain a high yietd of

mutants to minimize the need for mutant screening. The relationship benveen thesè two
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factors is logarithmic, and so as the frequency of mutation drops, the number of clones

which must be screened rises dramatically (Amersham, 1987). Although the theoretical

yield of mutants is 50Vo, it is usually considerably less than this. By far the most

serious problem which causes a reduction in the mutant yield is the strand-displacing

helicase activity of DNA polymerase I, Klenow fragment, which tends to lift off the

mutagenic primer when the synthesis of the DNA circle approaches completion. This

allows the wild type template strand to direct the sequence of the newly synthesized

strand of DNA, and results in both copies matching the wild type. This problem can be

somewhat lessened by adjusting the relative concentrations of Klenow pol¡rnerase and

T4 DNA ligase, so that as soon as the DNA circle is complete, the ligase seals the nick

in the sugar-phosphate backbone of the new strand of DNA before the primer can be

displaced (Smith, 1985). The yield of mutants may also be reduced by invivo repair of

the S'--end of the mutagenic oligonucleotide or repair mechanisms in the cell which can

distinguish between the wild type strand and the newly synthesized mutant strand,

selecting against the mutant strand. For example, a small concentration of

contaminating dUTP, present in the primer-extension step, can cause the newly

synthesized strand to be more susceptible to repair since dUTP is not a normal

constituent of DNA. Also, newly synthesized DNA strands which have not yet been

methylated are preferentially repaired at the position of a mismatch. These factors can

reduce the yield of mutants substantially, to less than 57o, so that even though the

oligonucleotide-directed method allows us to choose precisely the change we want to

make from one nucleotide to another, at a specifìc location, the yield of mutants may

make screening a major problem. For this reason, modifications have been made to the

basic method to improve the yield of mutants.

One modifred method simply includes a second primer upstream of the

mutagenic primer in the primer-extension step; typically the M13 universal sequencing

primer is used (ZoLIer & Smith, 1984). Extension of this additional primer promotes the
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incorporation of the mutagenic primer into the newly synthesized sequence, forming a

gapped duplex bearing a mismatch. In this method, enrichment of the extended DNA is

not required, probably due to the protection from in vivo repair of the 5'-end of the

mutagenic oligonucleotide, by ligation to the extended DNA from the sequencing

primer. In the single primer method, equivalent protection occurs only when complete

extension and ligation occur.

The Kunkel (1985) method uses a specialized host for growing the phage before

mutagenesis. This host cell is deficient in the enzymes dUTPase (dur) and uracil

glycosylase (ung-). The duf mutation causes an increase in the intracellular dUTP

levels, because the enzyme which converts dUTP to dUMP, dUTPase, is inactive. The

ung- designation indicates that the cell has a defective uracil-DNA-glycosidase enzyïne,

whose normal function is the removal of dUTP bases from DNA. This defect allows

dUTPs which are incorporated into the DNA in place of dTTP to remain, and these two

mutations result in dUTPs taking the place of dTTPs about lVo of the time. After the

mutagenesis procedure, an ung+ host is used to select against the dUTP containing

strand. This method yields about 407o mutants.

Another modified method, the gapped duplex method (Kramer et al., 1982),

improves the yield of CC-DNA, and therefore mutants, by starting the mutagenesis

procedure with a partial duplex of DNA, in which only a small segment of single-

stranded DNA is available for the oligonucleotide to prime. The Klenow polymerase

then has only a short region to fill in with nucleotides in order to complete the circle, and

provide CC-DNA for transformation. Yields of up to 50Vo have been observed with

this method.

The V/inter coupled priming cyclic selection method (Carter et al., 19S5)

depends on the sequence similarity between EcoK and EcoB restriction endonuclease

sites. EcoK and EcoB are restriction endonucleases which recognize a target site, but

then travel 1000-5000 bases along the DNA strand before cutting at an apparently
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random site (Amersham, 19S7). The sequences which EcoK &, EcoB recognize differ

at only one site:

EcoR --}GACI\NNNNNGTCCIJ--
t(

EcoB --TGA}ìNNNNNNI'TICCT--

The method uses two primers, one mutagenic, and one complementary to the

EcoWEcoB strand selection site. Both primers are used in the mutagenesis procedure,

making two mutations, one to alter the DNA sequence at the desired location, and the

other to change restriction site specificity, so that the host cell will cleave only the

undesired wild type strand (Figure 14). This modification permits repeated rounds of

mutagenesis without recloning. For example, an EcoB selection primer could be

incorporated into the newly synthesized strand with the mutagenic oligonucleotide

(Figure 14). After selection in an EcoK-restricting hosr, an EcoB specific clone

containing the single mutation can be isolated. The DNA from this clone can then be

used as the template in the next mutagenesis experiment, if a second mutation is desired.

In this second mutagenesis procedure, the selection primer used is that of EcoK, and the

double mutant is selected with an EcoB-restricting host (Figure 14). This method

results in up to 60Vo mutartts and the cycle can be repeated many times, to obtain clones

with multiple mutarions.

There are new problems with the methods which include second primers and the

gapped duplex method. Because filling in is able to occur in the absence of the murant

oligonucleotide, by priming to the large double-stranded DNA region in the gapped

duplex method or to the second oligonucleotide in the two primer methods, a

background of non-mutant CC-DNA molecules is generated. This is especially

troublesome in cases where the mutant oligonucleotide binds poorly to the single-

stranded template DNA and may result in very low mutant yields.

In the case of the Eckstein method (Taylor et al.,l9g5a, 19g5b; Nakamaye &

Eckstein, 1986), unwanted priming and the generation of a non-mutant strand is not a
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Figure 14. ThLwinter" coupled priming technique, used for cyclic selection
mutagenesis. (raken from Amersham, 1987.) See text for detãils of method.
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problem, because the only primer used is the mutagenic one. The mutagenic primer is

annealed onto the single-stranded template and extended by Klenow polymerase in the

presence of T4 DNA ligase to generate a mutant heteroduplex (Figure 154). Selective

removal of the non-mutant strand is made possible by the incorporation of a

thionucleotide @gure 158) into the mutant strand during ínvítro synthesis (Amersham,

1987). Nitrocellulose filtration (Figure 154) then removes any conraminating single-

stranded template DNA, significantly reducing the non-mutant background. Eckstein

observed that certain restriction endonucleases cannot cleave phosphorothioate DNA

(Taylor et a1.,1985a). As a result, single-strand nicks are generared in DNA containing

one phosphorothioate and one non-phosphorothioate strand. Such nicks present sites

for Exonuclease III, which can then be used to digest away all or part of the non-mutant

(non-phosphorothioate) strand of the cloned target sequence. The mutant strand is then

used as a template to reconstruct the double-stranded closed circular molecule, thus

creating a homoduplex mutant molecule, and resulting in up to 95Vo mutants, upon

transformation.

Several of these methods were used in this thesis to create mutations in the

citrate synthase gene of Escherichia colí,marnly the ¡po primer method, which includes

the M13 universal sequencing primer, and the Eckstein method-

These mutagenesis procedures allow biochemists to study the precise functions

of selected amino acid side chains, by changing specific amino acid residues, ar the

DNA level, and comparing the properties of the resulting mutant enzymes to those of the

wild type. With well chosen experiments, protein chemists and enrymologists can learn

the function of emino acid residues which are conseryed in the corresponding enzymes

of different organisms. They can also determine the importance of each residue in the

binding of substrates at the active site, or inhibitors at active and allosteric locations.

Further experiments may also be designed to determine which residues are catalytically
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important for the normal functioning of the enzyme and those involved in the

stabilization of the different conformations associated with allosæric enzymes.
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Facterial $trains and FTasmids

All mutant versions of the E. coli citrate synthase gene gltA, prepared using an

oligonucleotide-directed method as described later, were expressed in the plasmid

pESgltA, which was derived from pHSg/rA, the clone previously used to obtain large

amounts of wild type enzyme (Duckworth & Bell, 1982), as follows. The 733-base

patr HindfII-Bamlil fragment of pHSg/rÁ, which contains most of the natural g/r¿

promoter but none of the citrate synthase coding sequence, was cloned into M13mp19,

and a synthetic oligonucleotide, designated oligo Eco (see Table 2), was used in the

procedure of Zoller and Smith (19S3) to introduce a new EcoRI site into this fragment

by mutating T-319 in rhe sequence of Ner et al. (1983) to A (Figure 16). In the

work-up of the reaction, JM103 cells were used and the sucrose gradient step was

omitted. Mutants were screened by digesting the replicative form of the resulting phage

DNA with EcoR[ and running the samples on an agarose gel. Replicative form of the

desired mutant was digested with EcoRI and, BøwHI, and the new shorter

EcoRI-BamIn'fragment was isolated by agarose gel electrophoresis, and ligated with

the gel-purified large fragment from the EcoRI-BamHI d.igest of pHSg/rA (Figure 16).

The product of this ligation, pESg/rA (6233 base pairs) , is 294 base pairs smaller than

pHSg/rA but still expresses wild type and mutant versions of the citrate synthase gene

efficiently. The sequence absent in pESg/rÁ contained several restriction endonuclease

sites (for BcII, ClaI, HíndfII, KpnI and HpaI), so that the HpaI site within the gltA

coding sequence of pESg/rA is now unique. This unique HpaI site has been used, in

conjunction with the unique ^SalI site, to cut out and replace the small wild type

HpaI-SalI fragment with each corresponding HpaI-SalI fragment containing a

mutation, in order to express mutant forms of E. colí citrate synthase. Therefore after

mutagenesis, only the region between this HpaI site and the end of the cding sequence
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Table 2. Oügonucleotide sequences, and the iocation at which they prime to rhe gltA
insert.

Designation of
oligonucleotide

Sequence of oligonucleotide, \ilhere " ' "
is above the mismatched nucleotide(s)

Complementåry to
basese:

oligo Ecoa

oligo 188a

oligo 217b

oligo 227b,c

oltgo226d

oligo 229a

oligo 26Qb'c

oligo 305b

oligo 314b

oligo 319b

oligo 32Çb'c

oligo 38fa,c

oligo ter¡¡a'c

,, *'*.",*iTCCCGACG-3,

-TCGTTGAææ€TAAAC-

_CCATAæAA:TTCCAGA_

_ATCAGAATAACCTCCAT_

-æTCAæCTC-CAæATC_

-TTCTGTTCCTæTCACC_

-ACCTCCCTCAGTGAAG-

_CACCCC,C,æACCGAACC_

-CC'GTffiGAC.CrcTCC._

-AæTTTCAAæATTACG-

-TCATCCTTCGTC.CCCAC.-

-TCCACCCAACæTACGT-

-æCATATGAACCCCC{€-

-327-+-3I1

86r-->877

950-+966

963--+979

977-+993

987-+1003

1078-->1094

l2l3-+1229

l24t-->1257

L256-+1272

1293-+1309

1466-+7482

t621-+t637

a Synthesizú, at the Institute of Cell Biology, University of Manitoba, in an Apptied
Biosystems 3808 DNA Synthesizer.

b Synthesized by the DNA Custom Synthesis Centre, University of Calgary.
c Used as a sequencing primer (see text for details).
d Custom-synthesized by Pharmacia (Canada) Ltd.
e Numbering according to Ner et al. (1983).
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Figure 16. Making pESgltA. (E = EcoRI, H - HindtrI, B = BamHI,
S = SalI, h = HpaI and bp = base pairs).
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needed to be re-sequenced, since only this segment of DNA was present in both the

mutagenized DNA and the expressed citrate synthase clone.

Mutantplasmids were expressed in the E. coli host strain MOB154, and mutant

proteins were purified from extracts of this strain harboring the appropriate mutant

plasmid. MoB154, a gift from Dr. D. o. v/ood (university of Alabama, Mobile), has

a stable mutation in the gltA gene and lacks any detectable cirate synthase as judged by

both enzyme assay and immunological methods (Anderson & Duckworth, 1988). It is a

recA denvative of MOB147 (described in V/ood et a1.,1983).

The first mutant described in this thesis, designated CSL(264-287) because the

codons for amino acids264 through 287 have been deleted, was created by purifying

the BamHI-,Sal[ fragment of pHSg/rA by agarose gel electrophoresis, digesting it with

FspI and XmnI, and re-ligating the blunt ends (Figure 17). Recutting the ligation

product with BamHI and.Søl[, as well as with XmnI to select against reassembled wild

type sequence, and ligating the resulting fragment to the gel-purified large fragment

from BamIil-,Sall-digested pHSg/aA, gave the mutant gene in expressible form. This

construction was verified by DNA sequencing (Sanger et al., 1977) of the appropriate

Sau3{l fragment cloned into Ml3mp18.

Oli gonucleotide-Directed Method s:

The remaining mutants were all made using some form of the oligonucleotide-

directed ínvítro mutagenesis method of Tnl.Jer and Smith (1983). In each experiment

the single-stranded template DNA used was an Ml3mp8 clone of the BamIil-SaI

fragment of pHSg/a{, called M13cl15 (prepared by Dr. L. J. Donald of this laboratory),

which contains the entire citrate synthase coding region. The oligonucleotides used to
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262 263 264 265 285 286 281 2BB
PAHGPEFV
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Figure 17. Making paFXg/rA, which expresses mutant orotein
CS^(264aTJ), (B-= BamHI, F = FspI, S = SalI, X = kmnl,
fx = non-palindrome produced.by ligation of Fspland XmnI '

ïragments, and bP = base parrs).

pHSg/rA
(6521bP)

pLFXgltA
(6assbp)
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cÍeate the mutations have each been given a designation and a¡e listed in Table 2. p;ach

of these oligonucleotides was complementary to a region in the insert of the coding

strand of Ml3c115 also shown in Table 2 (numbering according ro Ner et ø1.,1983).

Most oligonucleotides were delivered lyophiltzed, and had been purified by the

laboratory which performed the synthesis, including all of the oligonucleotides prepared

by the DNA Custom Synthesis Centre at the University of Calgary, as well as

oligo 226, synthesized by Pharmacia (Canada) Ltd. Several oligonucleorides were

synthesized in Manitoba, in the Applied Biosystems Synthesizer at the Institute of Celt

Biology, University of Manitoba, and purified by Dr. L. J. Donald in this laboratory.

The published procedure of Sanchez and Urdea (1984), as modifed in an Applied

Biosystems Bulletin (Issue #30, dated February 5, 1986), was used to purify these

oligonucleotides after synthesis, as follows. The crude oligonucleotide preparation was

dissolved in water, extracted with n-butanol, evaporated, and resuspended in water. It

was then electrophoresed on a20Vo polyacrylamide gel containing 7.5M urea, in TBE

buffer (10.89 Tris, 5.5g boric acid, 0.939 EDTA per lirer, pH s.a). The

oligonucleotide band was located by ultraviolet light shadowing, using an Eastman

Chromagram Sheet, 13181 Silica Gel with Fluorescent Indicator (No. 6060), under the

gel. The oligonucleotide band was excised and eluted with gentle shaking, overnight at

room temperature, into 0.5M ammonium acetate/l0mlVI magnesium acetate. After

filtration, the oligonucleotide solution was passed through a Waters C-18 Sep-pak

column which had been pre-washed with acetonitrile, followed by water, and

equilib,rated with 0.5M ammonium ¿rcetate. Elution with607o mettranoV4TTo water and,

evaporation to dryness yielded the oligonucleotide in pure forrr.

Prior to use in a mutagenesis experiment, each oligonucleotide was tested as a

sequencing primer (sanger et al., lg77), using wild type M13cll5 as the single-

stranded template DNA, to ensure that each primed only in the desired location.
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Three different oligonucleotide-directed mutagenesis methods were used in this

thesis, and all have been discussed in detail in the Introduction. Oligo Eco was used in

the basic single primer mutagenesis method of Tnller and Smith (1983) to create a new

EcoRI site upstream from the gItA ccding sequence in pHSg/rA, in order to make the

plasmid pESg/rA as described above. Three of the mutagenesis experiments included

the M13 universal sequencing primer (Duckworth et a1.,1981; a gift from Dr. M. L.

Duckworth, University of Manitoba) as a second primer, during the primer extension

step (Zoller & Smith, 1984). Again, as in the single primer method, JM103 host cells

were used and the sucrose gradient step was omitted. Table 3 specifies which

experiments were performed with each method. The remaining mutants, by far the

majority in this thesis, were constructed using the Eckstein method (Taylor et aI.,

1985a, 1985b; Nakamaye & Eckstein, 1986), with a kit supplied by Amersham

(Canada) Ltd.

Screening for Mutants:

After the mutagenesis procedures, transformants were screened to determine

which clones were mutant and which were wild type. The frequency of mutants

obtained in each experiment is given in Table 3. Two of the mutagenesis experiments

created new restriction endonuclease sites; oligo Eco created an EcoRI site, as discussed

above, and oligo 226 ereated a PstI site. These clones were screened by preparing

replicative forrr DNA, digesting it with the appropriate restriction endonuclease, and

comparing the restriction patterns on an agarose gel, with that obtained from a wild type

clone.

The remaining mutânts were screened using single-channel chain-terrrination

(Sanger et a1.,1977), as discussed in the Introduction. The oligonucleotide used as the

sequencing primer and the dideoxy-nucleotide included to distinguish mutant from wild

type clones are listed in Table 3. Table 3 also shows the precise base changes produced
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in the coding strand of the gltA gene and the designations of the resulting murant

proteins, indicating the amino acid mutations produced.

Rqutine-Frocedures

DNA Seouencins:

To confi¡m each mutation and to ensure that no other mutations had arisen

within the coding sequence (during the in vitro sfrand synthesis step of the

oligonucleotide-directed methods), the sequence of the coding strand be¡¡yeen bases 759

and 1589 was redetermined by the method of Sanger et al. (1977), using five custom-

made sequencing primers (see Table 2 and,Figure 18 for sequences of oligonucleotides

and thei¡ priming sites). The fi¡st two primers had one- and two-base mismatches,

respectively, tecause they had been synthesized for mutagenesis experiments, while the

other three were exact matches. Each primed only at the expected site, as judged by

DNA sequencing. The region which was re-sequenced corresponded to the C-terminal

278 amino acids of the coding sequence, between the unique HpaI site and the end of

the coding sequence (Figure 18). After verificaúon, this region was then cut out with

HpaI and^Sall, gel-purified, and ligated to the gel-purifred large fragment from an HpaI

and SølI digest of pESg/rA. To be absolutely certain that the mutation was in fact

present in the pESg/rA studied, the Bam\il-Sall fragment of pESg/rA was cloned inro

M13mp18 and resequenced through the region containing the mutation.

DNA Isolation and Purification:

Plasmid and replicative form phage DNA were routinely prepared using the

alkaline-SDS method of Birnboim and Doly (1979), except that after the phenol

extraction step a series of precipitation steps was employed to remove most of the RNA

present. Addition of 0.6 volumes of isopropanol precipitated all nucleic acid and

protein. The resulting pellet was then resuspended in TE buffer (20mM Tris-Cl, lmM
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EDTA, pH 8) and the RNA plus protein selectively precipitated by addition of an equal

volume of LiCl (10M). After centrifugation, 0.6 volumes of isopropanol was added to

the supernatant to precipitate the desi¡ed DNA. Single-stranded M13 phage DNA for

mutagenesis and sequencing was prepared according to the method of Sanger et al.

(1981). The remaining routine manipulations of DNA (including: electrophoresis of

DNA on agarose gels, cloning, and transfomration of competent cells with DNA) were

as described in Maniatis et al. (1982).

Large Scale Protein Production and Purification:

MOB154, harboring the appropriate mutant form of pESg/rA, was grown in a

Lab-Line Incubator-Shaker ú37ocfor 24 hours in ¡welve-two liter baffled flasks, each

containing one liter of LB and 5mL ampicillin (2}mg/rnl-). A further 5mL ampicillin

(20m9/ml) was added after about 8 hours. Mutant enzymes were purified according to

Duckworth and Bell (1982), except that the DNase treatment and ammonium sulfate

precipitation steps were omitted- Since mutant CSL(264-287) was inacrive, it could not

be followed through the purification procedure using the usual enzyme assay. It did

cross-react, however, with rabbit antiserum raised against wild type E. colí citrate

synthase and thus could be purified like the other enzymes, locating citrate synthase

protein in fractions by the Ouchterlony double diffusion merhod (Ouchterlony, 1953) as

described in Morse and Duckworth (1980), except at a rempûarure of 37oc.

After purification each protein was tested for purity by electrophoresis through

an SDS polyacrylamide gel as described by Laemmli (1970) in an LKBJ;00l vertical

slab gel electrophoresis unit. Each gel was then stained overnight, and destained the

following day, according to Fairbanks et aI. (1971). In addition, an absorprion

spectrum was taken of each preparation to determine the emount of non-specifîc light

scattering in the sample and its precise concentration. The protein concentration of

cs260w*A1l¡ was detennined using the method of Lowry et al. (1951), using wild
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type citrate synthase as the protein standard, in order to measure the molar extinction

coefficient for CS260W*AG) and accurately detemrine its concentration.

Solutions of NADH were made fresh daily, and the concentrations were

determined by measuring absorption at 340nm (em = 6220).

Enzvme Assavs:

Citrate synthase catalyzes the reaction of acetyl-CoA and oxaloacetate to form

citrate and CoASH. The production of CoASH was measured using 5,5'{ithiobis-

(2-nitrobenzoate) (DTNB). DTNB reacrs very quickly with sulfhydryl groups

producing a yellow mercaptide ion (see Figure 19), which absorbs strongly at 4l2nm

(qn = 13,600). This property allowed the reaction catalyzed by citrate synthase to be

followed on a Gilford 2400-2 single beam spectrophotometer by the method of Srere

et al. (1963).

Since DTNB reacts with sulfhydryl groups, it can also react with sulfhydryl

$oups on proteins. Normally the concentration of protein in an assay is so low that the

reaction with protein is negligible. However, two of the mutants described in this

thesis, CS305H-A and CS314R-+L, had extremely low specific activities, so rhat very

large quantities of enzyme were required to obtain measurable activities. For this

reason, kinetic measurements for these two mutants were always run with blanks, in

which oxaloacetate was omitted from the reaction. It has been previously found that

oxaloacetate has no effect on the reactivity of citrate synthase thiols (Talgoy &

Duckworth , 1979).

One unit (U) of citrate synthase activity is defined as the amount of enzyme

required to produce 1 pmol of product in one minute, at room temperature, in the

standard assay as defined below.
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Figure 19. Reaction of DTNB with a sulftrydryl group to produce a
mercaptide ion, which absorbs strongly at 4tZnri (e- = 13600).
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Çolleciion and Analysis of Kinetic Ðata

All kinetic studies were perfomred by the method of Srere et al. (L963) at 20oC.

standard buffer was 20mM Tris-Cl, pH 7.8, containing lmM d.isodium EDTA,

hereafter called Tris buffer. The standard citrate synthase assay solution contained

0.lmM each of acetyl-CoA and oxaloacetate, in Tris buffer containing 0.lM KCl. For

studies of NADH or cr-ketoglutarate inhibition, the KCI was omitted. For

measurements of NADH inhibition for CS305H-A and CS314R*L, rhe extent of

inhibition was checked in a discontinuous assay, in which reaction mixtures not

containing DTNB (including blanks lacking oxaloacetate), were incubated with enzyme

for 10 minutes, and the amount of coenzyme A thiol measured by addition of DTNB at

that point.

All kinetic data in this thesis have been interpreted in terms of the Ordered

Bisubstrate mechanism and the equation which it predicts (Cleland, 1963).

Accordingly, definitions for the various kinetic constants for citrate synthase are given

in Figure 20. KioAÁ is the dissociation constant for oxaloacetate, the first substrate to

bind to the enzyme. Koee is the Michaelis-Menten consrant for the binding of

oxaloacetate to the enzyme in the presence of saturating acetyl{oA. K4.ço4 is the

corresponding Michaelis-Menten constant for acetyl-CoA in the presence of saturating

oxaloacetate. Finally, Ki,o-KG is the dissociation constant for the inhibitor

a-ketoglutarate, measured as a competitive inhibitor of oxaloacetate, in the absence of

KCl. Unless otherwise specified, the full steady state kinetic srudies on the wild type

and missence mutants were all performed in the presence of 0.1M KCl. All data from

these studies were initially plotted in double-reciprocal form, points which showed a

systematic deviation from the Ordered Bisubstrate equation (Cleland, 1963) were

discarded, and the remaining data were fitted to that equation by the GENLSS program

of DeTar (1'972). This program finds the best values for all four parameters of rhe
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According to the Ordered Bisubstrate equation (Cleland. 1963)l

k1

Enzyme+OAA ê Enzyme-OAA
þe

k3

Enzyme{AA+AcCoAêEn4rme-ÐAÁ-AcCoA
k4

Erzyme-OAA-AcCoA Ê Enzyme{iraæ{oA

k5

Enzyme-Citrate{oAêEnzyme{itraæ+CoA
k6

k7

Enzyme{itrateÊErzyme+Citrate
kg

For the competitive inhibitor a-Ketoglutarate;

ke

Enzyme + s-Ketoglutarate ê Enzyme+-Ketoglutarate
kro
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The rate equation in the absence of products is:

1=1 ltî%\ + KORI +
fÕ-Æ{I

+ (Kioee}(KercoÐ \@

where

(ks + kz)

KOA¡ = kskZ

Ke"coe
iÃceõÃI

V-* = hat .[E]total = kS kz .[E]r

k¡Gs + k7)

_1-
- ,tcat

TT

KA.coA =&.(k¿ + ks) = l<cal (1 + k4lk5)
k¡.(ks + k7) k3

and Kioae = kz
k1

where kcat is the tumover number for citrate synthase; that is, the
number of condensations one enzyme molecule cataly;zes per second,

and where Ki,q-KG (the dissociation constant fora-ketoglutarate to the
enzyme) = klO

ke

Figure 20. Steady state kinetic constants for citraæ synthase.
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Ordered Bisubsnate equation (k¡up Koaa, KA.coA, and K¡OAA; as defrned above) and

assigns an error to each which is approximately equivalent to standard error; for the

exact definition of the error see DeTar (1972).

Data illustrated in the form of graphs are typical measurements and not result of

averaging several measurements.

Bindine Measurernents bv ANS Disnlacemenf

Binding of acetyl-CoA and other ligands to wild type and mutant citrate

synthases was measured by the ANS displacement technique, in which fluorescence is

measured as a citrate synthase-ANS complex is titrated with the appropriate ligand.

Details of the method, including its theoretical justification, are given by Tatgoy and

Duckworth (1979). Absolute numbers of binding sites cannot be obtained by this

technique unless very tight binding occurs, but the method is a rapid and sensitive way

of measuring relative strengths of binding and shapes of binding curves for a variety of
ligands and conditions. Data, in the form of changes in fluorescence, ÂFo65r &S â

function of ligand concentration, [L], were initially plotted as Scatcha¡d plots (ÂFo5u/[L]

versus ÂFs65), and data sets which gave linear plots were then fitted to the equation for

a rectangular hyperbola, using the GENLSS program of DeTar (1972). Data sets

whose Scatcha¡d plots were concave down, indicating sigmoid saturation, were fitted. to

the equation ÂFo6, = AtLlz/(K + [L]\,where A is the value of aFo5. which would be

att¿ined at saturating [L], and K is a constant whose square root gives the value of [L]
needed to achieve ÂFo¡s = Al2. There is no profound justification for fining sigmoid

saturation curves to this equation (it is simply the Hill (1910) equarion with ¿ = 2), but it

described almost all the sigmoid data well and therefore was a useful way to estimate

parameters which empirically described the data, with their errors.
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l{AÐF{ B_indins:

NADH binding was measured using the fluorescence enhancement technique of

Duckworth and Tong (L976). Measurements were made both in the presence and

absence of various ligands (acetyl{oA, KCl, NAD+ and oxaloacetate),to determine

their effect on NADH binding to wild type citraæ synthase and several mutants. For the

studies of pH dependence, 15mM sodium phosphate was used for pH values of 7.4 or

lower and 20mtr4 Tris-Cl for values of 7.4 or higher; a measurement was made with

each buffer at pH 7 .4 to test for buffer dependence.

Fhysical Studies

Sedimentation equilibnium measurements of molecular weight were as described

previously (Tong & Duckworth, 1975). Circular dichroism spectra were determined

with a JASCO Model J-5004 spectropolarimeter, and cr-helix content was calculated

according to Chen et al. (1972). Urea denaturation studies were performed as in Morse

and Duckworth (1980), in the absence and presence of either NADH (0.5mM) or KCI

(0.1M). Modification of citrate synthase with DTNB, both in the presence and absence

of 0.1M KCl, has been described previously (Talgoy et al., Lg79).

Media

All media were autoclaved immediately after preparation. JM103 host cells were

grown on minimal plates (69 Na2HPO+,3g KH2pO4, lg NII+cl, 0.5g Nacl per liter)

containing lmM MgSoa,0.lmM CaCl2,lmM thiamine HCl, 0.4vo glacose, and 1.5g

agar. M13 phage were grown in JM103 host cells in TY liquid culture medium (169

Bacto-tryptone, 10g yeast exrract, 59 NaCl per liter, adjusted with NaoH to pH7.2).
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M13 phage were plated in top agar (10g Bacte+ryprone, 8g NaCl, 8g agar per liter) on

TYE plates (20g Bacto-tryptone, 10g yeast extracr, 169 NaCl, l.S%o agar per liter,

adjusted with NaOH to pH 7.2). MOB154 host cells which had been transfomred with

a plasmid expressing an active citraæ synthase enzyme (e.g. pESg/rA), were selected on

minimal plates (as above) containing lmM cytosine, lmM thiamine HCl,O.4Vo glucose,

and I.SVo agar. MOB154 was grown in liquid LB medium (10g Bacto-tryptone, 59

yeast extract, LOg NaCl per liter, adjusted with NaOH to pH 7.2), and plated on the

same medium with the addition of 7.5Vo agar. Large scale MOB154 cultures containing

wild type and mutant versions of plasmid pESg/rA, were grown and plated as the

MOB154 cultures above, with the addition of 0.1g ampicitlin per mL of medirrm.

Reage¡Js

The following reagents were purchased from Boehringer Mannheim (Canada)

Ltd: 5-Bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal or BCIG), T4 DNA

ligase, DNA polymerase I Klenow fragment, and some restriction enzymes. The

restriction enzymes FspI and XmnI were obtained from New England Biolabs.

Sephadex G-200, agarose NA (specially purified for gel electrophoresis of nucleic

acids), coenzyme A (lithium salt), acetyl-CoA (lithium salt), dideoxy- and deoxy-

nucleotides, T4 polynucleotide kinase and some restriction enzymes were from

Pharmacia (Canada) Ltd. The radioactive nucleotides, [€r-32p]dcrp and

[cr-32P]dATP, were purchased from Du Pont-New England Nuclear. The kit for

oligonucleotide-directed in vítro mvtagenesis was from Amersham Corp. Difco

Laboratories supplied the Bacto-tryptone, yeast extract and Bacto-agar (agar).

Whatrnan supplied the DE 52 (DEAE cellulose) and Eastrran Organic Chemicals, the

N, N, N', N'-Tetramethylenediamine ([EMED). The DTNB, oxaloacetate, formamide

and ANS were from Aldrich Chemical Company. The ammonium sulfate (ultra pure)
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was from Schwary'Mann. The bromophenol blue was purchased from Matheson,

Coleman and Bell, while the magnesium chloride was from J. T. Baker Chemical

Company. Acrylamide, urea and methylene bisacrylamide (BIS) were obtained from

both Bio-Rad Laboratories and Serva Feinbiochemica. Dimethyldichlorosilane solution

(about 2Vo tn 1,1,1-trichloroethane), magnesium sulphate and glucose were from The

British Drug Houses (Canada) Ltd. Xylene cyanol and the Easman Chromagram

Sheet, 13181 Silica Gel with Fluorescent Indicator (No. 6060) were from Kodak.

Numerous reagents were purchased from Sigma, including: Trizma base, sodium

dodecyl sulfate, gluømic dehydrogenase, egg white lysozyme, bovine serum albumin,

Coomassie Brilliant Blue R250, ampicillin, chloramphenicol, ethidium bromide,

a-ketoglutarate, NADH, NAD+, adenosine 5'-triphosphate, thiamine HCl, cytosine,

isopropyl-p-D-thiogalactopyanoside (IPTG), dithiothreitol and some DEAE cellulose.

The following reagents were obtained from Fisher Scientific: potassium chloride,

sodium chloride, lithium chloride, cesium chloride, calcium chloride, ammonium

chloride, ammonium acetate, magnesium acetate, sodium acetate, potassium phosphate

(dibasic), sodium phosphate monobasic, cupric sulfate, sodium potassium tartrate,

Phenol Reagent 2N Solution (Folin Reagent), glycine, 2-mercaptoethanol, boric acid,

ammonium persulfate, EDTA (disodium salt), agarose, polyethylene glycol-6000,

acetonitrile, ether, chloroform, N,N-dimethyl formamide, isopropanol, methanol,

n-amyl alcohol, ethanol, acetic acid, hydrochloric acid, and sodium hyroxide. Phenol

was also purchased from Fisher Scientific, but was redistilled before use.
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c s^(26 4-2e7)

This mutant lacks 24 arrino acids including the residue His-264, which is

homologous to pig heart citrate synthase residue His274, vitally involved in catalysis at

the active site (Wiegand & Remington, 1986). The plasmid encoding CSL(264-287)

did not support Fowth in the gltA defective E. coli host strain MOB154, under

conditions selective for an active citrate synthase enzyme. Further, this mutant enzyme

showed no activity in crude extracts of cultures grown in rich medium, or after

purification. It did however, cross-react with rabbit antiserum raised against wild type

E. colí citrate synthase and thus could be purified like the wild type enzyme, locating

citrate synthase protein in fractions by the Ouchterlony double diffusion method

(Ouchterlony, 1953) (Figure 21). Since this mutant protein tended to tail severely

during passage through the Sephadex G-200 column, the final step in the purification

procedure, individual fractions from this column were also monitored by SDS-

polyacrylamide gel electrophoresis and the purest fractions pooled. This mutant protein

has been prepared three times, and each final preparation consisted of one major band of

apparent molecular weight about 45,000 g/mole (expected subunit molecular weight:

45,343 g/mole), plus five minor bands (Figure 21). These preparations are estimated

to be about 80Vo pure. An absorption spectrum of the purified CSL(264-287) protein

showed a large amount of light scattering. Protein concentrations, determined by

measuring absorbance at 278nm (e* = 46,780), were then corrected for this effect by

assuming the standard linear relationship between the inverse fourth power of the

wavelength and absorbance.

High speed sedimentation equilibrium measurements on purified CSL(264-287)

indicated that its weight-average molecular weight under native conditions was 240,000

+ 10,000 g/mole while that of the wild type enzyme was 260,000 + 10,000 g/mole.

The fact that the deletion mutant, and to a lesser extent, the wild type protein, were
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Figure 21. A) SDS-polyacryamide gel showing the subunit size of CSL(264-287), as

compared to wild type citrate synthase (CSwt) and a point mutant, Cs226H*Q.

B) Ouchterlony double-diffusion plate to demonstrate immunological identity between

CS^(264-287), wild type citrate synrhase (CSwÐ and, CS226H-tQ. The center well

contained 5pL of undiluted rabbit anti-wild type E. coli citate synthase antiserum. The

upper right well cont¿ined 5pL of CSL(264-287) protein (0.2lmglrr:L); while rhe upper

center well contained 5pL of CSwt enzqe (0.l9mg/ml.), and the upper left well

conøined 5pL of CS226H-'Q enzyme e.I7mg/mL). Diffusion proceeded at 37oC and

the photograph was taken after 20 hours.
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somewhat dissociated, may explain why these values were both l\-l2fto lower than

expected from amino acid sequence inforrnation. This indicates that CSÂ(264-2g7) is

still able to form a species of similar quaternary structure to the wild type enzyme, so

that the deletion of 24 amino acids does not appear to prevent aggregation of the

subunits into hexamers. The tailing observed in the Sephadex G-2M gel filteration,

however, suggests that this aggregation is not compleæly normal.

The part of the sequence deleted is predicted, from homology be¡ween E. coli

citrate synthase and the pig hean enz)¡me, to include all of the N helix, plus the N-O

corner and a few residues of the O helix (Figure 22). If the model is correct, the

mutant is expected to contain 18 less residues (of the 275 in the wild type subunit)

involved in cr-helical secondary sructure, or about 6.5Vo, simply as a result of the

deleted residues; but the probable distortion of the remainder of the O helix may well

increase this value to as much as 9.8Vo (27 out of 275). When circular dichroism was

used to compare the secondary structure of CSÂ(264-287) with that of the wild type

eîTyme, the 0-helix content whose contribution is most pronounced at222nm (Chen er

al-,1972) was about 9Vo lower for the deletion mutant (Figure 23). It should be noted

though, that this method of determination gave values for the cr-*relical content for the

two proteins of 35Vo and26Vo, for wild type and mutant respectively, when the model

predicts values in the range of 66Vo and 6345Vo. As well, it was quite difficult to

determine the concentration of the poorly behaved mutant protein solution with any

amount of accuracy because of the light scattering problem discussed previously.

Nevertheless, the obvious shape difference between the two circular dichroism spectra

shown in Figure 23, especially at 222 nm, confinns that the deletion mutant has

significantly less g-helical secondary structure than the wild type protein.

Since CSA(264-287) was inactive, no kinetic studies were possible, but NADH

binding was measured by the fluorescence enhancement method of Duckworth and

Tong (1976). cs\(264-287), like the wild rype cinate synrhase, bound NADH in a
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F-287

H-264

Fig¡:re22. llr[úelof anE. colícitatesynthasesubunitshowingthelocation of the24
amino acid residues deleted (see shaded region), in CSÂ(264-287). Active site
residues are shown as black dots (@), with those contributed from the second subunit
of the dimer, shown as black squares (W). One active site residue is concealed in the
$ugt^- ?n4 is indicated by a dashed circle; Í1ts-229 is on the segment of random coil
between helices K and L. The 24 amino acids missing are shadãd and include all of
4e N helix, the N-o corner, and a few residues of the o helix; beginning with
His-264, an active site residue, and ending with Phe (F)-287, eacliof wñich is
distinguished by a small dot (@).
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pH-dependent manner (Figure 24). The dissociation constanr was smallest ar low pH,

and the number of sites occupied at saturation decreased as pH was raised. In the case

of the wild type enzyme, it has previously been shown that the change in the number of

sites with pH is not an arrifact of the binding method used (Duckworth & Tong, 1976):

it may be the result of the changing degree of aggregation of subunits as the pH is

changed (Tong & Duckworth, 1975). Iæss NADH was bound to CSL(264-287) than

to the wild type citrate synthase, and the binding was tighter throughout the pH range

(Figue 24),butdetection of strong, pH-dependent binding of NADH ind.icates that the

basic features of the sites are essentially normal.

Both the substrate, acetyl-coA, and the activator, KCI weakened NADH

binding, in the case of the deletion mutant as with the wild type enzyme (Figure 25).

The inactive CSÂ(264-287) appeared less sensitive to the effect of KCl, by rhis

cliterion, but the difference may not be significant. Acetyl{oA was equally effective

with both proteins.

Binding of Coenz.vme A Derivatives to CSÂ(264-287):

The binding of acetyl-CoA and coenzyme A to CSÂ(264-287) was measured

by the ANS-displacement method of Talgoy and Duckworth (1979). The basis'for this

method has been explained under Methods. For the wild type enz)¡me, acetyl{oA and

coenzyme A each caused a saturable decrease in the fluorescence of ANS-citrate

synthase mixtures (Figure 26, Panel A), from which values of Lg.5, the concentration

of ligand needed to achieve half the maximal decrease, were calculated. These Lg.5

values were about 270¡tM for wild type citrate synthase and were decreased by 0.1M

KCl, a known activator of E. colí citrate synthase, which has previously been shown to

shift the substrate saturation curve for acetyl-CoA to lower concentrations (Faloona &
Srere, 1'969). Oxaloacetate (0.2mM) also decreased the L9.5 value for coenzyme A,

and the combination of oxalo açetate and KCI decreased the parameter still further
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(Figure 26^). In contrast to the situation with the wild type enzyme, the deletion

mutant showed relatively tight binding of both coenzyme A ligands, with an Lg.5 value

of about 100pM, which was slightly weakened by 0.lM KCI (Figure 26, panel B).

The total amount of fluorescence decrease induced by these ligands was much smaller

than that observed with the wild type protein. Oxaloacetate, 0.2rM, had no effect on

coenzyme A saturation and so is not shown in Figure 268 for the sake of clarity. A

further difference between CSL(264-287) and the wild type protein was rhe effect of

KCI alone on the fluorescence of the ANS-citrate synthase complex. In the case of the

wild type citrate synthase, the fluorescence obtained for the same ANS-citrate synthase

mixture was about 50Vo as great in the presence of 0.1M KCI as in its absence

(Figure 26A). With CS^(264-287),0.1M KCI actually increased this fluorescence

about 25Vo. Note that the total fluorescence observed with the deletion protein, in the

absence of KCl, was approximately the same as that for wild type citrate synthase

(Figure 268).
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Originally, X+ay diffraction data from pig hean citrate synthase had implicated

the residues equivalenttolfß-226 and His-229 of E. colí, in rhe binding of citrate and

probably oxaloacetate at the active site (Remin gton et al., L982). The location of these

two histidine residues is shown in Figure 27. Tlte more recent refinement of the pig

heart enzyme structure by lViegand and Remington (1986), has led to the conclusion

that the His-226 equivalent is not directly involved in binding, while the lfts-229

equivalent is believed to form either a hydrogen bond or an ion pair with a carboxylate

anion of citrate and oxaloacetate. To detemrine if these conserved histid.ines play the

same role in the E. colí enzyme, each has been mutated to glutamine.

Steadl¡ State Kinetic Srudies:

Double reciprocal plots of reaction velocities as a function of concentrations of

the two substrates, oxaloacetate and acetyl{oA, are shown in Figure 28 for wild type

E. coli cinate synthase and the two missense mutants. As explained in the

Introduction, the catal¡ic mechanism is probably Ordered bisubstrate, with oxaloacetate

binding first. The data in Figure 28 conform in general to the steady state rate equation

for this mechanism (Cleland, 1963), except that, for both mutants, acetyl-CoA

saturation curves are sigmoid, not hyperbolic, at all but the highest substrate

concentrations (Figure 28, Panels E & F). Interpretation of the data in Figure 28 in

tenns of the steady state equation for this mechanism (Cleland, 1963) yields the

p¿ìrameters in Table 4.

The CS226H-)Qprotein behaved like the wild type enzyme during purification,

and gave a single band of molecular weight about 48,000 g/mole on an SDS gel

(Figure 21). Its specific activity in the standard assay (0.1M KCI; 0.1mM each of

acetyl{oA and oxaloacerare; pH 7.S) was l7Ulmg, compared with 36Ulmg for the



Bo

H-305

R-314

H-226

H-229

S.So!"^ ?7 t_Mg4gl of an E. colí citrate synthase subunit showing the location of
His-229, His-305 and Arg(R)-3L4. Eactrone of these is an activé site residue. In
addition, another conserved histidine, His-226, is also shown. I]rts-229 is concealed
in the diagram behind Helix M, on the section of random coil benpeen Helices K and L,
and is shown as a dashed circle. Each of these residues (indicated by a small dot) have
been mutated separately, in a mutagenesis experiment.
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wild type enzyme. Its sensitivity to activation by KCl, and the amount of KCI needed to

achieve half-maximal activation were similar, although not identical, to wild type values

(Table 4). CS226H-+Q showed normal sensitivity to NADH inhibiton (measured

kinetically), and its binding of NADH (measured by fluorescence enhancemenr), both in

the presence and absence of various ligands, was normal (Table 5). It was however,

less sensitive to inhibition by a-ketoglutarate. This point is shown clearly in

Figure 29,Panel B, where a-ketoglutarate was tested as a competitive inhibitor with

respect to oxaloacetate. The K¡ for ø-ketoglutarate under these conditions was 840pM

for CS226H+Q and 93pM for the wild type citrate synthase (Table 4). Koea, rhe true

K¡4 for oxaloacetate (determined by extrapolation to saturating acetyl-CoA) was the

same for the His-226 mutant as for the wild type, but perhaps a better measure of the

strength of interaction of oxaloacetate with the free enzyme is obtained by determining

KioAA, the dissociation constant for the binary complex. This parameter may be

extracted readily from substrate saturation data for enzymes whose kinetics follow the

Ordered bisubstrate mechanism and give linear replots (Cleland, 1963); but the

appropriate replots of data from CS226H+Q were curved. By working with data at the

highest concentrations of acetyl-CoA used, however, and assuming that the Ordered

mechanism is a good approximation at these concentrations, a Kioae value of

140t30pM was obtained for the His-226 mutant, 4 times thar of the wild type enzyme.

Mutant protein CS229H-+Q was also acrive and could be purified like the wild

type enzyme; the purifed enzyme again gave a single band, of molecular weight about

48'000 g/mole on an SDS gel. The specific activity of this enzyme was only

0-l4U/mE, about 0.4Vo of the wild type value, in the standard assay. The parameters

for activation by KCI were similar to those for wild type enzyme, and most of the

reduced activity could be traced to the fact that the mutant enzyme had a substantially

lower affinity for oxaloacetate; Koee was some 1g times and K¡g44 more than 50

times the wild type values (Table 4). The Ç, for this mutant was about one-tenth that
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Table 4.- Steady State Kinetic Pararneters for V/ild Type Cirate Synthase and Mutants
CS226H-+Q and CS229H-+Q.

Parameter Wild Type CS226H-+Q CS229H-+Q

Çu¿, sec-l

KA.coA, FM

Koee, !-rM

Kioaq, LrM

Ki, a-rc, FM

KCI Activation
Ratioa

KNd, KCI ,mM

g1+6b

t20!20

26+5

33+7

93+18

39+3

28+4

99+t

98+14

260t70

T7+13

140130

840t380

5t+tl

57+19

1.97fl.04

96+t

9.3+1.0

190130

460t260

18001500

>2000

56+14

67+26

i.4r0.1

92+5

K¡, NADH, pM 3.310.1

Maximum 7o

Inhibition
by NADH

a KCI activation data, expre_ssed as increases in reaction rate as a function of [KCl],we¡e fitted to the Michaelis-Menten equation by the GENLSS progtà- (Såe tvletho¿s
section). Parameters quoted are K¡4 (the appárent Michaelis con"stant ioi fCt¡ anO
"Activation Ratio", the ratio of the limiting catalytic rate at saturating KCI to the rate
obtained without KCl. All measurements liere in îris buffer, pH 7.8, írittt o*ãoucetare
and.acetyl-CoA each at 0.1 mM. Data at [KCl] up to 100 -M *e.ê urã¿, Uã.uuse of
inhibition at concentrations higher than this.
b For the method of calculation and the significance of the enors see the Methods
section.
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Table 5. NADH Binding for Wild Type Citrate Synthase and Mutants CS226H+Q and
CS229H_+Q.

K¡ measured in
the presence of:

Witd Type CS226H-+Q cszzgH-Q

O.lM KCi

O.2M KCl

O.3M KCI

0.5mM AcCoA

1.OmM AcCoA

1.5mM AcCoA

0.1mM OAA

1 mM NAD+

1.94fl.07a
(0.42-0.t4¡b,c

3.68r0.05
(0.s3f0.03)

6.8710.16
(0.4910.01)

1 1.810.5
(0.4310.01)

3.0910.16
(0.s0r0.01)

6.69fl.4r
(0.s7r0.02)

6.7gfl.33
(0.54r0.02)

1.91r0.17
(0.s610.02)

5.47fl.54
(0.6srO.03)

2.34fl.01
(0.77+0.01)b

3.57f0.18
(0.6s10.02)

7.23fl.48
(o.62m.n)

19.1+1.6
(0.s610.04)

2.89fl.17
(0.74fl.02)

6.08r0.25
(0.8110.18)

10.33r0.43
(0.8sr0.02)

2.24fl.1t
(0.79r0.01)

3.5710.01
(0.7410.01)

2.14fl.18
(0.7010.02)b

3.5610.13
(0.s3r0.01)

5.32fl.21
(0.s0r0.01)

1 1.5t0.6
(0.s2r0.02)

3.81r0.08
(0.6310.0i)

7.5+1.6
(0.6st0.0s)

9.57fl.44
(0.51r0.02)

1.9910.06
(0.7010.01)

4.50r0.06
(0.67t0.01)

a For the method of calculation and the significance of the errors see the Methods
section.
b Quantities in brackets are the numbers of NADH sites occupied per enzyme subunit at
saturation.
c Range of values found with different preparations.
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for the wild type enzyma Most strikingly, panel C of Figure 29 shows that

a-ketoglutarate did not inhibit CS229H-+Q at all, at concenrrations as high as 0.8mM.

The data actually show a slight activation by a-ketoglukrare, which may perhaps be

attributed to the increase in ionic strength when buffered cr-ketoglutarate was added to

the assay solutions. Inhibition of the Í1ts-229 mutanr by NADH (Table 4) and binding

of that nucleotide (Table 5) were normal.

Measurements of Ligand Binding by ANS-Dsplacement:

Because of the instability of oxaloacetate at pH values above 7, conventional

methods of measuring the binding of this ligand to citrate synthase and its mutants were

not attempted, but the ANS displacement technique did allow indirect measurements of

binding constants. Both mutants and the wild type enzyme showed a saturable decrease

in the fluorescence of ANS-citrate synthase mixtures upon addition of acetyl-CoA and

coenzyme A, from which I4.5 values were calculated (Table 6). Each enzyme showed

a decrease in its respective L6.5 value in the presence of 0.1M KCl. Oxaloacetate

(0.2mM) also decreased the Lg.5 value for coenzyme A, in the case of the wild type

enzyme and CS226H-Q, and the combination of oxaloacetate and KCI decreased the

parameter still futher (Table 6). For CS229H-)Q, 0.2-M oxaloacerate had no effect

on the Lg.5 value for coenzyme A, in the presence or the absence of 0.lM KC|. This is

not unexpected in light of the weak affinity of this mutant for oxaloacetate, already

demonstrated by the steady state kinetic studies above.

As found previously (Talgoy & Duckworth,lgTg), oxaloacetate alone did. not

cause an appreciable decrease in the fluorescence of ANS-citrate synthase mixtures, but

did so if 0.2mM coenzyme A was also present, because of the fact that oxaloacetate

tightens coenzyme A binding. From this indirect effect, oxaloacetate saturation of wild

þpe enzyme and the HisJ26 mutant could be measured, in the presence and absence of

a-ketoglutarate. As expected, cr-ketoglutarate was a competitive inhibitor of the
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oxaloacetate effect, and apparent dissociation constants for oxaloacetate and

a-ketoglutarate, in the presence of 0.2mM coenzyme A, were calculated (Table 6).

Binding of oxaloacetate to theHis-229 mutant in the presence of 0.2mM coenzyme A

was so weak that no change in fluorescence was detected unless very large amounts of

oxaloacetate were added. Such concentrations, 5mM and above, caused a net increase

in fluorescence which did not become saturated over the concentration range tested, and

this effect is regarded as an unexplained artifacr
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CS3SSH-A arad ç9314R-+X,

Determination of the th¡ee-dimensional structure of pig heart citrate synthase,

both alone and as a complex with the product, citrate, has led to the suggestion that an

important feature of the catalytic mechanism is the polarization of the carbonyl of

oxaloacetate by a polar interaction with the side chain of His-320 (S/iegand &
Remington, 1986). Also, nearby is Arg-329, which has been shown to interact with

the corresponding hydroxyl group of citrate (see Introduction), so that it could likewise

play a role in polarization. The fact that oxaloacetate does undergo carbonyl polarization

when it binds to the pig heart enzyme has been demonstrated by Kurz et al. (1985). E.

coli citate synthase has residues homologous to His-320 and Arg-329, His-305 and

Arg-31,4 respectively (Ner et al., 1983), which are shown in Figure 27. To confirm

that the same roles are being played by these conserved residues in the E. coli enzyme,

two mutants have been created; one with His-305 changed to alanine, and the other with

Arg-jl4 mutated to leucine.

The plasmid encoding the His-305 mutanr, cs305H-,4, supported the growrh

of the E. colí strain MOB 1 54, on minimal medium in the absence of glutamate, at a rate

much less than the wild type plasmid, while that encoding the Arg-314 muranr,

CS314R-+L, did not sustain growth under these conditions. This was the first

indication that the mutated g/rÁ genes in these plasmids were, in one case only

marginally sufficient, and in the other case inadequate to supply the normal cellular

requirements for citrate synthase. The proteins could be purifred in the usual way,

however, with comparable âmounts of protein produced to the wild type case; and each

gave a single band of molecular weight about 48,000 g/mole on an SDS gel. The

circular dichroism spectra of both mutant proteins were the same as that of the wild type

enzY-fJJ.e, indicating that the mutations had not led to a substantial rearrangement of the

secondary structure.
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Steadl¡ State Kinetic Studies:

As stated previously, both enzymes possessed extremely low specific activities:

0.004U/mg for CS305H-+A and 0.032Ulmg for CS314R--)L, in the standard assay.

Table 7 shows the kinetic parameters for the forward citrate synthase reaction. As can

be seen, the most dramatic effect caused by each of the two mutations was on k.ur, the

turnover number for the enzyme (Table 7). There were smaller effects on K.AA, the

Michaelis constant for oxaloacetate in the presence of satu¡ating amounts of acetyl{oA,
and K¡gee, the dissociation constant of the enzyme-OAA complex in the absence of

bound acetyl-CoA. Precise determination of these parameters for CS305H+A was not

possible, since only a narrow range of acetyl-CoA concenrations provided useful data

for steady state kinetic analysis, because of sigmoid saturation at concentrations of

acetyl-CoA less than 0.3mM and substrate inhibition at levels above 0.Z5mM. The

Michaelis const¿nt for acetyl-CoA in the presence of saturating oxaloacetate, Kg.g64,

is actually slightly lower for both mutant enzymes than for the wild type (Table 7). The

ratios k"uûbea md krurÆeccoA, which are equal to the rate constants for association

of oxaloacetate and acetyl-CoA with the enz)¡me, are much lower than for the wild type,

suggesting that catalytically active complexes are formed with much more d.ifficulty in

the mutants. It is also of interest that the K¡ for ø-ketoglutarate, an oxaloacetate

analogue which has been shown to bind at the active site (see Results for CS2Z6H+Q

and CS229"*Q; Anderson & Duckworth, 1988), showed only a small loss of affinity

in the His-305 mutant and was practically unchanged from the wild type value in the

Arg-3I4 muranl

As for the mutants CS226H-+Q and CS}}}H-+Q, the sensitivity to acrivarion

by KCI for CS314R*L was comparable to that of the wild type enzyme (table 7). At

the standard substrate concentrations of 0.lmM each, in the absence of KCl, the activity

of CS305H-A was too low to measure. Therefore, KCI activation had to be measured

at the higher substrate concentrations of 0.35mM acetyl-CoA and 0.40mM oxaloacetate



Table 7. Steady State Kinetic Parameters for Wild Type Cirate Synthase and Mutants
CS305H--)A and CS3 14R-+L.

Pa¡ameter Wild Type CS305H-+A CS314R-+L

Çat, sec-1 81+6c 0.054+0.016 0.032+0.006

KArCoA, FM 120!20

KOee, ttM 26+5

KiOeR, FM 33+7

Ki, o-xc, FM 93+18

7o Inhibition by 99+1

100pM NADHb

KClAcrivation 39+3 (7.4fl.Ðd ig+4d
Ratioa

K¡f, KCI ,mM 28+4 (1011)d 25+3d

>9501320 5001400

240!70e 115+18

34+3

52!r9

70t3f98+1d,f

34X18

<55121

26+16

54!21

a KCI activation data, expressed as increases in reaction rate as a function of [KCl],
were fitted to the Michaelis-Menten equation by the GENLSS program (See Methods
section). Parameters quoted are K¡4 (the apparent Michaelis 

-constant 
for KCI) and

"Activation Ratio", the ratio of the timiting catalytic rate at saturating KCI to the rate
obtained without KCl. All measurements were in Tris buffer, pH 7.8, with oxaloacetate
and acetyl-CoA each at 0.1 mM. Data at [KCl] up to 100 mM were used, because of
inhibition at concentrations higher than this.
b Determined by measuring activities, in the presence and absence of 100pM NADH, in
a discontinuous assay. See Methods section for further details.
c For the method of calculation and the significance of the errors see the Methods
section.
d Measured at [OAA] = 0.40mlvI and [AcCoA] = 0.35mM, rather than at the standard
0.lmM of each substrate.
e Measu¡ed at [AcCoA] = 0.35mM due to very low activiry at the standard [AcCoA] of
0.lmM. Note that Ki,o-rc for wild type citrate synthase is 93+14 pM ar [AccoA] =
0.35mM (i.e. the same as at [AcCoA] = 0.lmM).
f Special blanks had to be prepared due to the very large amounts of enzyme required to
make these measurements.
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for this mutånt. The corresponding wild type conmol sample, measured at these higher

substrate concentrations gave a substantially lower KCI activation ratio, than that

measured for the same enzyme at the standard substrate concentrations (Table 7). The

higher concentration of acetyl-CoA probably helped to shift the wild rype enzyme

towards R, the active state, so that further addition of KCI had less of an activating

effect. The KCI activation of the His-305 mutant, measu¡ed at increased substrate

concentrations, was considerably higher than for the corresponding control wild type

sample (Table 7). Since the activity of CS305H+A could not be measured ar rhe

standard substrate concentrations in the absence of KCl, while the activity of

CS314R-+L, a mutant with comparable substrate affinities in the presence of 0.1M KCt

(Table 7), could be measured under these conditions, the binding of substrares to

CS305H+A seems to be more dependent on KCI than in the CS314R*L murant. This

is the most noteworthy difference benveen these two mutant enzymes.

The inhibition by NADH (Table 7) and the binding of that ligand (Table 8) to

CS305H+A were normal. As noted previously in the Methods section, it was difficult

to measure NADH inhibition because the amount of enzyme needed to obtain significant

activity in the absence of KCt was very large, and considerable blank reaction with

DTNB had to be evaluated and subtracted from the experimental values to get actual

inhibitions for both mutants. At 100¡rM NADH, CS314R-+L exhibited aboatT0To

inhibition, compared to 997o for the wild type enzyme. Even though the binding of

NADH to the Arg-314 mutant (table 8) was normal, it is difficult to be certain that the

inhibition remained unchanged by the mutation bcause of the large corrections involved

in its determination. The fact that NADH inhibition persists in these two mutants is a

further confirmation of earlier observations, that the molecule is an allosæric inhibitor of

E- coli citrate synthase, so that mutations in the active site leave ttre NADH binding site

intact.
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Table 8. NADH Binding for Wild Type Citrate Synthase and Mutants CS305H-A and
CS314R_+L.

K¡ measured in
the presence of:

Wild Type CS305H-+A CS3T¿R-L

O.iM KCI

O.2M KCI

O.3M KCI

0.5mM AcCoA

1.OmM AcCoA

1.5mM AcCoA

0.lmM OAA

1 mM NAD+

194fl.07a
(0.42-0.74)b,c

3.68r0.05
(0.s3r0.03)

6.8710.16
(0.4910.01)

11.8r0.5
(0.4310.01)

3.0910.16
(0.s010.01)

6.69fl.4r
(0.s7r0.02)

6.7gfl.33
(0.s4r0.02)

1.91r0.17
(0.s610.02)

5.47fl.s4
(0.6srO.03)

1.70r0.04
(0.71+0.01)b

3.64t{.13
(0.6910.01)

5.34fl.14
(0.62t0.01)

9.42fl.12
(0.6sr0.01)

2.1sfl.04
(0.6310.01)

3.1910.07
(0.6sr0.01)

4.31fr.07
(0.6610.01)

1.6310.07
(0.72r0.01)

1.74fl.05
(0.6610.01)

2.6610.05
(0.8210.01)b

4.62fl.29
(0.6610.02)

9.03fl.24
(0.68r0.01)

19.srO.3
(0.73r0.0i)

4.94fl.04
(0.83r0.01)

9.38r0.51
(0.72r0.01)

17.4+3.2
(0.9910.11)

2.62fl.08
(0.7sr0.01)

4.85r0.08
(0.80r0.01)

a For the method of calculation and the significance of the errors see the Methods
section.
b Quantities in brackets are the numbers of NADH sites occupied per enzyme subunit at
saturation.
c Range of values found with different preparations.
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The same properties were measured for the His-305 and Arg-314 mutants as

for wild type citrate synthase (Table 9). Coenzyme A, and to a lesser extenr,

acefyl-CoA, both caused a saturable decrease in the fluorescence of ANS-citrate

synthase mixtures. The binding of these related ligands improved in the presence of
0.1M KCl, as evidenced by decreases in their respective Lg.5 values. As well,

oxaloacetate (0.2mM), when added alone, caused a reduction in the Lg.5 value for

coenzyme A, which was further lowered by the addition of 0.1M KCI (Table 9).

Although the mutants showed similar trends to the wild type enzyme, the ability of

acetyl-CoA and coenzyme A to displace ANS from their respecrive ANS -enzyme

complexes was not as great, especially in the case of CS305H-+4, regardless of

whether KCI (0.1M) and/or oxaloacerate (0.2mM) was also presenr.
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Attempts to l-ocate ttre NADH Binding Site
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CSIEER*L, CSZITR*L, CS2ZIR+H, amd

C SZ ITR -+X, I ZZîR, --+ K,

Chemical modification of Cys-206 with a bulky fluorescenr subsrituenr,

monobnomobimane, has been found to eliminate allosteric inhibition by NADH, but has

only a small effect on enzyme activity @uckworth et a1.,1987). In addition, various

adenylic acid derivatives, including NADH, all parrially protecr this cysteine from

modification (Talgoy & Duckworth,lgTg). These findings have led to the suggestion

that Cys-206 may be in or near the NADH binding site itself (Figure 30). If it does

mark a portion of the allosteric binding site, a nearby arginine residue might well form

another feature of the site, since an arginine is frequently @klund et al., L976a, 1976b;

Birktoft et a1.,7gï2),though not always (Biesecker et al.,lg77) found to form an ion

pair interaction with the pyrophosphate portion of NAD, in enrymes which bind that

nucleotide. In the E. coli cinate synthase model (Duckwonh et a1.,1987), there are

only three arginines reasonably close to Cys-206: Arg-lgg, Arg-217 and Arg-221

(Figure 30). Each of these arginines has been changed to leucine individually, and a

double mutant, in which both Arg-217 and Arg-221were converted to leucines, has

also been prepared. There are no equivalent arginine residues in any of the non-

allosteric citrate synthases of pig heart (Bloxham et al., 198L) or yeast (Suissa et al.,

t984; Rosenkrantz et a1.,1986), but all three of these arginines are also present in the

amino acid sequences of two other NADH-sensitive citrate synthases, those of
Acinetobacter anítratum (Donald & Duckworth, 1987) and, Pseudomonas aerugínosa

@onald et al., in preparation). Of these, Arg-188 is predicted to be in the corner

between the I and J helices of the E. colí citrate synthase model (Figure 30). The

precise location of Arg-188 is uncertain, however, since there is little homology

benveen the pig heart and E. colí sequences in this region of the model. Arg-217 anð,

Arg-Z2L are both predicted to be on the solvent surface of the K helix.
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Figure 30. Model of an E. colí citrate synthase subunit showing the location of
Çyt-?99 (Á) and the residues involved in mutagenesis experimentl 16¡: Arg-lgg,
Arg-217 and Arg22l.
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The three point mutants, CS188R-+L, CS217R-+L and CS221R-L, and the

double mutant, 95217R-+L¡221R-+L, were all prepared by the usual method and the

corrsponding enzymes tested for sensitivity to NADH both in crude extracts and after

purification. It should be noted that the single muta.tion of Arg_2LT and Arg-221, as

well as the double mutation of these nvo arginines, resulted in proteins which were

retained on the DEAE cellulose column about líVo longer than the wild t¡rpe or any

other mutant protein described in this thesis during the KCI gradient step, normally used

to elute citrate synthase from the column. This is most likely due to the removal of

positively charged side chains on the enzyme surface, effectively making these mutant

proteins more negative, so that they would have a somewhat higher affinity for the

anion exchange resin. Each of the four mutant proteins described here behaved

normally on a Sephadex G-2@ column, resulting in pure enzyme which gave a single

band of molecularweight about 48,000 g/mole on an sDS polyacrylamide gel.

Despite the fact that these arginine residues are conseryed amsng the bacterial

citrate synthases which are also sensitive to NADH inhibition, their mutation had no

effect on the ability of NADH to inhibit enzyme activiry (Table 10). The binding of

NADH to these mutants was also normal (Table 11). KCI activation ratios for mutants

CS217R-+L and CS22lR+L are noteably higher than wild rype values (Table 10),

while the corresponding ratios for CS188R-L and CS217R-+L¡221R-+L are as found

previously for mutant enzymes in Table 4. Steady state kinetic parameters for these

mutants show increased Michaelis constants for oxaloacetate and acetyl-CoA, as well as

a higher affinity for the competitive inhibitor cr+eroglura.rate, compared to wild type

citrate synthase (Table 10).

Most Ia.5 values, determined by ANS displacement (Table 12), showed some

variation from the wild type values, but no change was considered significanr
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Mutants which Affect the Allosreric Equilibrium
of E. coli Citrate Synthase
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cs260w-+,&

CS260W-+A *as prepared because it was noted, in comparing the sequences of

eukaryotic (non-allosteric) with allosteric citrate synthases, that the sequences in the

region just before the critical active site residue,His-274 (pig heart numbering; it is

His-264 in E. coli citrate synthase), were very similar, with identical residues or

conservative replacements in most positions, except for Ala-270 (pig heart) which was

replaced by Trp-260 (8. coli numbering) in the allosteric enzymes (Figure 31).

pigheart PYLSFAAAMNG
yeast.l PYLSLAAGLNG
yeast2 PYLSLASGLNG

R. prowazeckiÍ P F A C I S T G f A S L W G p A H G
A. anítratun P YAC I S AG I S ALWGp AH G
P. aerqjnosa P F A C I A S G I A A L W G p A H G
E.col-i PFACIAAGIASLVJGpAHG

260 264

Figure 31.. Amino acid sequence alignment for the seven known citrate synthase
sequences, in the region of Trp-260 of the E. coli enzyme.

It has since been found that the Rickettsía prowazeckíi citrate synthase, which is not

allosteric, also has tryptophan in this position flMood et a\.,1987), so that there is not a

one-to-one correspondence berween the residue at this position and allosteric properties.

Nonetheless, to see whether this bulky tryptophan residue, at a position so close to the

active site (Figure 32), could affect the conformational state of the protein around the

active site, a mutant was prepared with alanine in place of Trp-260.

In crude extracts this citrate synthase mutant showed a sigmoid NADH

saturation curve, just like the wild type enzyme, with about 90Vo inhibition at

concentrations of 100pM NADH (Figure 33, Panel A). The sigmoid shape of NADH

saturation curves measured with crude enzyme extracts may be a result of the presence

210 214
LAGPLHG
LAGPLHG
LAGPLHG



1^É

w-260

Figure 32. Model of an E. colí citrate synthase subunit showing the location of
Trp (w)-260 (A), and Arg-319 (6).
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of NADH oxidase in these extracts, which oxidizes NADH to NAD+. E. colí citrate

synthase has a very weak affinity for NAD+ (Kn = 1100pM) compared to rhar for

NADH (Ko = 1.6 pM) @uckworth & Tong, 1976), so NAD+ does nor affect enz)¡me

activity at low concentrations. After the typical purification procedure, wild type citrate

synthase exhibits a hyperbolic NADH saturation curve, which was also observed for

CS260W-+4, e*cept that roughly half the activity was nor sensirive to NADHinhibition

(Figure 33, Panel B). Interestingly, if crude enzyme extract was added to this parrialty

NADH-insensitive, purified enz)¡me, which has been designated CS260W-+A1¡¡, ful
inhibition by NADH was resrored (Table 13).

Table 13. Restoration of normal NADH sensitivity ro partially insensitive, purified

CS260W-+AçI¡, upon addition of crude exrracr.

combined
pule

CS26OW+AG)
crude extract

CS260V/-+A
pureCS260W-+AG)

& crude extract

CS260V/-)A

Activity in absence 0.1 199
of NADH (U/mL¡

Activity in presence 0.0813
of 250pM NADH
(U/mL¡

Vo Actr:rrty
remaining in 67.8Vo
presence of
250pM NADH

0.11,49

0.0069

0.2t60

0.0064

6.O7o 3.0Vo

So it seems that something present in the crude extract allows this citrate synthase

mutant to regain complete sensitivity to NADH. No attempt has been made to identify



108

or purify the factor which confers full NADH sensitivity on CS260U/-+A g¡ , but

adding various fractions from the DEAE cellulose column to this NADH-insensitive

enzyme would be the obvious place to begin this investigation. Since this partial

desensitization arose during the purification procedure, a variation of this standard

purification method was employed. Crude extract was simply concentrated and slightly

enriched by taking the fraction which precipitates between 55 and 70Vo saturation in

emmonium suHate, and then passed through a Sephadex G-200 column as usual. This

resulted in a mutant enzyme which demonstrated sigmoid saturation and complete

inhibition by NADH, and has been designated CS260w--)A(s) (Figure 33, panel C).

Although this simpler purification procedure omitted the DEAE cellulose

chromatography step normally used, SDS polyacrylamide gel electrophoresis showed

that the enzyme preparation was better than 80Zo pure.

This modified purification procedure was repeated several times in an attempt to

obtain more of the NADH-sensitive form of CS260W+4, but all subsequenr arremprs

were unsuccessful, yielding only the NADH-insensitive form of the mutant. The

inability to purify further preparations of CS260W+A which rerained their NADH-

sensitivity, placed serious limitations on the amount of information gathered about this

unusual mutant fomr.

CS260W-)Ag¡ was found to have a molar extincrion coefficient of 43700,

while the wild type protein has a value of 46800. The d.ifference is not unexpected,

since the mutant has one of its three tryptophan residues mutated to alanine.

Both the "sensitive", cs260w*A(s) and "insensitive", 
"t266w-+Ag),

enzymes were submitted to the usual tests, consisting of NADH binding and ANS

displacement studies; and steady state kinetic analysis. As well, further experiments

were performed in an attempt to understand more fully the effect of this point mutation.

In spite of the fact that these two mutant enzyme forms show such a d.ifference in their

kinetic inhibition by NADH (Table 14), their ability to bind NADH, as measured by
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Tablp 14. Steady State Kinetic Pa¡ameters for Wiid Type Citrate Synthase and Murants
CS260V/-+A(I) and CS260W-+A(S).

Pa¡ameter Wild Type CS260Vi-'AG) cs260v/_+a(s)

4at, sec-1

KR.coA,PM

K6¡a, ¡tM

Kio¡,4, [rM

Ki, *-rG, FM

KCI Activation
Ratioa

Ktvf, KCI ,mM

Maximum 7o
Inhibition
by NADH

81+6b

120!20

26+5

33+7

93+18

39+3

28+4

99+1

86+r4

260!70

7t+28

130130

120!t0

56+r7

54+I7

2018

55+t4

7.9r0.1

100110

35+11

120!30

110r10

68+8

44+8

120!20

85+10

K¡, NADH, ¡rM 3.3t0.1

a KCI activation data, expressed as increases in reaction rate as a function of [KCl],
were fitted to the Michaelis-Menten equation by the GENLSS progam (See Methods
section). Parameters quoted are K¡4 (the apparent Michaelis bonìtant for KCI) and
"Activation Ratio", the ratio of the limiting catalytic rate at saturating KCI to the rate
obtained without KCl. All measurements were in Tris buffer, pH 7.8, with oxaloacetate
and acetyl-CoA each at 0.1 mM. Data at [KCl] up to 100 mM were used, because of
inhibition at concentrations higher than this.
b For the method of calculation and the significance of the errors see the Methods
section.
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fluorescence enhancement, is approximately equal (Table 15). Although NADH

binding by cs260v/-A(s) was inhibited by KCl, acetyl-coA and NAD+, just as with

CS260W-+41¡ ana the wild type enzyme, it showed a remarkable effect with

oxaloacetate, even small amounts, like 10-100pM, abotished the fluorescence

associated with nucleotide binding altogether. In facr, when NADH was added to

mixtures of CS260W-A(S) and oxaloacetate (>10pM), the fluorescence observed was

less than that found for free NADH in the absence of enzyme. Thus, not only was there

no NADH fluorescence enhancement effect in the presence of enzyme and oxaloacetate,

but a quenching effect was observed. This unusual result will be discussed further in

the Discussion.

Previous work has shown that E. coli citrate synthase is inactivated by

incubation with high concentrations of urea, but that if the incubation includes 0.5mM

NADH or 0.lM KCl, the enzyme is more resistant to urea denaturation (Morse &

Duckworth, 1980). Figure 34 shows the amount of enzyme activity remaining after

incubation of the wild type enzyme and each of the two forms of the Trp-260 mutanr for

one hour in urea solutions of different concentrations. The wild type enzyme is quite

resistant to this treatment and about 6.5M urea causes the loss of about half the activity

in one hour. For the "sensitive" and "insensitive" forms of the mutant, the amount of

urea needed to cause a 50Vo loss in activity in one hour were 5.25 and 5.75M,

respectively. The effects of the presence of 0.5mM NADH and 0.lM KCI on enzyme

stability were also examined by including these factors in the Tris-urea-enzyme

incubation mixture, and are also shown in Figure 34. For all three enzymes, 0.1M KCI

affords each some protection from urea denaturation. The presence of 0.5mM NADH,

on the other hand, has different effects: for the wild rype enzyme it appears to give the

same, or even slightly more stability to the enzyme as did 0.1M KCI; for

cs260w*A(s) the addition of NADH has no apparenr effect; while for
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Table 15. NADH Binding for Wild Type Citrate Synthase and Mutants CS260W*A(D
and cs260w_+A(s).

K¡ measured in
the presence of:

Wild Type cs260w-)40) cs260w_+A(s)

O.lM KCI

O.2M KCI

O.3M KCI

0.5mM AcCoA

1.OmM AcCoA

1.5mM AcCoA

0.lmM OAA

1 mM NAD+

1.94fl.07a
(0.42-0.tQ¡b,c

3.68r0.05
(0.s3r0.03)

6.8710.16
(0.4910.01)

1 1.8r0.5
(0.4310.01)

3.0910.16
(0.s0r0.01)

6.69fl.41
(0.s7r{.02)

6.7gfl.33
(0.s4r0.02)

r91fl.r7
(0.s610.02)

5.47fl.54
(0.65r0.03)

1.7tfl.14
(0.72!0.0Ðb

4.46fl.15
(0.6410.01)

8.6710.31
(0.6710.01)

16.1r0.7
(0.70r0.02)

3.8410.20
(0.6610.02)

5.47fl.12
(0.68r0.01)

9.25fl.3r
(0.71r0.01)

1.98r0.04
(0.61r0.01)

2.8010.09
(0.6sr0.01)

1.89fl.22
(0.37+0.01)b

4.9Lfl.33
(0.34r0.01)

10.6+r.7
(0.3st0.04)

12.0+1.1
(0.29fl.02)

4.7zfl.58
(0.39r0.02)

5.05r0.23
(0.3710.01)

6.27fl.23
(0.32r0.01)

d

2.19fl.23
(0.28r0.01)

a For the method of calculation and the significance of the errors see the Methocls
section.
b Quantities in brackets a¡e the numbers of NADH sites occupied per enrymesubunit at
saturation.
c Range of values found with different preparations.
d As little as 10 ¡rM oxaloacetate abolished the fluorescence associated with NADH
binding, altogether.
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CS260W-+Ag¡, its inclusion has an intermediate beneficial effect, between those seen

for the other two enzymes.

Displacement:

The kinetic parameters for these two enzyme forms are quite similar to each

other as well as to the wild type enzyme in most respects (Table 14). The most

noteworthy differences are in the significantly lower turnover number (kru¿) for

CS260w--)A(S) an¿ the somewhat reduced affinity of CS260W-A(l) for both

substrates.

Unlike the case for wild type protein, ANS displacement measurements for the

two forms of CS260W-4, guu" lower Lg.5 values when titrating ANS-citrate synthase

mixtures with coenzyme A as compared to acetyl-CoA, indicating that coenzyme A is

better able to displace ANS from ANS-enzyme complexes (Table 16). Addition of

0.2mM oxaloacetate to the coenzyme A titration of either form of the mutant did not

displace more ANS, again conrrary to the wild type case. Although the wild type

enzyme shows a decrease in each of its Lp.5 values upon add-ition of 0.lM KCl, only

the "insensitive" form of CS260W-A shows this effect in the tiradon with acetyl-CoA

(Table 16). The remaining Lg.5 values show substantial increases from those measured

in the absence of KCl, indicative of enzymes with poorer affinities for these ligands in

the presence of 0.lM KCl.

This ma¡ked disparity between the effect of KCI on cs260w-+A1s) and

CS260W-+A1I¡, and wild type citrate synthase, prompted further kinetic measuremenrs

to be made in the absence of KCl. Unfortunately, the lack of sufficient quantities of the

"sensitive" form of CS260W-+4, and the inability of several attempts to produce more

of the 'frp-260 mutant, which still retains its sensitiviry to NADH, has prevented fu¡ther

study of this enzyme form. Steady state kinetic parameters were measured for
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CS260W-+Ag¡ and wild type citrate synthase in the absence of KCI (Table l7). Both

these enzymes show improved turnover numbers and acetyl-CoA binding in the

presence of 0.lM KCl. The binding of oxaloacetate in the wild type enzyme was rather

indifferent to the presence of KCl, while the "ilsensitive" form of the mutant seemed to

bind oxaloacetate somewhat better in the absence of KCl, especially in the presence of
saturating amounts of acetyl-CoA (KOa¡) (Table 17).

Table i7. Steady State Kinetic Pa¡ameters for WiId Type Citrate Synthase and Mutant
CS260W-+A1I¡, in rhe presence and absence of KCl.

Pa¡ameter 
__ ^_Wild Type CS260W-+AG)

no KCI 0.lM KCi no KCt O.iM KCt

k.u,, sec-l 44+5a g1+6 24ts g6+14

KA.CoR, lrM 750!200 120t20 8900ti100 260_70

Koea,FM 11+6 26+5 6.g+4.0 7I+Zg

Kioee, IrM 36+11 33+7 5g+7 130130

a For the method of calculation and the signif,rcance of the errors see the Methods.
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csStgR.--àK,

Atg-jt9 (see Figure 32 for location) is a residue which is not thought to be part

of the active site, although it must have some role in enzyme function, as a positively

charged residue, since it is conserved in all seven citrate synthases sequenced to date.

To determine the importance of this arginine residue, a mutant enzyme was produced,

CS319R-+L, in which Arg-319 was changed to leucine.

Stead)¡ State Kinetic Studies:

CS3tgR-L was purified in the usual way and gave a single band of molecular

weight about 48,000 g/mole on an SDS gel. Its specifîc activity in the standard assay

was 48U/mg, compared with 36Ulmg for wild type cinate synthase. The mutant binds

NADH normally, except that the binding shows some weakening in the presence of

0.1mM oxaloacetate, whose inhibitory effect is enhanced by the addition of 0.lmM

CoA, unlike the wild type enzyme which does not show this effect (Table 18). The

maximum inhibition observed at saturating concentrations of NADH for CS319R-+L

has been found to be dependent on the concentration of oxaloacetate present in the assay

(Figure 35). At the standard concentration of oxaloacetate (0.1mM), only about25Vo

inhibition by NADH is achieved (Figure 35, Panel B; Table 19), but at 0.02mM

oxaloacetate or less, the observed NADH inhibition is about 807o (Figure 358).

NADH inhibition of wild type citrate synthase does not show this oxaloacetare

concentration dependence (Figure 354).

Typical steady state kinetic measurements were made on CS319R+L in the

presence of 0.1M KCl, and it was found to have a somewhat lower k*¡ value than the

wild type enzyme, but a higher affinity for both substrates (Table 19). Furrhennore,

the dissociation constant for ø-ketoglutarate, K¡,o_1ç6, is significantly larger for the

mutant than for wild type citrate synthase.
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Table i8. NADH Binding for Wild Type Citrate Synthase and Mutant CS319R-+L

Kp measued in Wild Type
the presence of:

CS319R-+L

O.lM KCl

O.2M KCI

O.3M KCI

0.5mM AcCoA

1.0mI,I AcCoA

1.5mM AcCoA

0.1mM OAA

1 mM NAD+

1.94+0.07a
(0.42-0.74¡b'c

1.50r0.05d
(0.8110.01)

3.68r0.0s
(0.s3f0.03)

6.8710.i6
(0.49r0.01)

11.810.5
(0.43r0.01)

3.0910.16
(0.s0r0.01)

6.69r0.41
(0.s7r0.02)

6.79fl.33
(0.s4r0.02)

1.91r0.17
(0.s610.02)

5.47fl.54
(0.6sr0.03)

i.5610.03
(0.4710.01)b

1.89r0.05d
(0.s610.01)

3.03r0.10
(0.4210.01)

4.22fl.23
(0.33r0.01)

6.42fl.54
(0.2410.01)

2.62fl.45
(assume 0.+l¡e

5.49fr.33
(assume O.+l¡e

8.93r0.75
(assume O.4l¡e

7.71fl.46
(0.43r0.02)

3.03r0.11
(0.37r0.01)

0.lmM CoA

0.1mM OAA

0.1mM CoA
+0.1mM OAA

1.6610.10
(0.89r0.01)

1,.32fl.07d
(0.93r0.01)

1.5610.09
(0.90r0.01)

1.8610.05
(0.6010.01)

4.35t0.18d
(0.6610.01)

13.8r0.6
(0.7310.02)

a For the method of calculation and the significance of the erron see the Methods section.
b Quantities in brackets a¡e the numbers of NADH sites occupied perenzyme subunit at
satuation.
c Range of values found with different preparations.
d These values were measured subsequent to the above set of data, and show typical
fluctuations in the repeated measurements.
e These plots were quite curved, so the number of NADH sites occupied at saturation was
assumed to be the same as in the absence of any competing ligands, i.e.0.47.
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Table 19. Steady State Kinetic Parameters for Wild Type Cirrate Synthase and Mutant
CS319R-+L.

Parameter Wild Type
no KCI 0.lM KCI

CS319R-L
no KCI 0.1M KCI

Çur, sec-l

KRccoR, FM

KoA,a, PM

Kioae, PM

Ki, o-rc, FM

44+5 81+6

750!200 120t20

11+6 26+5

36+11 33+7

93+18

23+5 48+3

190160 25+4

72!24 4.4+1.0

52+12 5.1+2.4

39tt70

KCI Activation
Raúoa

K¡44, KCI ,mM

K¡, NADH, PM

Maximum 7o

Inhibition
by NADH

39+3

28+4

3.3r0.1

99+l

3.67f0.08

4.4+0.7

75+19

25+6c

a KCI activation data, expre_ssed as increases in reaction rate as a function of [KCl],
were fitted to the Michaelis-Menten equation by the GENLSS program (See Methods
section). Parameters quoted are K¡4 (the apparent Michaelis'con"stant ior KCI) and
"Activation Ratio", the ratio of the limiting catalytic rate at saturating KCI to the rate
obtained without KCl. All measurements were in îris buffer, pH 7.8, íritt o*utoacetate
and.a.cetyl-CoA each at 0.1 mM. Data at [KCl] up to 100 ml4 were used, because of
inhibition at concenrrations higher than this.
b For the method of calculation and the significance of the errors see the Methods
section.
c varies with oxaloacetate concentration (see Figure 35, and text).
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The mutant enzyme is only activated 3.7-fold by addition of 0.lM KCl, in

contrast to 39-fold for the wild type enzyme. This point is clearly illusrrared in Figure

36, which shows the effect of increasing KCI concentrations on the specific activities of

the Arg-319 mutant and the wild type enz)¡me, at the standard substraæ concentrations

of 0.lmM each. At these non-saturating substrate concentrations, the turnover number

(Ç) observed at saturating concentrations of KCI is higher for the mutanr than for the

wild type enzyme. The converse is observed at saturating substrate concentrations and

0.1M KCt (Table 19), where the Çu, value for CS319R-+L is lower than the

corresponding wild type value. Therefore in the presence of 0.lM KCl, CS319R-+L

has a higher turnover number at low substrate concentrations than the witd t)?e enzyme,

presumably because it also has a higher affinity for both substrates. At saturating

substrate concentrations, however, the wild type enzyme turns over substrates to

products more quickly than the Arg-319 mutant

Some of these kinetic parameters have also been measured in the absence of KCI

(Table 19). For the wild type enyzme, O.lM KCI causes a doubling of the rurnover

number and about a 7.5-fold decrease in the K¡4 for acetyl-CoA. The same effects

were observed for CS319R-+L. While the increased ionic strength has little or no effect

on the K¡4 for oxaloacetate (Koee) or its dissociation constant (Kioee) for wild type

citrate synthase, both these parameters showed substantial decreases in the presence of
0.lM KCI for cs3tgR-L; about 16 times for Kg46, and about 10 times for K¡644.

Since KCI shifts wild type E. coli cirate synthase from T to R state, and. substantially

improves the binding of acetyl-CoA, it appears that in the Arg-319 mutant the T++R

allosteric equilibrium is shifted towards R, the active state (Figure 37), since it already

shows improved binding of both substrates and a lower KCI activation ratio. Note that

in the Arg-319 mutant, KCI also appears to improve the binding of the other substrate,

oxaloacetate.
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T
inactive state

V/ild 39-fold KCI Activation
Type

3.7-fold
CS3tgR-L--6

KCI Activiation

Figure 37. CS319R+L appe¿ìrs to have its allosteric equilibrium shifted towards
R state.

Several methods were used to ty to show that CS319R-tL had in fact adopted a

d.ifferent conformational state, distinct from that of the wild type protein. Since the

absorption spectrum and fluorescence emission spectrum of the wild type enzyme are

different in the presence and absence of 0.lM KCl, the corresponding spectra were

measured for the Arg-319 mutant. The mutant was found to have the same properties

as the wild type. Modification of wild type citrate synthase with DTNB has also been

shown to vary in the presence and absence of 0.1M KCI (Talgoy & Duckworth,lgTg;

Tatgoy et a1.,1979). At a molar ratio of about five DTNB molecules to one enzyme

subunit, approximately one sulfhydryl group on each enryme subunit was modifed

(Talgoy & Duckworth,lg7g). In the presence of 0.lM KCl, the modification reacrion

proceeds much more quickly than in its absence. CS319R+L was modified with

DTNB (in S-fold excess), both in the presence and absence of 0.lM KCl, and showed

the same effects as the wild type enzyme. Circular dichroism spectra of E. colícitrate

synthase are unaffected by KCl, and again were the same for both enzymes. The

amount of enzyme activity remaining after incubation of both the wild type

(Figure 344) and CS319R-)L enzymes for one hour in urea solutions of increasing

concentration gave the same results; and addition of 0.5mM NADH or 0.lM KCI had

the same effects for both the mutant and the wild type enzymes.

R
active state
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Measurements of Lieand Binding by ANS Displacement:

Like the wild type enz)¡me, CS319R-+L showed a saturable decrease in the

fluorescence of ANS-citrate synthase mixtures upon addition of acetyl-CoA and

coenzyme A, from which I4.5 values were calculated (Table 20). Each enzyme

showed a decrease in its respective L6.5 value in the presence of 0.1M KCl.

Oxaloacetate (0.2mM) also decreased the Lg.5 value for coenzyme A, in both ANS-

citrate synthase mixtur€s, but the combination of oxaloacetate and KCl, only caused a

further decrease in the wild type enzyme; for CS319R-+L , this combination insreases

the h.S parameter. Although oxaloacetate alone did not cause a substantial decrease in

the fluorescence of ANS-wild type enzyme mixtures, an Lo.s value with a large

uncertainty was obtained (Iable 20). Mixtures of ANS and the Arg-319 enzyme give

much lower Lg.5 values when titrated with oxaloacetate than the corresponding wild

type value (Table 20). This is not surprising in light of the increased affinity of this

mutant for oxaloacetate, already demonstrated by the steady state kinetic studies above.

Also shown in Table 20, ate the indirect effects of 0.5mM coenzyme A on the Lg.5

values of oxaloacetate. The combination of coenzyme A and oxaloacetate decreased the

L6.5 value for oxaloacetate alone, but again, while KCI caused a further decrease in Lg.5

value for ANS-citrate synthase mixtures of the wild type enz)¡me, it had the opposite

effect on that of CS319R+L.

From the indirect effect of oxaloacetate on coenzyme A binding, oxaloacetate

saturation of the wild type enzyme and the Arg-319 mutant were measured, in the

presence and absence of 0-ketoglutarate. The apparent dissociation constants for

oxaloacetate and a-ketoglutarate, measured in the presence of 0.2mM coenzyme A,

could then be determined (Table 20). This ANS-displacemenr merhod shows an

increased dissociation constant for cr*etoglutarate in the Arg-319 mutant compared to

that of the wild type enzyme, similar to what was observed in the steady state kinetic

studies.
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Table 20. Pa¡ameters for Ligand Binding to V/ild Type Citrate Synthase and Mutant
CS319R-L as Measured by ANS-Dispacement.

Parameter Wild Type CS31gR--)L

no KCI 0.lM KCI no KCI O.lM KCl

L6.5, AcCoA, pM

Lg.5, CoA, pM

I-g.5, CoA,¡rMc

Kp, OAA, ¡rMd

Kp, cr-KG,pMf

L6.5, OAA, pM

L6.5, OAA, pMg

26tt4cø
(n)b

270, 40
(n)

73+3
(0.78)

25+t
(0.54)

76+tl

850t450
(0.22)

42!2
(0.4e)

60t3
(0.64)

53+3
(0.s7)

47!5
(0.38)

NDE

ND

490r80
(0.87)

24!2
(0.17)

10ût20
(0.48)

13519
(0.s7)

35_2
(0.4e)

t4t1
(0.41)

77È70

33!2
(0.64)

5.Ofl.3
(0.41)

91r5
(0.38)

93+3
(0.41)

130r10
(0.46)

ND

ND

4.4fl.2
(0.41)

6.2fl.9
(0.10)

a For the method of calculation and the significance of the errors see the Methods
section.
b quantities in b,rackets a¡e the fractions of initial fluorescence of ANS-citrate
synthase cgmplex quenched by saturating amounts of ligand; in all cases the
uncertainties are no more than t0.05.
o Fraction of initial fluorescence quenched at saturation could not be estimated
precisely by curve-fitring, and so was taken to fall somewhere benveen the maximum
observed and the maximum possible, making the uncertainty in the I4.5 values quite
large.
c Measured in the presence of 0.2mM oxaloacetate.
d Measured in the presence of 0.2mM coenzyme A.
e ND = not determined.
f Measured in the presence of 0.2mM coenzyme A; calculated from the effect on Kp
for oxaloacetate.
I Measured in the presence of 0.5mM coenzyme A.
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cs^(26 4-257)

The24 amino acids deleted in CSÂ(264-257) are predicted (from the model of

E- colí citrate synthase), to conespond to all of the N helix, the N-O corner and a few

residues of the O hetix (Figure 22). In addition, the reminder of the O helix may well be

distorted to compensate for the 24 missing amino acids, thus reducing the g-helical

secondary structure of the mutant even further. Using circular dichroism, the deletion

mutant was found to contain about 9Vo less g-helical content than the wild t¡1pe protein,

a number which indicates that the mutant has also lost the remaining cr-helical structue

of the O helix. In addition, it seems probable that the dimeric contact surface of

CSL(264-287) has remained intact, since sedimentation equilibrium measuremenrs

show the mutant to have a similar quaternary structure to the wild type enzyme. The

M helix is one of the helices involved in the dimeric contact surface, and is very close to

the region deleted in CSÂ(264-257) (Figure 22). Thus, in order for the muÞnr ro

maintain its basic tertiary structure at the dimeric contact surface, the rest of the O helix

and the random coil between the O and P helices must be distorted. The amino acid

residues between the O and P helices are involved in binding citrate (or oxaloacetate)

(His-305) and CoA (Lys-309), and also form the adenine recognition loop (Arg-299,

Leu-300, Met-301, GIy-302,Phe-303 and Gly-3&1) (see Table I in the Introduction).

Since this region makes major contributions to the active site, any d.istortion of its

terriary structure would seriously affect the ability of the enzyme to bind acetyl-CoA and

catalyze the condensation reaction. Further, Írmong the 24 amino acid residues deleted

from CSÂ(264-287) is His-264, a residue believed to be vitally involved in catalysis

(Figure 7). Given this information, it is not unexpected that the mutant protein was

inactive.

In spite of its inacúvity, cs\(264-2g7) could, however, be purified by the

method used for the wild type enzyme, using an immunological method to assay
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fractions. The preparations, though not completely pure, were still suitable for the

experiments which were perfomred. The deletion mutant CSLQ64-287) was created to

obtain a mut¿nt in which the active site had been destroyed, but the allosteric NADH

binding site remained intact. Such a mutant would provide information about the

binding of ligands to the NADH site, without the possibility of heærotropic inreractions,

observed when the active and allosteric sites compete for the same ligand. As expectd

NADH binding was retained in this mutant, and the Kp values obtained for this process

were actually smaller (that is, the binding was tighter) than those measured with the wild

fype enzyme (Figure 24). The number of binding sites was low, possibly because of

the greater, and perhaps less organized, aggregation of the subunits of the deletion

protein, which could have the result of "burying" binding sites. Still, the number of

sites did increase as pH was lowered, in a manner qualitatively like the effect on the

wild type enzyme. This binding was also weakened by KCI or acetyl-CoA, just as is

the case with the wild type enzyme.

The fact that acetyl{oA inhibits NADH binding is most readily exptained by

assuming that acetyl-CoA binds at the allosteric site, since the deletion almost certainly

would destoy normal binding at the active site. To confirm this, the method of ANS

displacement was used to measure the effects of KCI and oxaloacetate on coenzyme A

binding to CSL(2&-287). The interaction of ANS with this protein was differenr fïom

that with the wild type, in that 0.lM KCI increased the fluorescence of the complex by

about 25Vo, whereas it decreased the fluorescence of the wild type complex by about

507o (Figure 26). This difference, which must have arisen from rearangements in the

protein as a result of the deletion, was not really a complication, since changes in

fluorescence could still be measured and used to monitor ligand binding. Acetyl{oA

orcoenzyme A displaced very little ANS from the deletion protein, and this weak effect

was not enhanced by oxaloacetate (Figure 26). The ability of coenzyme A binding to

improve in the presence of oxaloacetate, in the wild type protein (Table 6), is an
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indication that this binding occurs at the active site. Because coenzyme A bind.ing to

CSL(264-287) was unresponsive to oxaloacetate, it appears that coenzyme A

derivatives do not bind to the damaged active site of this mutant, and the small amount

of ANS displacement from the deletion mutant can be attributed to binding of these

derivatives at the allosteric NADH binding site. Binding of acetyl-CoA to the NADH

site could allow this ligand to activate acetyl{oA binding at the active site, as

ADP+ibose, 5'-AMP, and NADPH seem to do (Talgoy & Duckwonh, 1979). such

an effect would contribute tc the sigmoid saturation of E. colí citrate synthase which

acetyl-CoA shows at low salt concentration (Faloona & Srere, 1969).
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CqZZ6XÃ--)Q and CS ZZ9W-+Q.

These two mutations were chosen because the two histidines are conserved in all

seven citrate synthases whose sequences are known. Further, in the pig hean enzyme

His-238 (the equivalent of E. coli I\s-229) is directly involved in the binding of cirrare,

and probably oxaloacetate, to the active site, while His-235 (the equivalent of E. coli

His-226) forms a "reverse charge relay system" through a water molecule with a vital

catalytic residue, Asp-375 (the pig heart equivalent of E. colí Asp-362) (Remington er

a1.,7982). Ilts-226 andHis229 of E. coli citate synthase have each been changed to

glutamine because this amino acid has been found to play a partial role in binding as an

alternative to histidine. In one study, for instance, ir was found that replacing His-4g in

Bacillus stearothermophilus tyrosyl-tRNA synthetase by glutamine increased K¡4 for

ATP by a factor of 13 and decreased k"u, to 7Vo of the wild type value. If asparagine

was introduced at this position instead, little or no change in the kinetics was found

(Lowe et al., 1985). Refinement of the pig heart citrate synthase structure has led

Wiegand and Remington (1986) to conclude that His-238 forms either a hydrogen bond

or an ion pair with a carboxylate anion of citrate and oxaloacetate, while they make no

further speculation about the role of His-235. In view of the high degree of amino acid

sequence homology between the E. coli andpig heart sequences, particularly a¡ound the

active site, similar roles should be played by His-229 and His-226 in the E. coli

enyzme.

Although almost all the kinetic parameters in Table 4 were changed to some

extent by the mutations in CS226H-Q and CS229H-+Q, the only large effects were on

constants which measure the affinity of the enzyme for oxaloacetate and

a-ketoglutarate. In the case of CS226H-+Q, the esrimated value for K¡644, which is

interpreted as the dissociation constant for the bina.y enzyme-oxaloacetate complex, was

four times that for the wild type enzyme, while the K¡,o_ç6 for o-ketoglutarate
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inhibition was nine times that for the wild type-the binding srrengrhs for the two

cx,-keto acids both decreased. With CS229H-+Q, rhe K¡944 was more rhan 50 times

that for wild type. No cr-ketoglutarate inhibition was detected for this mutant

(Figure 29), but if Ki,cr-Kc for this inhibition increased in proportion, the value would

be about 5mM, well above the lower limit of 2mM which was esrimated for this

parameter (Table 4).

These kinetic measurements were confirmed in large part by static measurements

made with the cirate synthase-ANS complex (Table 6). The K¡ values for oxaloacetate

reported in Table 6 a¡e not strictly comparable to the KiO¿.n values in Table 4, since

those in Table 6 were determined from the abiliry of oxaloacetate to enhance the binding

of coenzyme A and therefore were measured in the presence of 0.2mM coenzyme A.

Binding of oxaloacetate or u-ketogluurate to CS229H-+Q was too weak to measure by

this method, but even this result shows that the binding of the c[-keto acids to this

mutant is very weak, as expected from the kinetic data.

In the kinetic equation for the Ordered Bisubstrate mechanism (see Methods),

the second order rate constant for formation of the catalytically productive enzyme-

oxaloacetate complex, k1, is given by k.u¡/K644, while the rate constant for the

dissociation of this complex, k2, is given by (k.u,.Kioee)/K96a (Cleland, 1963).

These values have been calculated for the wild type and mutant enzymes, and are given

in Table 21. These calculations have rather large errors, but they suggest that the

CS226H-+Q mutant binds oxaloacetate less strongly than wild type enzlmebecause the

complex forms at a normal rate but dissociates more easily. More striking, the

CS}}}H--+Q mutant forms the enzyme-oxaloacetate complex far more slowly than the

wild type and CS226H-+Q enzymes do. The very weak binding of oxaloacetate to

CS}}}H-+Q, relative ro rhe wild type and CSZ26H-+Q enyzmes (see K¡g44 values in

Table 4), would appeff to arise entirely from the low rate of formation of this complex.

These findings are consistent with the conclusion of the crystallographic studies on pig
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heart citrate synthase, that His-238 (the equivalent of His-229 in the E. coli enzyme) is

directly involved in oxaloacetate binding, but that His-235 (the equivalent of E. coli

HisJ26) is farther removed from the active site, interacting indirectly through a water

molecule.

Table 21. Association (k1) and dissociation (kÐ constants for oxaloacetate binding to
wild type and mutant forms of citrate synthase.

Parameter Wild Type cszzoH*Q CS229H-+Q

k1, M-1 5-1

k2, s-l

(3.1+0.6a)x 1Q6

100130

(5.8+4.5)x106

810r6s0

(0.02010.013)x 106

36!2s

a. --- Uncertaintites were calculated according to shoemaker and Ga¡land (1962).

In the wild type enzyme, a bound water molecule appears to be polari zed by

Hís-226, and also interacts with Asp-362, which is in van der Waals' contact with a

carboxyl group of citrate, and probably oxaloacetate. In this system, a water molecule

is used to relay the positive charge from His-226 to Asp-362, and thereby helps

oxaloacetate to assume the correct orientation by maintaining the general integriry of the

active site (Remingron et al., 1982). Thus CS226H*Q, which lacks the interaction

between the positively charged His-226 side chain and water, which in turn may make

the enzyme less structured at the active site, could be expected to show a somewhat

poorer affinity for oxaloacetate, as is observed. The binding of a-ketogluta¡ate is even

more strongly affected by this mutation than that of oxaloacetate, presumably because

cr-ketoglutarate is even more poorly accommodated by the slight rearangements at the

active site.
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Mutation of histidine to glutamine in CS}}}H-+Q tra¿ a profound effect on

ct-keto acid binding; the rate of formation of the complex with oxaloacetate was slower

by 2 orders of magnitude (Table 21), and binding of cr-ketoglurarate was nor detectable

at all (Figure 29). Removal of one of the normal points of attachment of oxaloacetate in

the active site might also be expected to affect the catalytic rate to some extent, since the

full distortion of substrate in the direction of the transition state should be ha¡der than

usual, and indeed a 1O-fold decrease h Çut was measured with CSZZ}}J-+Q (faUte ¿).

The principal reason for making and studying these two mutants was to test

whether factors which weaken oxaloacetate binding would weaken binding of the

inhibitor cr-ketoglutarate in a parallel fashion. This is clearly the case, and therefore it

seems that cr-ketoglutarate exerts its inhibition on E. colí citate synthase not through a

specific allosteric site but by a special kind of interaction ar the acrive site. Its binding to

the active site can occur only in the absence of KCI (which desensitizes the enzyme ro

o-ketoglutarate) (wright et al., 1967), presumably because KCI induces a

conformational adjustment at the active site which makes the site discriminate among

cr-keto acids more precisely. This adjustment would also be the reason why KCI

substa¡tially activares E. colí citrate synthase (Table 4).
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C SS tSFX--+A and CS314R.-+X,

The E. colí citrate synthase mutarions CS305H-+A and CS314R-+L were

chosen because the equivalent positively charged residues in pig heart citrate synthase

have been implicated in the polarization of the carbonyl group of oxaloacetate. The

carbon-l3 NMR (Kurz et a1.,1985) and infra-red (Kurz & Drysdale, 1987) specrra of

oxaloacetate bound ü the active site of pig heart citrate synthase indicate that the bond

order of the carbonyl group of oxaloacetate is substantially reduced when this substrate

is bound to the enzyme. The crystal stn¡cture of pig hear"t citrate synthase shows

His-320 hydrogen bonded to the carbonyl oxygen of oxaloacetate in an ideal position to

protonate the oxygen as the condensation reaction occurs (Wiegand & Remington,

1986). Also hydrogen bonded to the equivalent oxygen atom of citrate is Arg-329, so

that it could likewise play a role in polarization. Both of these active site residues have

also been shown to form hydrogen bonds with carboxylate gïoups in citrate, and

probably oxaloacetate (Remington et a1.,1982), so that they may also be important in

oxaloacetate binding. His-320 hydrogen bonds with the carboxylate oxygen of ciÍare,

designated O-1 (that is, the s¿ìme oxygen which His-238 interacts with), and. Arg-329

forrns an import¿nt hydrogen bond or salt bridge with O-5 (Figure 9A). Both of these

residues are absolutely conserved in all citrate synthases sequenced to date. In E. coli

citrate synthase, the corresponding residues are His-305 and kg-3L4. Each of these

residues has been mutated separately, His-305 to alanine, and Arg-314 to leucine, to

verify that the same roles are being played in the E. colienzyme.

A similar mutagenesis experiment was done by Handford et at. (l9gg) to
confirm the role of Asp-362 of E. colí citate synthase, whose homologous pig heart

residue (Asp-375) is believed to be vital in the formation of a mixed anhydride

intermediate during the break down of ciuryl{oA to form citrate and CoA (see

Introduction). The mutant enzyme contained a glycine in place of Asp-362, and was
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still able to bind NADH and oxaloacetate as the wild fype enzyme. The mutant did,

however, possess an activity less than 2Vo of the wild ty¡le value, which was found to

be due to the mutant enzyme's poorer affinity for aceryl-CoA and reduced ability to

cataJyze the condensation reaction.

Under conditions selective for an active cinate synthase gene, in the gltA- E. coli

host strain MOB154, the two plasmids encoding mutant citate synthases, CS305H-+A

and CS314R-+L, showed different effects on cell gxowrh. The plasmid encod.ing

CS305H-+A sustained cell growth at a rate much less than the wild type plasmid, while

that encoding CS314R+L did not support gto\trth of this citrate synthase defective cell

line at all. The ability of CS305H*A to supplemenr MOB154 cells with citrate

synthase activity sufficient for cell propagation, while CS314R-+L ¿i¿ nor, may be

because of the somewhat higher turnover number (Çut) measured for CS305H-+A

(Table 7). Thus CS314R*L, whose turnover number is only about 60Vo as large as

that for CS305H-+4, is inadequate to supply the minimum cellular requirements for

citrate synthase in the MOB154 cell line, while CS305H-+A -"y barely be adequate to

provide for the cell's needs.

As mentioned previously, kinetic measurements for the His-305 and Arg-314

mutants were run with blanks, in which oxaloacetate was omitted from the reaction,

since their extremely low specific activities required very large quantities of enzyme to

obtain measurable activities, particularly in the absence of KCl. Although both mutants

showed similar affinities for the two substrates in the presence of 0.lM KCI (Table 7),

the activity of CS305H+A could not be measured in the absence of KCI unless the

substrate concentrations were increased above the standard 0.1mM each. At substrate

concentrations of 0.35mM acetyl-CoA and 0.40mM oxaloacetate, the KCl activation

ratio for CS305H-+A is much greater than for the corresponding wild type enzyme

(Table 7). Since CS3t¿R*L does not show an increased KCI activarion ratio, and the

substrate affinities in the presence of 0.1M KCI are the same for both mutants, the
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binding of substrates to CS305H-+A seems to be more dependent on KCI than in the

Arg-3I4 mutant. It is possible, therefore, that KCI tightens up the active site of both

mutants, as well as the wild type enzyme, but that in the absence of KCI the His-305

mutant has a much less structured active site than the Arg-314 mutant and wild type

citrate synthase, so that KCI has more of an activating effect.

Table ?-2. Kinetic parameters for wild type citrate synthase and two active site murants,
CS305H'A and CS314R-L.

Pa¡ameter Wild Type CS305H-'A gg314R-+L

k1, M-15-1

k2, s-l

kra, ¡4-1r-1

aGoaeb
kcal mole-1

(3.1+0.6c)x106

100r30

(6.8+1.2)x10s

>(9.8t4.7)xr02

>0.93t0.55

(1.6+1.0)x103

> 4.7X2.4

(5.9+2.5)xIQ2

0.30fl.27

(1.2+0.8)x103

-5.0r2.3

u k3 = (k.urÆ(erCoe).(1 + k+/kS); assuming k5 >> k+, k¡ = Çar/Ke"Coe.
b Acooo = RT'ln {(ÇurlKona)munnr / (kcar/Ko¿,{)wila rype}.
c uncertaintites were calculated according to Shoemaker and Ga¡land (1962).

The association (k1) and dissociation (k2) constants for the enzyme-oxaloacetate

complex have been calculated for these two mutants (Table 22). In addition, if the

dissociation constant for the product CoA (k5) is assumed to be much larger than the

dissociation constant for acetyl-CoA (k4), then the association constant for acetyl-CoA

(k3) can also be calculated. Oxaloacetate associates with these mutant enzymes about

3000 and 5000 times more slowly for the His-305 and Arg-314 mutants, respecrively.

Their respective dissociation constants for the enzyme-oxaloacetate complex a¡e also
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lower than the wild type value, but only by factors of about 100 and 300. Similarly, the

association constant for acetyl{oA to these citrate synthase mutants is about 400 times

lower for GS305H-+A and about 600 times lower for cS3i4R-+L. The lower

association constants for acetyl-CoA to the mutants may be the reason for the reduced

ability of acetyl-CoA and CoA to displace ANS from ANS-citrate synthase complexes.

Of these three results, by fa¡ the largest single factor which would contribute to the

minute Çur values measured for these two citrate synthase mutants appears to be the

extremely low rate of formation of the enzyme-oxaloacetate complex. Of course, the

fact that His-305 and Arg-314 are probably involved in the formation of the transition

state, since they are believed to polarize the carbonyl group of oxaloacetate making it

more susceptible to attack by the enol form of acetyl{oA (Figure 38, Panel A), would

also manifest itself as a reduced k"u, value in mutants which lack these polarizing

groups. Figure 384 shows a closeup view of the active site of E. coli citrate synthase

during the first stage of catalysis and clearly illustrates the importance of various side

chains in the binding of oxaloacetate and catalysis.

The contributions (ÂG) of the missing amino acid side chains in these two

mutants to the binding energy of the enzyme-transition state complexes may be

calculated by comparing kcar/Ku for the mutant and wild type enzymes (Wilkinson er

al., 1983). ÂGoen values have been calculated for each of the His-305 and Arg-314

mutants, and are shown in Table 22. These AG values are negative due to the loss of a

favorable interaction between the enzyme and oxaloacetate, upon deletion of each of

these side chains. The size of the ÂG value is an indication of the nature of the

interaction between the enzyme and the substrate. If the deleted side chain formed a

hydrogen bond with an uncharged group on oxaloacetate, and was only important in

binding the substrate, a AG value of 0.5-1.5 kcal mole-1 would be expected (Fersht er

al., 1985). If, however, the missing side chain had formed a hydrogen bond with

oxaloacetate involving a charged group, a significantly larger ÂG value of 3.5-4.5 kcal
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mole-l would be typical. The magnitude of the ÂG values in Table 22 is evenlarger

than this value, suggesting that not only do charged fomls of His-305 and Arg-314

normally form hydrogen bonds with oxaloacetate, but that they are also important in

helping to forrn the transition state. This agrees with the X-+ay data for the homologous

pig heart citrate synthase residues and their proposed roles (Remington et al., l9B2;

Wiegand & Remington, 1986).

Other differences between CS305H-+A and CS31¿R-+L which should be noted

are the dissociation constants for oxaloacetate (K¡g¡q) and ø-ketoglutarate (Ki,o_rc)

(Table 7). CS314R-+L has a higher dissociation constant for oxaloacetate, but the

same dissociation constant for cr-ketoglutarate, compared to wild type citrate synthase.

CS305H-+A shows reduced affinity for both these cr-keto acids, but the effect on

a-ketoglutarate binding is much smaller than that on the binding of oxaloacetate. Note

that both Arg-314 and His-305, as well as interacting with the carbonyl oxygen, also

are involved in hydrogen bonding two sep¿rate carboxyl groups of oxaloacetate:

His-305 fonns a hydrogen bond with the 4-carboxyl group of oxaloacetare, while

Arg-314 hydrogen bonds to its l<arboxyl group (Figure 384). The parallel loss of
affinity for oxaloacetate and cr-ketoglutarate previously shown by CS229H-+Q

(I\s-229 hydrogen bonds to the 4--carboxyl group of oxaloacetate), suggests that both

these cr-keto acids are bound in much the same way in this region of the active site.

Since His-305 interacts with the same carboxyl group as His-229, a mutant lacking

His-305 may be expected to show reduced affinity for both oxaloacetate and

cr-ketoglutarate, jusr as CS229H-+Q did. a-Ketoglurarare may well fit into the active

site in place of oxaloacetate as shown in Figure 38, Panel B. It would therefore allow

analogous interactions between its S<arboxyl group and Arg407'(from the second

subunit), His-229 and His-305, similar to those found between these same amino acid

side chains and the 4--carboxyl group of oxaloacetate. However, the additional 4Hz-
group located in the middle of the a-ketoglutarate molecule, would likely move the



L37

,4. ,/
NH

I ars-387

HzN. Hrfr H
\// \

clr
NH

\
A rg -407'

H is-264

figqre..38. Ac-tive site ol E. c.oli çirrale synthase, A) showing the residues involved
in binding oxaloacetate (OAA) and initiattuíg trrè rõrmãtiòñ ô¡-fie uansirion staie.-- 

--

\ 
^r,r/\0",* Ars-314Hzc\ ! 'Acetyl-coA 'cHo i ' ./llH

(enor rorm) j"' '\, 
ä""'-"*..>."

t\ 
,--{* ,.'NHz+

,.*ã":^'. : ",")"\5-- "Ço,,.L OAA ' \

,n,FîiJ (si race) ),"1 ( > Hrs-30r"¡'åä"r,")a* 
"Í_U:s-305;

H is-229



t?Ê

&
,/

NH

I nrs-387
c

H,N/ \ NH,*--.1-' '."'¿ Arg-314
os"rtó' HzN: 

^/NH
\-o '/"

/ NHz+

Hrê- 
ì tt.

Hrco. N+"i)lo, 
"fL:s'30si ,"r

,t ¿

"'*t jlt ".c ttt\ H ts-22el, (-\-
\

A rg-407'

H is-264

B) Active site- of E. coh_ citrate synthase, showing how s -ketoglutarate mav fit into
the active site in place of oxaloaceiate. See æxt foidiscussion ór fipôrra-niTèã'tuìËs. 

^""



I îoLL/

l-carboxyl group away from Arg-314, which form hydrogen bonds with the

corresponding i--carboxyl group in oxaloacetate (Figure 38). This would explain why

cr-ketoglutarate binding was unaffected by the Arg-3I4 muration and showed only a

small change for the His-305 mutation. Note in Figure 388, that the carbonyl group of

cr-ketoglutarate is too far away to interact significantly with those groups which polarize

the carbonyl of oxaloacetafe (His-305 and Arg-314), which may explain why this

inhibitor is not a substrate for citrate synthase (Srere, 1972).

To confirm the importance of His-305 and Arg-3 1 4 of E . coli civate synthase in

the polarization of the carbonyl group of oxaloacetate, Linda Kurz's resea¡ch group at

Washington University School of Medicine in St. t ouis Missouri, will be measuring the

carbon-l3 NMR spectra of wild type E. coli citrafe synrhase, CS305H-+A and

CS314R-+L with oxalo acetate, in the presence and absence of the acetyl-CoA enolate

analogue, carboxymethyl-CoA. Similar measurements with pig heart citrate synthase

indicate.some carbonyl polarization in the enzyme-oxaloacetate complex, but with the

addition of carboxymethyl-CoA, the chemical shift of the carbonyl carbon indicates a

much stronger polarization of the carbonyl bond or protonation of the carbonyl oxygen

(Kurz et al., i985). Comparison of the analogous carbon-l3 NMR specrra of wild type

E. coli citrate synthase with that for the His-305 and Arg-314 murants, should confirm

the importance of these active site residues in the polarization of the carbonyl of

oxaloacetate.
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CSIEER*L, CSZX_TR*L, CSZZS.R+K, amd

C SZ tZR -+L 
I ZZß.R, --+ X,

Chemical modification of one cysæine per subunit of E. coli cinate synthase by

DTNB has been shown to abolish allosteric inhibition by NADH, but cause only a small

loss of enzyme activity (Danson & Weizman, 1973). More recently the fluorescent

alþlating agent, monobromobimane has been found to produce the same effects

(Duckworth et al., 1987). The bimane labelled peptide has been isolated and

sequenced, and the modified residue was found to b Cys-206. Since various adenylic

acid derivatives, including NADH, all partially protect this cysteine from modification, it

has been suggested that Cys-206 is at or near the NADH binding site itself (Ialgoy &

Duckworth, 1979). Unfornrnately, the absence of any direct three-dimensional

information about a citrate synthase enzyme which is NADH-sensitive, has hindered the

search for the NADH binding site in the E. coli enryme.

Three-dimensional information about interactions between various dehydro-

genase enzymes and NAD have shown an arginine residue to be involved in nucleotide

binding (Eklund et al., 1976a, 1976b; Birktoft et al., lgïz), although this has not

always been found to be the case (Biesecker et al., 1977). In examples where an

arginine residue is involved in nucleotide binding, it forms an ion pair inæraction with

the pyrophosphate portion of NAD.

The three-dimensional model of one subunit of E. colí citrate synthase places

Cys-206 some distance from the active site, in a region containing linle sequence

homology with the pig hean enzyme. The E. colí enrryme contains three arginines very

close to Cys-206: Arg-188, Arg-217 and Arg-221 (Figures 30 and 39). Each of these

arginines has been mutated to leucine individually, to r€move the positive charge from

the amino acid side chain. Since Arg-2I7 and Arg-221 are located on the same face of

the K helix separated by one c-helical turn, a double mutant which has both Arg-2I7
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and Arg-221 changed to leucine was also prepared, to exclude the possibility that one

residue could simply substitute for the other. In spite of the fact that these three arginine

residues are conserved in the 3 bacterial citrate synthases which are also sensitive to

NADH inhibition (except Arg-217, whose homologous residue is lysine in p.

øerugínosa) (Table 23), their mutation had no effect on the abiliry of NADH to bind to

these mutants (fable 11), or inhibir enryme activiry (Table l0).

Although none of the three arginines mutated appear to be involved in NADH

binding, there are several other positively charges residues in the viciniry of Cys-206

which may form an ion pair with the pyrophosphare porrion of NADH (Table 23).

Three histidine residues are included in this table, since they can be positively charged,

depending on the pH of the local environment. This fact makes a histidine residue

particularly attractive for this role, since NADH binding shows some dependence on pH

(Figure 24; Duckworth & Tong, 1976). The locations of all of these residues are

shown in Figure 39. Atthough the sequences of the three citrate synthases from the

Gram-negative bacteria ¿lre very homologous around Cys-206, they do not sha¡e this

homology with the pig heart enzyme, on which the E. coli citate synthase model was

based (Figure 8). For this reason, the locations of the amino acid residues in Figure 39

may not be precisely as shown. The diagram does, however, provide information about

residues which have the potential to be important in NADH binding.

Table 23 shows the amino acid residues in each of the citrate synthase

sequences, in the homologous positions to those for the E. colí enzyme. It seems

feasible that any residue involved in binding NADH should be conserved in alt enz)¡mes

which a¡e sensitive to NADH inhibition; this includes the three Gram-negative bacterial

citrate synthases. Therefore, Ilts-122 n E. colí citrate synthase would probably not be

particularly well-suited for a role in NADH binding, since it is not conserved in either

theA. anitraam or P. aeruginosa sequences (Table 23). One can only speculate as to

whether or not a residue involved in NADH binding would be maintained. in sequences
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of enzymes which are not sensitive to NADH. Lys-167 is identical in all seven

sequences, while Lys-I77 and His-l10 of E. coli citrate synthase have identical

residues in the three other bacteria (including R. prowazekii), and arginines in the

eukaryotic sequences. Intuitively, it would seem that enzymes which are not sensitive

to NADH, should not be expected to maintain amino acid residues homologous to those

involved in NADH binding. Therefore, Arg-125 and His-114 of E. colí citrate

synthase would be the most suitable choices for future mutagenesis experiments in the

effort to locate the allosteric NADH binding site, because only the three NADH-

sensitive enzymes have identical residues at these positions, with no analogous residues

in the corresponding positions of the NADH-insensitive enzymes.

A comparison of a portion of the E. coli citrate synthase sequence with five

nucleotide binding regions from five proteins of known sequence and structure is

shown in Figure 40. The "known structures" are of the NAD binding regions of

glyceraldehyde-3-phosphate dehydrogenase (GPDH), lactate dehydrogenase (LDH) and

alcohol dehydrogenase (ADFI), and the FAD binding regions of glutathione reducrase

(GR) and p-hydroxybenzote hydroxylase (PFIB) (Sternberg & Taylor, i984). These

five sequences all contain the sequence Gly-X-cly-X-X-Gly (where X is any amino

acid residue) (Figure 40). The role of these glycine residues has been described by

Wierenga and Hol (1983). The f,rrst glycine of this sequence is required for rhe binding

of the ribose group to the enzyme because it allows an acidic residue (as will be

discussed shonly) to interact with the ribose group of the nucleotide. The second

glycine enables the close approach of the negatively charged pyrophosphare group to the

positively charged N-terminus of the dipole created by the cr-helix (Hol et al., 1978),

while both the fust and third glycines enable the chain to make a sharp turn between

B-snand 1 and the cr-helix (Figure 40). A second important feature is the presence of a

conserved acidic side chain (Asp(D) or Glu(E)), which forms a hydrogen bond with the

2'-hydroxyl of the adenine ribose (Sternberg & Taylor, 19g4).
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Protein

a/F

@DH

ADH

LDH

G.

PHB

First
amino acid

&

Reference

þ2p1

S
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I'K R
NU
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WT
NU

R
E
srt

(1 ) SICGIDG'RIRLVI,RAAI,SCC¿Q--\A,AV¡TDPF
o000

(193) SrcA@-Rrr6/DtN
oøoo

(2I) NlüT\ ¡SVGAVGIßCÀISIIMBDLAD-H/ALVDVI4
0oo€

(27) YDYLVjGGGffi--RAA\^/ESH
oo0o

(3) TQVATTGA@SGJ,TCQUJ*GCÏ---DII\ITLRQ

206.

o0

co

ê

E. coLi (175) Cï{íSICÐPFVYPRNDLSIãG{FLNN04TST?CEPY

ligure ¿0. sequence alignment for a portion of several nucleotide bindine enzyrnes of known
th¡ee-dimensional stn¡cnue (taken froni Sternberg & Taylor, 1984), with E.-coli óirui" synthasé.
oy'p denotes the secondary structue assignment which is taken from GPDH but would apply in
qgnegl ¡9 a!_{v-e chains of "known stn¡cture". "." indicates the important residueiirthe
Gly-X-Gly-X-x-Gly sequence for the "þown strucfures", and the Gty-x-no-x-x-x-tro
sequence foy E. çoliciræe^synrhase; as well the acidic residue (Asp (D) oiGlu @)), which forms
.a 

hydrogen bo$ ryi-th $-e. 2'-åydroxy!_o{ th9 ribose. The role of glyiines at posìtión s 7 , 9 and 12
has been des:ribed-by Wierenga an<i ffo¡ (l?83). Gly-:I is requñeä for the ûri"ai"g of ihe ribose
group, Gly-9 enables the close approach of the negãtively charged pyrophosphaË group to the
positively charged N-ærminus of the a-helix dipole (Hol er a1.,1978), both Gly-7 and Gly-12
enable the chain to make the sharp turn between þsrand I and the s-helix.

a Buehner etal.,1974.
b Buehner etal.,1976.
c Holbrook et a1.,1975.
d Thieme et al,l9ïl.
e Wierenga et a1.,1979: Weijer et aI.,l9B2.
f Ner¿¡ a1.,1983.
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Although the E. colí cinaæ synthase sequence does not contain the precise

Gly-x-cly-X-x-6ly sequence, it does have the sequence Gly-X-pro-X-x-X-pro

shortly before Cys-206, a potential marker for the NADH binding site (Figure 40).

Interestingly, the acidic amino acid residue, located a short distance from these Gly-

(or Pro-)rich se,quences, is conserved in the E. coli sequence (Figure 40), and also in

the other NADH-sensitive citrate synthases (Table 23) (as well as both yeast

sequences). Thus, Gly-207 of E. colí citrate synthase may hydrogen bond with the

2-hydroxyl on the ribose (of NADÐ, as analogous acidic side chains of the orher

nucleotide binding enzymes were found to do. This possibility could be tested by

mutating Gla-207 to an uncharged residue like alanine, and studying the resulting

mutants' ability to bind NADH. In addition, since the first glycine of the conserved

Gly-+ich sequence is also present in the E. colí citrate synthase sequence as well as the

acidic amino acid residue, it is tempting to speculate that the E. colí enryme may bind

the ribose goup like these other nucleotide binding en4¡rnes, with a glycine allowing an

acidic side chain to hydrogen bond with the 2-hydroxyl group of ribose. The fact that

two proline residues are found in the E. coli sequence, at positions nearly corresponding

to the glycines in the sequences of the "known structures", indicates that they may be

important for the maintenance of a secondary structure which allows the binding of the

ribose, since, like glycine, they are considered to be helix breaking amino acid residues.

However, in the "known structures" the second glycine is also required to allow the

interaction between the negatively charged pyrophosphate group of the nucleotide and

the positively charged N-terminus of the dipole created by the a-helix (Hol et al.,

1978), so that n E. colí citrate synthase, where the homologous residue is proline, this

interaction is unlikely.

The absence of any th¡ee-dimensional infomration about NADH-sensitive citrate

synthases specifrcally, makes further experiments aimed at locating the allosteric NADH

binding site difficult to plan; unless, of course, a mutation is made which has a specific
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detrimental effect on NADH binding. If the NADH binding site is formed upon

association of three-dimers into a hexamer, the model of a single subunit of E. coli

citrate synthase currently available provides only a fraction of the potential amino acid

residues which may be involved in nucleotide binding. Extension of the model to a

dimer may improve some aspects of citrate synthase study, such as examination of the

active site (since the active site has contributions from both subunits of the dimer), but

unless information becomes available about how the th¡ee-dimers fit together to form a

hexamer, characterization of the allosæric NADH binding site of E. coli citrate synthase

will be an a¡duous task.



Mutants which Affecr the Allosteric Equilibrium
of E. coli Citrate Synthase
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Allosteric citrate synthases, like E. coli , have a conserved tryptophan residue in

the homologous position to the alanine residue conserved in non-allosteric citrate

synthases. Since the allosteric and non-allosteric enzymes have very similar sequences

around these byptophan and alanine residues (Figure 3i), it was thought that this single

amino acid difference might be important in giving these enzymes their d,istinct

properties; therefore, Trp-260 of E. coli citrate synthase was mutated to alanine. More

recently, the sequence of the non-allosteric R. prowazekií enzyme has also been

determined, and unlike the other non-allosteric citrate synthases, it has a tryptophan

residue in the corresponding position (Figure 31). As noted in the Introduction,

although the citrate synthase of R. prowazekii is non-allosteric, like its eukaryotic

counterparts, its amino acid sequence is far more homologous to the allosteric

Gram-negative class of enzymes. For this reason, Vy'ood et al. (1987) have suggested

that comparison of this unusual enzyme with the E. coli and pig heart enzymes may

establish the location and extent of changes required to convert one class of citrate

synthases to the other. Given this new sequence information, Trp-260 of the E. coli

enzyme by itself could not be sufficient to confer allosteric properties on a given citrate

synthase enz)¡rne, rather, it may be one of several residues which act together to give the

enzyme its allosteric nature.

Trp-260 of E. coli citrate synthase is located on the M helix, one of the four

helices (F, G, and L are the others) involved in intersubunit contacts between monomers

in the formation of a dimer (Figure 32). Figure 41 is a stereodiagram of the model of E

colí cixate synthase (from the bottom looking up with respecr ro rhe view in Figure 32).

The four helices which form the dimeric contact surface are shown at the top of this

diagram, looking down the axis of the helices F, G, M and L. The side chain of
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Figure.41. Stereodiagram_ of the model of E. coli cirrare synrhase, showing theprojection of Trp-260 into the dimeric contact surface. The view is froá ;ihi botto.rr"
as compared to the standa¡d view of the model shown previously.
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TrpJ60 is also shown in this figure, projecting from the dimeric contact surface of this

subunit into the region where the second subunit of the dimer would be-the helix

F interacting with F', G with G', M with M', and L with L' (where ' indicates the

second subunit). Trp-260 is also very close to the catalytically important active site

residue His-264 (Figures 32 and 41). Given its proximity to these two essential

regions of the enzyme, mutation of Trp-260 to alanine could be expected to have

diverse effects on the properties of the enzyme.

Two forms of the Trp-260 mutant enzyme were prepared, using slightly

different purification procedures (see Results), yielding an enzyme form which had lost

about half its sensitivity to NADH inhibition, CS260W-+Ag¡, and a form which rerains

full sensitivity to NADH inihibition, CS260W-A(S) (Table 14). As discussed in

Results, some difficulties were encountered in obtaining the CS260W-+A(S) form; in

fact, only one such preparation successfully retained full sensitivity to NADH

inhibition, despite several attempts to repeat the method. In view of this fact, and

considering that addition of crude extract was able to restore NADH sensitivity to

samples of the NADH-insensitive CS260W-+Ag¡ lfaUte 13), this one sensitive

preparation, which was found to be aboutS}Vo pure, probably still contained a factor

present in crude enzyme extracts which conferred complete NADH sensitivity on

CS260W-+A1I¡. tdentification of this factor may help to explain this unusual effect.

Although the kinetic inhibition by NADH was very different for these two

mutant forms, both forms bound that nucleotide normally, with one exception

(Table 15). Untike the case for wild type citrate synthase and CS260W-+A(I), as little

as 10¡rM oxaloacetate reduced the fluorescence of the NADH-CS260W+A(S) mixture

to less than that observed for NADH alone, that is, oxaloacetate seemed to cause

CS260V/--'A(S) to quench the fluorescence of NADH in the mixture. No explanation

could be found for this curious effect.
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It is not surprising that the kinetic parameters for the two mutant enzyme forms

are similar (Table 14) since they contain the same mutation. The variation in their

turnover numbers and Michaelis constants may reflect slight rearrangements at the active

site which probably took place during the two different purification procedures used.

The standa¡d method of cirate synthase purification uses a DEAE chromatography step,

which subjects the enzyme to buffers containing high concentrations of KCI over a

period of several days. In the presence of KCl, wild type enzyme undergoes a

conformationai shift to R state, causing rearangements which seem to tighten up the

active site (see Results; Anderson & Duckworth, 1988). In wild type citrate synthase,

tlte interconversion between T and R state is totally reversible, so that in the absence of

KCl, the enzyme retums to T state; this is evidenced by its hyperbolic saturation curve

for NADH, and the effect of KCI on acetyl-CoA saturation curves (see Introduction).

CS260W-+A1I¡, *hich was purified like the wild type enzyme, could be expected to

show some of these same rearrangements upon addition of KCl, except where the

mutation of Trp-260 to alanine prohibited them. It is possible though, since NADH can

inhibit only about half the enzyme activity, that the rearrangements induced by KCt

during purification may not be entirely normal and/or reversible in this case. Suppose

that deletion of the large Trp-260 side chain has been compensated for in
CS260W-+A(Ð Uy a conformational rearrangement, resulting in a higher k.u, value at

the expense of the ability of the enzyme to bind both of the substrates, and this has left

the enzyme unable to respond normally to bound NADH. CS260W-+A(S), on the

other hand, which was not subjected to these high ionic strength buffers during

purification, presumably did not undergo any compensatory rearrangements, which is

why it had a lower Çap normal substrate affînities, and could be completely inhibited by

NADH (Table 14). The adverse effects of KCl, particularly on the affînity of both

mutant enzyme forms for oxaloacetate (observed in ANS displacement experiments for

both mutant forms (Tabte 16), and in steady state kinetic data measured for
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CS260W-+A1I¡, both in the presence and absence of 0.lM KCI (Table 17)), supports

this theory.
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Arg-319 is located on the P helix, a short distance from the active site

(Figure 32). It is a positively charged residue, whose homologous residue in the th¡ee

eukaryotic sequences is also arginine, and whose equivalent residue in the three other

bacterial sequences is lysine. In order to determine the functional importance of this

highly conserved positively charged side chain, Arg-319 of E. colí citrate synrhase has

been mutated to leucine.

CS319R-+Lbinds NADH normally, excepr that the binding shows some

inhibition by 0.lmM oxaloacetate (Tabte 18). This is consistent with the fact that the

extent of NADH inhibition was found to be dependent upon the concentration of

oxaloacetate present in the assay, and at 0.lmM oxaloacetate only about 25Vo inhibidon

by NADH was observed (Figure 358).

In the presence of 0.lM KCl, the Arg-319 mutant shows a somewhat lower k*,
value than the wild type enzyme, but it has a higher affinity for both substrates

(Table 19). In the absence of KCl, cs319R-+L again has a lower k.u¡ and a

substantially higher affinity for acetyl-CoA, but has a lower affinity for both

oxaloacetate and a-ketoglutarate than wild type citrate synthase.

The effects of KCI on substrate association and dissociation consrants for wild

type citrate synthase and CS319R-+L have been calculated and are shown in Table 24.

The association constant of oxaloacetate (k1) to the Arg-319 muranr is 3.5-fold higher

than that to the wild type enzyme in the presence of 0.lM KCl, but in the absence of

KCl, it is i2.5-fold lower. Once the enzyme--oxaloacetate complex is formed in the

Arg-319 mutant enzyme, it dissociates (k) more slowly than the complex involving the

wild type enzyme, particularly in the absence of KCl. So rhe Arg-319 murant seems to

have more difficulty in orienting the oxaloacetate molecule in the active site in the

absence of KCI than the wild type enzyme, but once oxaloacetate is bound to the



1<lJ

enzyme, it also has more difficulty leaving the active site. Both in the presence and

absence of 0.lM KCl, acetyl-coA associares (k¡) more quickly ro rhe

enzyme-oxaloacetate complex in CS319R+L as compared to the wild rype enzyme, ard

in general, seems to be fa¡ better at orienting itself in the active site of both enzymes in

the presence of 0.lM KCI (Table 24). Moreover, addition of 0.lM KCI activares the

Arg-319 mutant enzyme only 3.7-fold, compared to 39-fold for the wild type enzyme

(Table 19); this is because the "baseline" value, in the absence of KCl, is already about

lO-fold higher than for the wild rype case (Figure 36).

Table 24. Effecf. of 0.lM KCI on kinetic parameters for wild type citrate synrhase and

muranr CS319R-L.

Parameter Wild Type

no KCI 0.1M KCI

CS31gR-L

k1, M-ls-1 @.0t2.2\xre6 (3.1r0.6)x106 (0.32+0.13)xi06 (11+3)x1Q6

k2,s-1 14ot9o loot3o 17+g 56+30
k3a,M-1s-1 (0.59t0.17)x1Qs (6.g+1.2)x1Qs (1.2+0.5)x10s (19+3)x10s

u k3 : (k"urlKerCoe).((1 + ky'ks); assuming k5>>k¿, k3 = k.u¡Æ(AcCoA.
b uncertainties were calculated according to Shoemaker and Ga¡land (1962).

These results indicate that the Arg-319 mutant is altered in the T++R allosteric

equilibrium, shifted towa-rds R or active state. This shift is dramatic enough to allow

oxaloacetate to have some effect on NADH binding, and in some way "decouples" the

NADH binding from its inhibitory activity. Note that compared ro wild type citrate

synthase, CS319R-+L has a poorer affinity for c¿-*etoglutarare, which is precisely what

would be expected if a conformational shift towards R state had taken place, since

R state is better able to discriminate between the true substrate, oxaloacetate and

no KCI O.lM KCI
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ü-ketoglutarate, a substrate analogue and competitive inhibitor of oxaloacetate

(Anderson & Duckworth, 1988). Upon addition of KCl, which presumably makes the

conformational change to R state more highly organized, the binding of oxaloacegte, as

well as the second substrate acetyl-CoA, actually becomes tighter in the Arg-319

mutant than that observed in the wild type enzyme. The fact that in this mutant the

substrates have Michaelis constants well below those for wild type enzyme,

approaching values found for the non-allosteric pig heart enzyme (Johansson &
Pettersson, 1974), shows that the active site of E. coli citrate synthase has all of the

apparatus needed to bind both substrates effectively, and that the lower affinity of the

wild type enzyme is not due to a lack of one or more particular goups. This suggestion

had been made ea¡lier (Ner er al., 1983), on the basis of the fact that the E. coli enzyme

is apparently missing a residue equivalent to A19-46 of the pig heart enzyme, which is

believed to make an acetyl-CoA binding contact in the crystalline form of this enzyme

(V/iegand & Remington, 1986). As was pointed out in the Introduction, however, the

R. prowazekii citrate synthase also lacks this homologous residue (as well as an

A19-164 equivalent), and yet shows the same high affinity as rhe pig heart enzyme for

acetyl-CoA (ìVood et a1.,19S7).

Physical studies on cs319R-+L, with comparisons to the wild type enzyme,

have so far failed to show any useful probe for the allosteric state of the enzyme. KCI

induces a¡ ultraviolet light difference spectrum in wild type citrate synthase (Faloona &

Srere, 1969), which might correlate with the transition from T to R state, but the same

difference spectrum is obtained when KCI is added to the CS319R-+L muranr, atthough

the mutant is believed to be largely in R state already. Similarly, KCi slightly increases

the reactivity of wild type citrate synthase towa¡ds DTNB (Talgoy et al., lgTg), but the

same effect is found with the Arg-319 mutant. No difference has been found berween

wild type and CS319R-L citrate synthase in circular dichroism spectrum, rryptophan

fluorescence spectrum, or sensitivity to urea denaturation, in the absence or presence of
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KCl. Thus, the Arg-319 mutant allows us to eliminate certain KCl-dependent changes

in physical properties as probes for conformational change, but the evidence for the

conformational change itself remains simply the interpretation of ligand binding and

substrate saturation curves.

In previous work, Weitzman and co-workers (Danson et al., 1979) isolated a

regulatory mutant of E. colí citrate synthase, whose kinetic properties were similar to

those of CS319R-+L, in that it showed an increased affinity for both subsrrates. The

mutation leading to this change in properties has not been identified, and that mutanr

enzyme was not obtained completely pure, but it was established that the mutånt had a

lower molecular weight than the hexameric wild type enzyme, and was probably a

dimer. Thus the loss of allostery, in that case, seems to have been the result of a

substantial change in quaternary structure. CS3tgR-L, on the other hand, has the

same molecular weight as wild type citrate synthase, and so its mutation must have a

more subtle effect on the stucture.

Removal of the positive charge of Arg-319 could lead to a conformational shift

towa¡ds the active conformational state of the enzyme much in the same way as KCI

affects this transition. Since addition of KCI to assay solutions shifts the enzyme into

R state, it is almost certain that Arg-319 makes an ionic interaction, either attractive or

repulsive, which helps to stabilize the T or inactive state. An attractive interaction, that

is an ion pair or salt bridge, would be like those which Perutz (1970) has shown to be

critical in stabilizing the deoxy or T state of hemoglobins. Similarly, Yaldez et al.

(1988) have found an analogous arginine residue in Bacillus stearothermophílus

phosphofructokinase, except that it specifically stabilizes the R state of that enzyme.

Mutation of this arginine residue to alanine resulted in an enzyme with a high affinity for

its allosteric inhibitor, and a 200G-fold decrease in its subsrate affinity.

Such an interaction, of course, requires a negative charge somewhere nearby.

Careful examination of the model of an E. coli citate synthase subunit has revealed that
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Glu-343 is in a good position to interact with Arg-319, though, since the model does

not provide information about the unknown differences between T and R states, it is not

obvious how the interaction would stabilize the T state specifically. Figure 42 shows a

close-up view of the interaction between Arg-319 (on the P helix), and Glu-343 (on

the Q helix). To confirm this interaction, the glutamate could be mutated (to remove its

negative charge) instead of the arginine, to ses if the resulting mutant showed properties

similar to those of CS319R*L. If this was in fact the case, further confirmation would

be provided by the exchange of arginine and glutamate residues by mutating Arg-319 to

glutamate, and Glu-343 to arginine.
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C onclusÍons

In these experiments inviffo mutagenesis techniques are used to manipulate the

structure of the citrate synthase enzyme of E. colí, in order to determine the functions of

various amino acid residues. Although no direct three-dimensional information is

available for the E. colí citrate synthase enzyme,a model of one of its subunits has been

constructed using the known X-ray structure of the pig heart enzyme and the sequence

homology between the two enzymes. .Mutations of active site residues of the E. colí

enzyme (His226,His-229, His-305 and Arg-314) have confirmed the predicted roles

of residues which are homologous to those in the pig heart enzyme. The fact that

analogous roles appear to be played by analogous amino acid residues is srrong

evidence for the idea that the individual subunits of the non-allosteric (pig heart) and

allosteric (8. colí) citrate synthases are very similar. Mutation of non-active site

residues, conserved between the two sequences, may also provide useful information

about the relationship between the structure and function of a protein. In the case of

Arg-319 of E. coli citrate synthase, mutation of this residue to leucine specifically

destabilized the T state conformation of the enzyme, presumably by removing the

charged interaction between Arg-319 and Glu-343.

The regions of the E- coli model with little sequence homology ro the pig hean

enzyme can also provide useful information about the structural features of the sequence

which may be responsible for the different properties of the enzymes-in particular, the

allosteric nature of E. coli citrate synthase, and the location of its NADH binding site.

Examination of the sequences of the E. colí and pig heart enzymes, as well as those of

other citrate synthases both allosteric and non-allosteric, led to the selection of several

residues for mutagenesis. One residue which sequence comparisons have brought to

light is'rrp-260 of E. coli citrate synthase. This tryptophan residue is conserved in the

allosteric class of citrate synthases and is also present in the R. prowazekíi enzyme
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sequence, in spite of the fact that the R. prowazekii enzyme is non-allosteric. Mutation

of Trp-260 to alanine had effects on both enzyme activity and sensitivity to NADH

inhibition. Thus, although it clearly cannot be the only residue involved in giving the E

colí enzyme its allosteric properties since it is also present in the non-allosteric À.

prowazektí enzyme, it may be one of several residues which act together to give the

enzyme its allosteric nature. Several arginine residues (Arg-188, Arg-217 and

ArgaZI) which are unique to the allosteric class of citrate synthases, are located very

close to Cys-206, a possible marker for the NADH binding site, making them likely

candidates for involvement in NADH binding. Mutation of these arginines had no effect

on the ability of NADH to bind to these mutant enzymes, or inhibit enzyme activity;

however, there are other residues in the region of Cys-206 which have yet to be

investigated, and it is possible that one or more of these may be involved in binding

NADH.

These experiments illustrate the power of oligonucleotide-directed in vitro

mutagenesis for creating specific mutant enzymes, in order to manipulate the süuctu¡e of

proteins in a controlied way. It is the present day tool of protein chemists and

enzymologists, and will be used to reveal the details of catalysis, and the conformational

change associated with allosteric enzymes-limited only by the ingenuity of the

experimentalist!
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