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ABSTRACT

Escheríchia coli H8101 transfonned r+ith an amplcillín-resístance

plasuid containing g1È4, the gene for citrate synthase, produces citrate

synthase as 8.9 t 0.8% of. its soluble protein. Plasmíd-specifÍed and

chromosomal citrate synthase are identical by several criteria including

the N-tetruinal sequences. The overall recovery of pure ciÈrate synthase

starting with about 83 g wet cells is about 800 ng.

Allosteric E. co1í citraËe synthase ís rapidly lnactivated when ex-

posed to low weíght ratios of subtilisin BPNt and the subunits, of 47'000

g/nol, are concomitantly cleaved to fragrnents of about 32,000 and 13'500

(13.5K) Elmol-. The large fragment, r¡hich has the same N-terminal sequence

as untreated enzyne, Ís stable while the 13.5K fragment is cleaved at

longer times to give a relatively stable fraguent of about 7500 (7.5K)

E/moI. The order of appearance of the cleavage products suggests that

cleavage at the 13.5K sítes exposes the 7.5K sítes. The najor 13.5K

cleavage site and the surrounding sequence are recognizably homologous to

the roajor subtilisin target in non-allosteríc píg heart cit.rate synthase

(Bloxham et al., 1980; 1981). The N-terminal sequences of the 13.5K and

7.5K fragnents are homologous wiËh portions of the pig heart enzyme which

correspond to the active site (Renington et al. , L982). The finding that

subtilÍsin attacks native E. coli and pig heart citrate synthase in the

sâme r¡ray and the fact that the active sites of the two enzymes are homol-

ogous suggest that some features of the folding patterns are similar. It

seems likely that the allosterÍc propertíes of the E. coli erøpe are due

to different subunit ínteractions rather than to a dífferent kind of sub-

unit than the non-allosteric píg heart enzyme.
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Cirrate synthase [citrate oxaloacetaÈe-lyase (CoA-acetylating) EC

.ì
4.L 3.7), a key enzy¡ne in the trícarboxylic acid (fCA) cycle, catalyzes

the condensation of acetyl coenz)rme À (e"Co¡) and oxaloacetate (OAA) to

citrate (Equation 1) and thus controls the entry of carbon lnto the cyc1e.

AcCoA + OAA + HZO = cltrate * CoA (1)

The TCA cycle is an amphibolic pathway serving the dual functions in most

organisms of energy production and the production of metabolites for bio-

synthesís. Energy is produced in the form of r't-ADH which rnay be coupled

through oxidatíve phosphorylation to the production of ATP or may be used

as a source of reducing hydrogen in bíosynthesis. Citrate synthase is

also important in the glyoxylate shunt which may be used in bacteria as

a method of replenishing ínÈermedÍates of the TCA cyc1e. The glyoxylate

shunt ís amphibolíc, however, Íts rnajor imPort.ance is the synthesis of

succinate from two molecules of AcCoA. In many bacteria during anaerobic

growth, c-ketoglutarate dehydrogenase is not produced and thus the TCA

cycle is disconnected and beco¡nes two branches, one strictly biosyntheËic'

leading to a-ketoglutarate (a-KG) and the other, which nnay be anphibolic,

leading to succCoA (Arnarasingham & Davis, 1965). In bacteria, as in

most organisms, one of the key precursors produced in the TCA cycle or

during anaerobic growth is a-KG. Production of c-KG 1s important since

it is enzymatically converted to glutamate and this reaction is one of

the prinnary pathways for the formation of c-amino grouPs directly from

aurnonia. The reaction catalyzed by citrate synthase may be considered

the first step in these pathways and thus it is a prirne target for meta-

bolic control.

One of the main regulatory rnechanisms for control of metabolic



pathÌrays, at the enz)rme leve1, is feedback inhíbition. Feedback inhib-

iËion occurs when the end product of a sequence of reactions inhibits

the fírst enzyne in that series. As stated above, citrate synthase may

be considered the first enz)rme in those pathways and the possible end

products may be ATP, NA)H or a-KG. Since the feedback inhibitor often

does not resemble the substrates or the products of the reaction, reg-

ulation rnay be Ëhe result of binding of the inhibitor at the regulatory

or allosËeric site.

PHYS I CAL A"\D- TYOLECULAß PROPERTI ES

Cítrate synthase was first purified from pig heart by Ochoa et al.

(1951) and the properties of various citrate synthases have been vigor-

ously investigated since (for revíe\.rs see Srere, 1972; I^leitzrnan & Danson,

L976; WeiÈzman, 19Bl). The aim of many investigations has been directed

at characterizing the physical, catalytic and regulatory properties of

the enzyme. Metabolic regulation of citrate synthases by o-KG (I{right

et a1. , 1967), ATP (Hathaway & Atkínson, 1965) and NADII (tr^ieítzrnan, L966a)

has been proposed.

Regulatory Properties

Inhibition of citrate synthase by s-KG was first demonstrated by

trrrÍght et al. (1967) with the Escherichía coli enzyme. Inhibition by

q-KG was shovm to be a11osÈerj.c because the effect was reversed by in-

creasing the pH or by the addition of KCl (0.1 M). q-KG was shown to be

a specific inhibitor of E. coli citrate synthase sínce other keto acids

such as pyruvate, phosphoenol pyruvate and isocítrate did not inhibit

the enzyme when tested at 5 mM. The K1 for o-KG ¡¿as estirnated to be

about 60 pM and inhibition r"/as competitive with OAA. lJright et al. (L967)

proposed that the effect of a-KG is to regulate citrate synthase and thus



eontrol the biosynthetic nature of the TCA cyc1e. Amarasingham & Davis

(1965) had shov¡n that under anaerobic conditions the TCA cycle serves a

biosynthetic function with s-KG as the inrnediate end product of the citrate

synthase reactíon'

I^leitzman & Dunrnore (1969a) confirmed that o-KG is an allosteric

inhíbitor of E. coli citrate synthase and that desensitÍzation occurs in

the presence of 0.2 M KCl. Further, a survey of several bacterial citrate

synthases indicated that only the cÍtrate synthases from facultative

anaerobic Gram-negative bacteria were inhibited by o-KG. This observation

is consistent with the finding that the TCA cycle serves a sÈrictly bio-

synÈheÈic function during anaerobic growth (Amarasingham & Davis, 1965)

and thus regulation by o-KG may be significant in vivo.

Hathaway & AtkÍnson (1965) were the fírst to sho¡¡ that ATP (and other

nucleoside triphosphates) inhibited baker's yeast (Saccharornyces cerevisiae)

citrate synthase. ATP inhibition was shor,¡n to be competitive wíth AcCoA:

at 20 uM AcCoA ancl 1 mM ATP the enzyme was inhibited about 637" whi-Te at

50 UM AcCoA only about 277" inhibition \,ras observed for the same concent-

ration of ATP; both tests were performed at 200 uM OAA. ADP and AllP were

shown Èo be less effective inhibÍtors resulting in about 307. and about 5Z

inhibítion, respectively, when tested at the same concentratíon (1 mM)

under the same condÍtions. Hathaway & Atkinson (1965) proposed thaÈ the

relative amounts of these three adenine nucleotides were important in the

metabolic regulation of citrate synthase. The general importance of ATP

regulation was suggested by the further fact that pig heart and beef liver

citrate synthase were also inhibiÈed by ATP.

Pig heart citrate synthase r¡as shornm to be inhibiÈed by several

nucleoside di- and triphosphates indicating a rather broad specificity



î.or energy rich nucleotide phosphates (Kosicki & Lee , 7966). InhíbÍtíon

in all cases'hras competitive v¡ith AcCoA and the followíng order of effect-

iveness was observed: ATP > GTP > ADP > GDP > ITP > IDP. Divalent metal ions

(MrÍz , log*2 and C"+2¡ were shown Èo reverse the inhibitíon of the nucleo-

side phosphates partíal-1y with maximal effect at equimolar concentrations.

This effect, attributed to chelaÈion of the pyrophosphate, may offset the

possible importance of ATP regulation since intracellular ATP probably

exists mainly in the chelated form. High concentrations of divalent metal

ions also inhibit citrate synthase directly and this could occur by a

sirnilar mechanism since the pyrophosphate of AcCoA may also chelate wíth

divalent metal ions.

Nicot.inamíde nucleotides were also shov¡n to inhíbit pig heart cítrate

synthase and inhibition was determined to be competitive wíth AcCoA (Lee

& Kosicki, 1967). The K. values for the nicotínamide nucleotídes r¿ere in

the millirnolar range, about 4 - 10 fold higher than the K. value fcr ATP

(about 670 uM). Lee & Kosíckí (1967 ) proposed that inhibitíon by the

nucleotide phosphates (inclucli¡g t-he nicotinamide derivatives, NADPH,

NADH, NADP+ and XaO*) vras a result of the structural simil-aríty with AcCoA.

Harford & l,leitzman (1975) have since demonstrated that ATP is an isosteric

inhibítor, acting at the active site (see below) and thus the role of ATP

in citraÈe synÈhase regulation may be secondary.

The observation that E. coli citrate synthase \,Ias rather insensitive

to ATP led l,Jeítzman (1966a) Èo search for an alternative metabolic reg-

ulator. lleÍtzman (1966a) found that llADIl was a very poÈent specific

inhibitor of the E. coli enzyme and Èhat l'lADPH, NADP+ and IIAD* (tested

at 0.3 mM) did not ínhibÍt the enzyme. NADH inhibition r¡as shovm to be

competitive with AcCoA. NADH at 0.1 ml'l almost compleÈely inhíbited the



E, coli enzyme while on1-y 757" of the activity was inhiblted by 20 nM ATP.

Thus Weírzman (I966a) proposed that in bacteria NADH acts as the feed-

back regulator of energy production. NADH inhibition of E. coli citrate

synthase v¡as proposed to be allosteric since increasing the pH or adding

O.Z 14 KCI reversed the fnhÍbitory effect (lleitzman, 1966b). The specifi-

city of NADIi ínhibition was shornm to be restricted to Gram-negative

bacËeria, and Gram-positive bacteria and higher organis¡ns were relatively

insensitíve to NADII inhibition (I.treitzman & Jones 1968; l'leitzman 1966a).

The allosteric nature of NADH inhibÍtion of Èhe Gram-negative bacte-

rial citrate synthases was confirned by Harford & hreitzman (1975), using

the nultÍp1e-inhÍbition analysis method of Yonetani & Theorell (1964).

This method involves the multiple inhibition of an enzyme by two inhibitors,

each conpetitÍve wíth the same substrate. If the inhibitors are inhibit-

ing the enzyne by the same mechanism then their effects are additive; other-

wise their effects are cor:ìpetitive. ResulÈs of thÍs study indicated that

ATP, llADIi and bromoacetyl-CoA inhibit pig heart and Bacillus megaterium

(a Gram-positíve bacterium) citrate synthase by the same mechanism as that

of bromoaceÈyl-CoA, whÍch nost likely inhibits by competing with AcCoA for

the active site (Harford & lieitznan, 1975). The results for a Gram-

negative citrate synthase, of Pseudononas aeruginosa origin, índicated

that ATP and bromoacetyl-CoA exert thelr effects by the same mechanism

and that NADII functions by a different mechanism, presumably via the allo-

steric site (Harford & l.Ieitzman, 1975). The Gram-negative citrate synthase

could be desensítlzed selectively to NADH inhibition by reaction with

DTNB (a sulfhydryl reagent) emphasizing the allosterÍc nature of NADH

inhibltion. DTIìB{esensitized P. aeruginosa citrate synthase was shor*n to

be lnhibited lsosterically by NADIì lndÍcating that the active (AcCoA) site



also has a 1ow affinity for this nucfeotíde (Ilarford & lÌeitznan, I9l5).

I,jeitzman (7967) found that 5'-Al'ß rlras a potent actívafor of Acíneto-

bacter lwoffi (a Gran-negative bacterium) citrate synÈhase and this nucleo-

tide could alleviaËe NADH inhibition. AMP was proposed to be the meta-

bolic índicator of energy depletion Èhus activating citrate synthase and

turning on the TCA cycle' that is energy product.ion.

A survey of several bacteria indicated that the citrate synthases

could be classified into three groups on the basis of NA-DH inhibition and

5'-AllP reactivation (Weitzman & Jones, 1968). All the Gram-posÍtive

citraËe synthases tested were insensitive to NADIi inhibition while the

Gram-negative citrate synthases s/ere all Ínhibited by NADll. The Grarn-

negative citrate synlhases could be subdÍvÍded on the basis of response

t.o 5t-Al'fP: the strict aerobes rdere reactivated by 5'-A-ÞlP while the fac-

ultative anaerobes were insensitive to 5'-AMP reactivation. Morse &

Duckworth (1980) have presented evídence for E. c!!.L (a Gran-negative

facultatj-ve anaerobe) and Acínetobacter anatratum (a Grarn-negative sÈrict

aerobe) which suggest that the response to 5r-Al'lP actually measures the

relative affinities of the enzyrne for 5t-Al'P and )IADH. The E. c91! enzyme

is apparently unaffected by 5t-AllP under the conditions chosen by l,leitzman

& Jones (1968) because E. colí citrate synthase has a high affinity for

NADH (characterized by a 1ow K. value, about 2 UM) and a 1ow affinity for

S|-AMP (Kalæ about 70 uM). The effect of 5'-AMP may be to comPete \tith

NADH for the allosteric site and thus the two nucleotídes may be involved

in a cornplex regulatory mechanisn.

WeiËzman & Dunmore (1969) have shom that there is a correlation

between the molecular size and allosteric properties of citrate synthase.

Gram-negative bacterial citrate synthases are 1arge, about 250,000 g/mo1,



vrhile Gram-postive bacterial and eukaryatic citrate synthases are smal1,

abour 100,000 g/mo1. Citrate synthases could be easily distinguished on

the basis of size by gel filtration through a Sephadex G200 column. The

Large citrate synthases, which are inhibited by NADH under standard assay

condítions, elute before catal-ase (apparent size 250,000 g/mo1) and the

sma11 citrate synËhases, which are insensitive to NADH, e1uÈe after lac-

tate dehydrogenase (apparent size 140,000 g/mo1). This characterization

scheme does not require purification of the enzyme and thus has proved

to be a rapid and reliable method to aid in the taxonomical classificatÍon

of bactería (Jones & I.Ieitzman, I97 I; Weitzman & Jones, 7975).

The allosteric properties of citrate synthase are restricted to the

large cit.rate synthases. NADH appears to be the feedback alfosteric

regulator for energy production, at least in Gram-negative bacteria, and

e-KG appears to be the feedback allosteric regulaËor for the biosynthetic

function of the TCA cycle, at least in Gram-negative facultative anaerobes.

The response to ATP appears to be isosteric and thus it is not surprising

that r¿eak ATP inhibition has been observed with every citrate synthase

that has been tested for response to ATP. Differences in the physical

properties of the 1arge, NADH-sensitive and the sma11 NADÌi-insensitive

citrate synthase should reveal r¿hich factors account for the allosÈeric

properties of the large citraÈe synthases.

The Small- _Çrtrate Synttrases

The best characterized sma1l, non-allosteric ciËrate synthase ís

that fron pig heart. The molectrlar weight of native pig heart citrate

synthase nas determined by sedimentatÍon equilibrium and by a combj-nation

of hydrodynamic properties to be abouÈ 1OO,0O0 g/rnol (Wu & Yang, 1970).

A subunit molecular weight of. 49,000 was obtained by the sedimentaÈion



equilfbrium uethod in 6 M GuHCI thus indÍcating that the enz)¡rne is dimeric

and that the subuníts are physically sÍ-milar. Slngh et a1. (1970) reported

values of. 96,000 and 46,000 E/mol- for native enz)¡me and denatured protein,

respectively, thus confirming the dimeric structure. Tryptic digestion

and peptíde nappíng lndicated that the subunits are structurally identical

since the amino acid composition and the molecular size predicted about 80

tryptic peptídes if the two subuníts were dlssimilar, while only 41 nínhy-

drin positive peptides were identified (Singh et a1. , 1970).

Protein sequencing (Bloxham et al., 1981; 1982) and x-ray crystal-

lography (Wiegand et 41. , L979; Rernington et a1., f9B2) have confirmed that

the citrate synthase from pig heart is dímeríc and that ít ís composed of

identical subunits. Each subunlt contains 437 amino acids one of which

is a trimethyl-lysine thus indicating that pig heart citrate s1mËhase

r:ndergoes a post-translational modification (Bloxham et a1., 1981). The

calculated subunit molecular weight, 481969 is in good agreement wíth the

values obtained by direct physical measurements.

The three dimensional structure of píg heart citrate synthase has

sho¡^¡n that the secondary structure of the enzyme is largely helical

(Remington et a1. , 1982). There are 20 helícal regíons which account for

72"/" of the protein and onLy L2 resj-dues that form a ß-sheet structure.

The structures of two different conformations of citrate synËhase were

deternined; one form studied contained enzyme botrnd citrate plus CoA or

eitryl{oA, and allowed the actíve site to be identified. A detailed

discussion of the three-dímensional structure of the pig heart enz)me

wÍl1 be glven ín the final chapter of this Thesís.

The dineric structure shov¡n by pig heart citrate synthase appears to

be characteristic of all sma11, non-allosteric citraÈe slmthases.
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UndenaÈured citrate synthase from either rat heart or rat liver r,ras

shown by equilibrium sedimentation to be 100,000 g/mo1 (Moriyama & Srere,

ß71). Both enzymes were shown to be composed of a síngle size of sub-

unit, about 50,000 g/mol, as determined by SDS-PAGE. Both enzymes \{ere

weakly inhibited by ATP and the K_. values obtained rnrere the same, about

0. 7 mM.

Purified human heart citrate synthase was shown to be electrophoretic-

ally homogeneous by SDS-PAGE (Smitherman et al., 1979). The subunit mole-

cular r,/eight was estimated to be 50,000 thus indicating that natíve enz)nne'

100,000 g/mo1 as determined by the sedimentation equilibrium method, is

dimeric. The K" values for OAA (about 0.25 uM) and AcCoA (about 0.4 uM)

are about lQ-fo1d lower than the values for most mammalian or eukaryotic

citrate synthases. ATP was shown to be a weak inhÍbítor.

Native chicken heart citrate synthase is composed of a single size of

subunit, about 46,000 g/mol as estimated by SDS-PAGE (Beeckmans & Kanarek,

1983). A dimeríc structure r.¡as indicated since native enzyme was estimated

to be 92,000 g/mo1 by ge1 filtration. The purity of the sample and the

fact that Èhe enzyme ís composed of a single type of subunit v¡as proven

by N-terminal sequence analysis. A single sequence was observed up to the

sixteenth position.

The results presented for rat liver, rat heart, human heart and

chicken heart confirm the dimeric structure of vertebrate citrate synthases.

The results for the chicken heart enzyme imply that these citrate synthases

are composed of a single type of subunit. And Èhe fact that ATP was shovm

Ëo be a ri/eak inhibitor of the rat and human citrate synthases is consistent

with the isosteric nature of ATP inhibition.

Citrate synthase was purifíed to near homogeneity from the coËyledons
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of cucumber seedlings (Koeller & KÍnd1, 1977). The subunit molecular

weíght !¡as estimated by SDS-PAGE to be 46,000 and tr¡o forms of the enzyme

were identÍfied. The dominant form, 100,000 Elmol- by ge1 f iltration r.¡as

dimeric and the second form, estimated to be 200,000 g/mol by gel filt-

ration, probably formed by aggregation of the dimers as a result of the

purification since the relative concentration of this molecular form

increased during purification.

CÍtrate synthase purified from the slime mold Dictyostelium discoid-

eum, a eukaryoÈe, was shor^m to be about 110,000 g/mo1 by ge1 filtration

on Sephadex G200 (Porter & t^Jríght, 1977). The enzyme was not inhibited

by NADH or a-KG and 1 nM ATP was only slightly inhibitory, about BZ.

This citrate synthase appears Èo be special since during morphogenesis it

is not degraded although energy production is apparently related to

protein degradation.

Cítrate synthase from the parasitic protozoan Trypanosoma cruzi is

not inhibited by NADH (1 nM) or o-KG (5 mM), but, ATP and A.DP are

Ínhibitors under the same condÍtions (Jaun eÈ al. , 1977). ATP and ADP

result ín 557" and 327" inhibition respectively, when tested at 5 mM in the

presence of 0.05 nl'l OAA plus 0.90 nM AcCoA. ATP and ADP inhibition was

shown to be compeÈitive l¡ith AcCoA, probably by an isosteric mechanísm.

Native enzyme was estimated to be 100,000 g/mo1 by gel filtration.

The subunit size of citrate synthase from Neurospora crassa (Harmey

& Neupert, 1979) and bakerrs yeast (Saccharornyces cerevisiaê) (A1am et al.,

f983), two eukaryotes, is consistent with the apparent subunit size of

the snall citrate synthase,451000 - 50,000 g/rnol. The subunit size of

the active form fs about 45,000 g/mo1 for N. crassa and about 521000 g/mol

for S. cerevisiae as estfmated by SDS-PAGE. In both cases a precursor
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form, about 2000 g/mol larger has been identifÍed. The precursor forms

are synthesized Ín the cytoplasm and the active form of citrate synthase

is associated mainly with the rnitochondria. Alam et al. (1983) detected

Ehe precursor form in an in vitro translation system. Harmey & Neupert

(1979) detected the precursor form in the cytoplasm, indicating that

cleavage to yield the mature form ís a post-translational event. The

Iarger form may be required to prevent premature assernbly of the active

enzpe (Harrney & Neupert , 1979) .

Two Gram-positive citrate synthases, from Bacillus stearothermophílus

and Bacillus megaterium have been partially characterízeò. The citrate

synthase from B. stearothermophilus was purified to apparent homogeneity

(Higa & Cazzulo, 1976). The enzyme eluted from a Sephadex G200 column with

essentially the same elution volume as pig heart cf.trate synthase. ATP

and ADP, both tested at 5 mM, caused 627. and 282 ínhÍbition of the enz)rme

activity while NADH, c-KG and AMP were wíthout effect. ATP and ADP

inhibition rdas competitive with AcCoA. The \ values for both substrates

were shorrn to increase l¡ith increasing temperature over the range 30 C to

65 C. The decrease in substrate affiníty probably offsets the increase

in k _ - over the same range.cat

Citrate synthase from B. megaterium is apparently smaller than the

enz)¡me from B. stearothermophilus. I. megaterÍum cítrate synthase was

estÍmated to be 84,000 g/mol by ge1 filtration on Sephacryl 5200 and the

subunit síze was about 40,000 g/rnol as indicated by SDS-PAGE or gel fil-

tration ín the presence of 6 M GuHCl (Robinson et al., 1983). The dimeric

structure is typical of sna11 cltrate synthases. Robinson et al. (1983)

demonstrated that the B. megaterium citrate synthase is sensitive to non-

speciffc ÍnhibítÍon by a range of nucleoside phosphates. The order of
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sensítivity rl¡as ATP > ADP > NADPH > AMP > NADP+ > NADH > NAD+. The non-

specific naÈure of the inhibition strengthens the contention that nucleo-

tide inhíbition of the smal1 citrate synthases is ísosteric.

The Large Cítrate Synthases

The best characterízed l.arge, allosteric citrate synthase is that

from E. co1i. The most definitive work on the subunit structure of E.

coli citrate synËhase has been presented by Tong & Duckworth (1975),

Tong & Duckworth (1975) have shown that E. coli citrate synthase Ís a

mixture of olígomers composed of one size of subunit, about 47,000 g/mol.

The dÍstribution of the molecular species varies with pli and with íonic

strength. The size of the subunits of thís 1arge, allosteric citrate

synthase appears to be approximately the same as the subunit from the

small, non-allosteric cítrate synthases. One possibility is that the

greater sfate of aggregation is responsíble for the allosteric proPerties'

consístent with the model proposed by Monod et a1. (1965) for allosteric

proteins.

Tong & Duckworth (1975) estimated the size of E. coli ciËrate

synthase subunit by three methods. SDS-PAGE of native enzyme gave a

value of 46,000+2000 g/mo1 for the subunit whíle Èreatment with dirnethyl

suberimidate, a cross-linking reagent, prior to electrophoresis resulted

in the detection of six bands. The band pattern f^tas consísÈent with the

presence of monomers Èhrough hexamers of subunits of 47,000 + 2000 g/mol.

The even numbered bands in this pattern v¡ere apparently of greater

intensity '"rith the dímers as Èhe main species. Equilibrium centrifuga-

tion in the presence of 6 M GuHCI indicated a slightly smaller síze,

about 43,400 + 300 g/mol

The state of aggregatíon of native E. coli citrate synthase I^las
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studied by the sedimentation equilibríum method (Tong & Duckworth, L975).

Native enzyme at PH 7.8 was shown to be a heterogeneous mixture of

species ranging from dimers to greater than hexamers. At pH 7.0 the

mixture qras more heterogeneous with dimers through decamers being indica-

tecl while at pH 9.0 the solution was homogeneous and only dÍmers were

observed. Apparently non-specific aggregatÍon occurred at pH 10 sÍnce

large aggregates of species ranging from greater than hexamers to

greater than pentadecamers were observed. The non-specific aggregation

uray be the result of deprotonation of many of the 1ysy1 residues at this

pH. Increasing the ionic strength at pH 7.8 has a marked affect on the

state of aggregation. In the presence of 0.1 M KCl E. coli citrate

synËhase is converted to hexamers of apparent size 280,000 1 3000 g/mol

while at 1ow ionic strength the mixture is heterogeneous.

Previous reports from several groups agree wiÈh the molecular size

of native citrate synthase found in this work, but where reported the

subunit molecular weight was incorrect. Faloona & Srere (1969) reported

a value of 280,000 g/mol for native enzJrme. They did not examíne the

subunit size. The molecular weight was estimated by ge1 filtration on

Bio-Gel A using 0.05 Tris HC1 pH 8.1 containíng 0.1 M KCI plus 0.1 M

mercaptoethanol for elution. The molecular weight estimated is consíst-

ent with the value reported for the hexamer (Tong & Duckworth, 1975).

Removal of KC1 from the eluting solvent did not affect the elution volume

and thus the state of aggregaÈion \"ras apparently independent of ionic

strength (Faloona & Srere, 1969). Thís result probably reflects the

fact that the average molecular weight of citrate synthase, at least at

PH 8.1 in low ionic strength buffers, corresponds to the value of the

hexamer
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Wright & Sanwal (1971) reported a value of. 245,000 g/mo1 for native

E. coli citraLe synthase. Thís value was deËermined by sedimentation

behavior on sucrose gradients and is in fair agteement with the hexamer

molecular weight. The subunit size was estimated to be 62,000 g/mol by

SDS-PAGE, a value which is significantly hÍgher than the true va1ue.

peptide maps of tryPsin digested carboxymethylated enzyme revealed 36

ninhydrin posítíve peptides. This vas the fírst indication that the

subunit.s are identical. This must be the case since E. coli citrate

syn¡hase contains 47 equivalents of arginine plus lysine per 47'000 g

(Table 5). If the enzJ¡me rrras composed of two types of subuníts of

identical size then 96 different tryptic peptides are expected. Further

evidence that E. coli ciÈrate synthase is composed of identíca1 subuníts

has been obtaíned by N-terminal sequence analysis of native enz)rme

(Duckworth & 8e11, 1982), where a single sequence was unambigously

determined for the first 20 residues. Finally, the complete sequence of

the protein has recently been obtained (see below).

Danson & l.ieitzman (1973) obtained a subunit molecular weight of

55,000 t 4000 for E. coli cítrate synthase by SDS-PAGE. Analytical

band centrifugation of the active-enzyme comPlex indicated that the

catatytically active species is 230,000 g/mol. In Èhis method enzyme

sol-ution is layered on a substrate soluËion of slightly higher densÍty.

Upon centrifugation the different molecular species sediment through the

solution at their respective rateS, according to molecular mass. As

active enzyme passes through the solutíon catalysis occurs and substrate

depletion or product formation is moniEored. In the experiment reported

by Danson & Weitzman (1973) the substrate solution, pH 8.0, contained
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0.1 M KCl, conditions v¡hich favour formation of the hexamer (Tong & Duck-

h¡orth, Lg15) and the molecular weight reported is in fair agreement with

rhe value reported by Tong & Duckr+orth (1975) '

Rubin et al. (1983) have reported on the characterization of crystal-

Iízeð E. coli citraÈe synthase. A combination of x-ray diffraction to

$ I resolutíon and electron microscopy gave evidence which was interpre-

ted to indicate that E. coli citrate slmthase crystallizes as a tetramer

of 188,000 g/uol. This molecular size is inconsistent with all reports

for E. coli ciÈrate synthase since as already stated, in solution a value

of.2301000 to 280,000 g/rnol is consistently obtained. The unit cell, a

o
220 A cube, was estiflìated to conËaín about 100 subunits which indícates

a low degree of symmetry and iÈ seems quiËe possible that the tetrameric

symretry proposed is only one possíb1e interpretation of the data.

Reports on the purlfication and characËerization of plasruid-specified

E. coli citrate synthase are consistent with the hexameric structure

containing one síze of subunit of about 47,OOO g/mol. Duckworth & Be11

(1982), Bloxham et a1. (19S3a) and Robinson et a1. (1983a) have reported

on the purifícatíon of cit.rate synthase from eultures harbouring the

gltA gene. In all cases the gltA gene rras derived from either of tr¿o

parental plasmids, pLC26-17 or pLC26-18, both of whích are capable of

complementing citrate synthase deficient mutants (Guest, 1981). Elridence

presented in this Èhesis indfcates that plasnid-specified and chromosomal

E. coli citrate synthase are idenËical. This fact is based on arnino acid

analysis, N-termínal sequence analysis, apparent subunit size by SDS-

PAGE and response to the allosteríc effectors NADH and KC1 in standard

assays.
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Bloxharn et al. (1983a) have also purified plasrnld-specified E. coli

ciËrate synthase. A subunit molecular weight of 47,000 to 49,000 was

obtained by SDS-PAGE. Indícations were given that the cloned DNA con-

tained íts or^¡n promoter since expression of cítrate synthase \{as stil1

subject to glucose rePression.

Robinson et a1. (f983a) have shown that plasmid-specífied E. coli

citrate synthase is hexameric, confírmíng the results presented by Tong

& Duckworth (1975) for chromosomal citrate synthase. This r{as deduced

by deternining the molecular size of native enzyme, 270,000 t 6000 g/rnol,

and Èhe subunit molecular weight, 46,000 i 3000. The molecular weight

of native enzyme was estimated by a combination of ge1 filtraËion on

Sephacryl ,5200 and sedirnent.ation velocity measurements. The molecular

wei-ght of the subunit r¡as estimated by SDS-PAGE and by gel fíltration in

the presence of 6 M GuHC1. The hexameric structure of native enzJ¡me \¡ras

consistent \,ü-ith Ëhe observation of only 6 bands, correspondíng to monomer

through hexamer, by SDS-PAGE after extensive covalent cross-linking with

glutaraldehyde. The identity of plasmid-specified citrate synthase with

chronosonal citrate synthase lras also established by the identical

response of the tr¡/o enz)¡rnes Ëo ínhibition by NADH or o-KG.

The cornplete amino acid sequence of plasmid-specified E. coli

citrate synthase has been determined by a combination of proteín

sequencÍ.ng and DNA sequencing (Bhayana & Duckworth, unpublished; Ner

et a1.,1983). Protein sequencíng confirms thaË the enzyme ís composed

of a single type of subunit of molecular weight 471930. The complete

sequence of a 3265 base paír restriction fragnent, capable of complement-

Íng citrate synthase mutants (Bloxham et a1., 1983a), revealed only one
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open readlng frame which codes for E. coli citrate synthase.

The subunit size of other large, allosteric citrate synthases is

consistent ÍriËh the premlse that large and snall, allosteric and non-

allosteric citrate synthases are composed of síruilar sLzed subunits.

The subunit and the molecular sizes of other Gram-negative citrate syn-

thases are consistent w-ith a hexameric structure for the 7arge, a1lo-

sËeric citraËe sl"nthases.

Johnson & Hanson (L974) estimaÈed Èhe molecular weight of Acineto*

bacter an!!rell¡n citrate synthase by the sedimentaËion equilibriun method.

The enzlære had an apparent molecular weight of 242,000. Thís is withín

the range of values reported for other large citrate synthases. Morse &

Duckworth (1980) have reported that A. anltrattrm cítrate ßynthase elutes

fron a Sepharose 48 coh-mn just behind E. coll citrate slmthase when Tris

buffer is used. A subunit molecular weight of 47,000 was obtained by

SDS-PAGE and 'íxing experimenÈs with E. coli citrate synthase verífied

that the two subunits are indistinguishable by this method (Morse & Duck-

worth, 1980). These facts taken together with the range of molecular

weÍghLs reported for E. coli cítrate slmthase suggest that the A. anitra-

tum enzpe ls a hexamer.

ìtitche11 & I^leitzruan (1983b) reported a subunit molecular weight of

the47'000 for Acinetobacter calcoaceticus citrate synthase, identical to

value reported by Tong & Duckworrh (1975) and Morse & Duckworrh (1980)

for other Gre'n-negative cÍtrate synthases. Mitchell & I^Ieítzrnan (1983a)

have suggested that the bandlng patËern observed by SDS-PAGE of

covalently cross-línked A. calcoacetrÍcus citrate synthase índicates

a hexameric structure.
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Higa et a1. (1978) have purf.fied cltrate synthase from a marine

Pseudomonas Ëo electrophoretic homogeneity. The subunit molecular weight

was esÈimated to be 53,000 by SDS-PAGE, about the same size as the sub-

uníË from other citrat.e synthases, allosteric or non-allosteric. A large

NADH sensitive citrate synthase and a snal1, NADH insensitive citrate

synthase had been obtained from the pseudornonad (Massarini & CazzuLo,

L975). The two forms of citrate synthase eluted from a DEAE-cellulose

column aE different ionic strengths. The form r.¡hich came off the column

at the lower salt concentration was referred to as CSI and the other CSII.

the two fonus could also be separated by gel filÈration on Sephadex G200

with elution voh¡mes corresponding to molecular weights of g0,000 to

100,000 and 250,000 to 300,000 for csr and csrr, respectively. Thus, rhe

allosteric citrate synthase extracted from the marine pseudomonad is

apparently hexarneric and the non-allosteric enz)¡me dímeric (Iliga et al.,
1978). Evidence rras presented which suggested that the small ci¡raËe

synthase was derived from the large citrate synthase (Massariní & Cazzulo,

1975). This was subsranriared by HÍga er a1. (197g).

Higa et a1 (1978) have shown that the two forns of citrate synthase

frorn the marine pseudornonad are interconvertible. Native enz)nûe, CSII,

was purified to electrophoretíc homogeneity. CSII could be dissociaËed

to csr by dialysis against 0.02 M phosphate buffer, pH 7.0, containing

l nl'l EDTA. csr could be reconverted to csrr by díalysi.s agalnst Tris
buffer, pH 7.0 (or pH 7.6), conraíning I ü!f EDTA. csr was compleËely

insensitive to the allosteric regulators, NA-DH and 5r-Æ,fp, however, csr
was inhibited by ATP and ADP presrlmably by an isosteric mechanism. CSII

obtained by reconversion of csr behaved as natíve csrr, displaying
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al_losteric sensitlvities. These result.s suggesË that the allosteric

properties of large ciÈrate synthases are closely related to Èhe state

of aggtegation.

Further evidence that the state of aggregation of bacterial citrate

synthases is related to the allosteric properties has been obtained by

mutagenesis. Harford & tleítzrnan (1978) have reported on some mutant.

citrate synthases from E. coli. Citrate synthaseteficient mutants vrere

selected as glutamate arD(otrophs when grown on glucose or succinate.

Spontaneous revertants of these ruutants were picked off glucose plates

and the citrate synthases l¡rere partially characterized. Three types of

mutant citrate synthases were obtained Ln this manner: mutant cit::ate

synthases reserobling norrnal E. coli citrate synthase; large citrate

synthases, about 230,000 g/ruol, which were insensitive to the allosteri-c

inhibitors NADH and a-KG; and a srnall citrate synthase, about 110,000

E/moI, that ïesenbled the srna11, non-allosteric citrate synthases. These

results indicate that the allosteric properties may be eliruinated without

effecting the state of aggregatÍon. On the other hand, the allosteric

properties and the state of aggregation appear to be closely related,

since the dimeric structure is non-allosteric.

Danson et 41. (L979) have reported on the partlal characterizatÍon

of the mutant E. coli citrate synthase wtrich resembled Ëhe srnall, non-

allosteric eitrate synthases. The revertanÈ cell line was shown to be

relaËed to the parent E. coli straín on several count.s including the

Gram-stain and electron microscopy which demonstrated that the revertant

was indeed a Gram-negative. This mutant 1lne also retained Ëhe auxotro-

phic requirements characteristic of the parent.al strain. ConjugaÈlon
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experÍments índicated that the gltA gene in the mutant or parental strain

napped at the sarne position indicaÈing that the mutant citrate synthase

is derived frorn the sa¡ue gene.

An inÈeresting possibility is that allosteríc and non-allosteric

citrate synthases consist of similar kinds of subunits whose tertiary

structures are essentially the s¿Iroe. Evidence has been presented that

suggesLs Èhat the increased polyrneric state of the larger citrate syntha-

ses may account for the allosteric propertíes, a hypothesis ¡¿hích is

consistent \rith the rnodel proposed for regulatory proteins (Monod et a1.,

1965). To test thís possibility partial proËeolysis of E. coli cítrate

synthase has been investigated. Partíal proteolysis of the non-allosteric

píg heart citrate synthase, under mild conditions, results in the loss of

activity and cleavage of the subunits Ínto two fragments about 37,000 and

10,000 - 12,000 g/rno1 (Wiegand et al. , 1979; Bloxham et a1., 1980). The

main site of attack by subtilísin is the A1a-Val bond at posítíon 321 -

322 (Bloxham et a1., 1981) although other subtilisin cleavage sites in

ttris vicínity have been indicated (Bloxharn et al., 1980). The work

presented in this Thesis índicates that líruited proteolysis of the E. coli

enz)¡ne gives essentially identical results and that the rnain subtilisin

cleavage síte ís recognizably homologous with the corresponding site 1n

Pig heart citrate synthase.

Þfitchell & tleitzman (1983b) have reported that high weíghÈ ratíos

(f:1) of subtilisin result in cleavage of Acinetobacter calcoaceticus

citrate synthase. Duckworth (unpublished) deroonstrated that Acinetobact.er

anitraËum citrate synthase is resistant to proteolytic cleavage at 1oÍ7

weight ratios. At the high weight ratios the A. calcoaceticus enzyme

ì.

ìr:.
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is only marglnally (0 - 167") Lnactivated in 5h w-ith a sudden loss of

acËivity, so that about 20% remaíned at 7h (Mitche11 & Weítzman' 1983b).

SensiËiviËy to A-I'IP and NADH did not change during the 7h incubation

although cleavage and actlvity loss did occur. This fact appears to be

consísÈent trith the possl.bility that only uncleaved enzyne is active and

thus the ef f ects of NADH and Al"lP do not change.

Azotobacter vinelandii citrate synthase activity is rapidly lost at

low weight ratios of subtilisin (8e11 & Duckworth, unpublished), an

indication Èhat A. vinelandii, E. coli and pig heart cítrate synËhases

contain sirLilar strucÈural features. The recalcitrant nature of Acineto-

bacter citrate synthase to proteolysis indicates that this enzyme may be

structurally uníque with respect to partial proteolysis. The preliminary

characterízations of

Thesis were aimed at

citrate synthases.

A. vinelandÍi citrate synthase presented in this

demonstratíng a general structural similarity in all

Bayer et al. (f981) have used cl-eavage conditions simí1ar to those

reported by l,triegand et al. (L979) and Bloxham et al. (1980) to generate

a trypsin-cleaved pig heart citrate synthase r.rhich does not dissociate

under natíve conditions. The cleaved pig heart enzlme is more efficient

at hydrolysls or cleavage of cítryl-CoA thaÈ untreated pig heart citrate

synthase. (Citryl-CoA, apparently an inLermediat.e in the citraÈe synthase

reacÈion, is a poor substrate for pig heart ciÈrate synthase; see next

section). The increased actfvity with respect to cítry1-CoA is observed

only at short times after incubation with protease, and prolonged treat-

ment el1mínates these acÈfyities (Bayer eË a1., 1981). I have not tríed

to demonstrate a similar effect lríth E. coli enz)me.
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}fECI{ANISM OF THE CITRATE SYNTHASE RNACTION

Citrate synthase catalyzes the condensation of AcCoA Ltith OAA to

form citrate and release CoA (Equatlon 1). The mechanfsm Scheme 1, for

this reactlon has been studied extensively uslng pig heart citrate

synthase (for reviells see Spector, L972; Srere, I972; l'Ieitzman & Danson,

Ig76). The accr¡mulated evidence suggests that a carbanion formed at the

r¡ethyl posltion of AcCoA is added to the sl face of the carbonyl group

of Qfu\, giving citryl-CoA as an enzyne bound intermediate' Hydrolysis of

this Íntermediate to give CoA plus citrate could occur via formatíon of

citric anhydride. Ìlowever, information recently presented (Reuríngton et 41. '

Lg82) implicates formation of a mixed anhydríde between citrate and the

carboxyl grouP from an aspartyl residue.

Catalys i s

Two different methods have been used Èo shor¡ that the keto form of

OÁl\ is the reactive species for citrate synthase. Englard (1959) ernployed

melate dehydrogenase to supply citrate synthase wlth keto-OAA, the form

released as a result of enzymtc oxidation of malate with added NAD+'

Unlabelled citrate was obtalned from the reactÍon mixture ff malate (un-

labelled) and AcCoA (unlabelled) were supplied to malate dehydrogenase

plus citrate synthase in DrO. These results are consistent with the

keto form of OAA being utilized by cÍtrate synthase. However, the possi-

bllity of ê dfrect transfer of the proton from the acetyl grouP of AcCoA

to an enolic form of OAA could not be discarded. This l-atter mechanl-sm

rvas elininated by the enzymatic synthesis of citraÈe r,s'lth oAA that had

been equllibrated with the solvent, D2O. (The nethylene Protons of Ofu\

spontaneously exchange with the solvent due to keÈo-eno1 tautoruerization. )
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Scheme 1: Mechanisrn of the Citrate Synthase Catatyzed Reaction.
Histidíne-274 (.HlS-274), histidine-320 (HIS-320) and aspartate-375
(ASP-375) of pig heart citrate synthase have been implicated in
catalysís by x-ray crystallography (Remington et al., L982). The
dotted, bold and ordinary lines represent, respectively, chemical
bonds. behind, in front of and within the plane of the page. The
same spatial designations apply to the bold and ordinary arrovrs
which represent bond making and bond breaking processes. Hydrogen
bonds are indicated by dashed lines (-) and B: represents the
lone pair of electrons on a base B.
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Citrate synthesized ln this manner contained nearly tr^ro equivalents of

deuterir:m thus elíminating a direct transfer mechanism.

The second rnethod used t.o demonstrate that keto-OAA is the reactive

species in the citrate synthase reaction ernployed OAA keto-enol tautomer-

ase (Annet & Kosickí, L969). These experiments are based on the fact

that solid 0AA is in the enol form and that enol{AA undergoes tautomer-

izatíon s1ow1y in aqueous solution to gíve about 95% keto{M. The

effect of the tautomerase is to increase the rate of interconversion.

The amount of enol{AA added to a sample could be controlled reproducibly

by drying an aliquot of OAA díssolved in absolute ethyl ether onto a

sma1l spoon and then agítating the spoon in the sample. The rate of the

citrate synthase reaction from enol-OAA plus AcCoA was íncreased signifi-

cantly (about 27"/") by the addition of catalytic amounts of OAA tautomer-

ase.

The anomaly of the symmetry of cítrate (and arnino malonaÈe) was first

indicated by ogston (1948). Ogston (1948) noted thar when a syrmerrical

molecule, such as ci.trate, is acted on by an asyrmetric enzyme surface

then pairs of identfcal groups may be differentiated. Thís occurs Íf

there are three points of contact between the enzyme and substrate and if

the conËact points are catalytically different. wíth this in mínd,

Hanson & Rose (1963) presented evidence which conclusively identÍfied

t+hich one of the two apparently identical carboxynethyl (-cH2cooH) groups

of citrate is derived from AcCoA.

Hanson & Rose (1963) ernployed aconitase and isocitrate dehydrogen-

ase to discríminate the four methylene protons of citrate. AconiËase

catalyzes the reversible equilíbrirrn between citrate, cis-aconitate and
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isocitraÈe thus exchanging one of the rnethylene protons derÍved fron OAA

wlth the solvent. the other OAA derfved proton ls transferred from the

2-posftíon of lsocitrate to NADP+ by the actLon of fsocftrate dehydrog-

enase. Ttre t!¡o protons derfved fron AcCoA rernain attached to Èhe origlnal

carbon atsm r^'hfch becsmes the 4losition ln a{G whlle the other tr.ro

neÈhylene protons fn a-KG (at the 3-positlon) are derfved from the sol-

vent. Hanson & Rose (1963) synthesized citraÈe stereospecifically triti-

ated at the 2-positlon (citrate nr-unbering as shown in Sche¡ne 1) from both

S-dehydroshfki-nate (I) and quLnate (II). TriÈfur¡ was introduced into I

H0 "t'

frcno the solvent (TOH) by 5-dehydroquinate dehydratase and this product

l¡as reduced by quinaÈe dehydrogenase Ín the presence of NADH to 6-T-quin-

ate. Unlabelled qutnate (II) couLd be tritlated in the 6-posÍtion also

by equilibratlon with quinate dehydrogenase, S-dehydroquinate dehyd'ratase

and NAD* in TOH. Labelled quinate was then oxidlzed wirh HIOO and rhen

Br, fn HrO to give 2-T-cfÈrate. The trltiutrr in 2-T-cftrate was exchanged

with the solvent upon incubatlon wlth aconltase lndlcatfng that Ëhe

carboxymethyl group labelled C, and C, (Scheure 1) ts derived frorn OAA.

the central carbon ato¡, (Cl) 1n citrate fs a prochl-ral centre and the two

carboxymethyl groups are dlstinguished, for nomenclature purposes, by the

assignment pro-R and pro-S (Hanson, 1966). Tlrus, the cÍtrate synthase

studied by Hanson & Rose (f963) fs the å-typ. since the pro-S carboxy-

H0 c00Hir2
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Eethyl group is transferred during caÈalysis '

R-Citrate synthases are not columon and these enzymes are always

designated by an R. R-Citrate slmthase has been identified in several

anaerobic bacteria (Goftschalk & Barker, L966; Gottschalk & Barker' 1967;

Gottschalk, 1968; Gottschalk, 1969). The stereochemistry of the R-citrate

synÈhase reaction was verified by treating Èhe citrate synthesized from

14c l"b"11ed AccoA plus oAA ot l4c labelled oAA plus AccoA with citrate

1yase. Citrate lyase Ís known to remove the same carboxyuethyl group

transferred by (S) citrate synthase. GoËtschalk & Barker (L967) demonstrat-

ed that citrate lyase transferred the OM-derived carboxymethyl grouP

from citrate synthesized by R-citrate synthase. Gottschalk (1969) found

that the R-citrate synËhase required manganese ions and that iË was in-

activated by exposure to oxygen. O'Brien & Stern (L969) verl-fied the

stereochemistry of the R-cítrate synt.hase and presented evidence which

suggested that the stereospecificity stas changed to that of the Ê-typ'

by oxidation or by rnodifÍcation of the protein sulfhydryl groups. The

change in the sËereospecificity of the R-citrate synthase preparatíon

may be explained by contamination of the Preparation with (S) citrate

synthase, if only the R-citrat,e synthase is ínactivated by sulfhydryl

group roodification.

Attenpts to demonstrate that an enolic form of AcCoA was involved

in the citrate synthase reaction lrere at first unsuccessful . l"larcus &

Vennesland (1958) demonstrated that the spontaneous exchange of the acetyl

protons of AcCoA in DrO (or the acetyl deuterons of deuteraÈed AcCoA in

tZO) is very s1ow. Addition of cit.rate synthase to either solution

failed to effect the exchange of protons. Bové et al. (1959) obtained
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the same result workíng in TOH and both groups came to the concluslon

that OAA is requf-red to labilize the acetyl protons

Indisputable proof for the enolization of AcCoA \¡ra6 presented by

Eggerer (1965). He found Èhat the acetyl protons of AcCoA were exchanged

with the solvent (TOH) in the presence of citrate synthase plus malate.

Thís confírms enolization since malate, a structural analogue of OAA,

probably binds to citrate slmthase, acting synergistically to promote

catalysis but failing to coruplete Èhe condensation reaction. These results

apparently support the suggestion that a carboxyl group from OM (rnalate)

was involved in the enolizatíon process. Srere (L967) verified that the

acetyl protons of AcCoA r¿ere 1abíLized by citrate synthase ín the presence

of malate or a-I(G. The NMR signal of the acetyl protons of AcCoA in DrO

was eliminated by the addition of citrate synthase plus malate or o-KG.

Srere (1967) suggested that enolizatíon r¡ras a result of a conformat.ional

change in citrate synthase due to binding of OAA or malate, and not a

result of a carboxyl group of OAA or malate aiding in this process. This

proposal \^ras supported by the facts that 0AA causes a conforrnational change

in citrate synthase and that the two carboxyl groups and the carbonyl

group of OAA are probably directly involved ín binding (Srere, L966).

The addition of 0AA to cítrate synthase results in a change in the IIV

spectrum and also an lncreased stability to urea denaturation (Srere,

1966). The importance of the three funcÈional groups of OAA was emphasi-

zed by the effect of various structural analogues of OAA on the rate of

urea denaturatíon: dicarboxylic and a-keto acids were found to ínhibit

urea denaturatíon somewhat whereas 0AA prevented denaturatíon by 4 M

urea (Srere, L966). Remíngton et al. (1982) have now shown that catalyt-



29

ica11y inactive erystals of citrate synthase crack when exposed to 0AA

suggesting that OAA binding causes a conformational change. X-ray

crystallography has shou¡n that every functional group of citrate forms a

hydrogen bond with citrate synthase in the crystalline structure (Rening-

Eon et al., 1982) supporting the binding specificity proposed by Srere

(L966). Bayer et a1. (1981a) have suggested that the 3000-fo1d increase

in the affinity of citrate synthase for carboxymethyl-CoA (K. about 0.07

ulf) ín the presence of 0AA also reflects a conformational change in the

erLzpe. Carboxymethyl-CoA is proposed to be a transitíon state analogue

characterístic of the carbanion forrued on AcCoA during catalysis (Bayer

et al., 1981a).

The availability of the two isotopes of hydrogen (deuteríum and

trítir:rn) and the abílity to synthesíze the R and S Ísomers of (TD) acetate

set the stage for investigation of the effect of citrate synthase on the

configuration of the acetyl group of AcCoA. Cornforth et al. (1969)

synthesized B-and S-acetate by purely chemical means r,rhile Lüthy et al.

(1969) employed lactate dehydrogenase and glyoxylate reductase in a

enzymic-chemical synthesis of the t\.ro acetate isomers. Lactate dehydro-

genase converts 2-T-glyoxylate into 1S-2,2-DrT-acetate. Both groups

made use of the known properties of malate synthase and fumarase. I'lalate

synthase produces opÈically pure S-malate from glyoxylate and AcCoA.

Since acetate could be condensed with CoA without affecting the nethyl

Protons then R- or S-acetate could be used Ín the malate synthase react-

ion. Malate synthase displayed a kinetic isotope effect Ëhus the product

of the reaction would preferentially retaín deuteríum and trítium. Thus

the configuratÍon of the methylene group ín S-rnalate would reflect Èhe
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configuraEion of the aceÈate and the location of the trítium could be

used as the sígnal. Fumarase catalyzes the reversible dehydration of

S-nalate to furarate. Because the enzymic addítion of HrO to fumarate

is Èrans only the pro--33 methylene proton is exchanged wÍth the solvent.

When S-acetate v¡as used as the source of the acetyl group in the malate

synÈhase reaction most (about 9L7.) of the radioactivity was exchanged

with the solvent due to the action of fr¡narase whereas only about L27"

of the radioactívíty was released from S-malaÈe to the solvent when R-

acerate was used (Lüthy et al. , 1969). Cornforth et al. (1969) obtained

similar results. 0n this basís malaËe synÈhase was shown to cause inver-

llon 
of configuratíon of the roethyl protons in AcCoA.

Isotope díscrÍrnination is a prerequisite for the method of deterrn-Ln-

íng chirality. The enzyme must preferentially elímínate H thus creat.ing

a specific TD condensation product which reflects the chírality of the

acetaÈe. The rate determining step in the citrate synthase reaction

appears to be transfer of the proton from the aceÈyl group of AcCoA.

Kosickí & Srere (1961) observed a kinetic isotope effect of 1.4 by deter-

nining Èhe apparent maximum velocities with AcCoA and Dr-AcCoA. Bová et

al.(1959) estimated a kinetic ísotope effect of about 6.7 for the reverse

reactíon ín TOH. These results are consisËent with the observation Èhat

AcCoA retrieved from a mixture of 0AA plus cítrate does not contaín

isotope from the solvent (Srere, L972) .

Eggerer et al. (1970) proved that the acÈion of (l) citrate synthase

tras to invert the configuration of the rnethyl protons during catalysis.

This result was obtained after determining the effect of citrate lyase on

the configuration of the methylene proÈons of the carboxymethyl group
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cleaved froro cltrate. Chl.ral (3R- or 3S-)3-T-OAA condensed r.¡-lth AcCoA

by R-cltrate synthase yields citrate which ls chiral at the 4-positlon

(Schene 1), that ls at the methylene position of the pro-g carboxymethyl

group. Thus, the chirality of the acetate released by the aetion of

cfrraÈe lyase (p_æ_-Ê. cleavage) on 4-T citrate fn DrO reflecÈs the chiral-

ity of the oAA and the effect of the cleavage reaction. citrate lyase

was shor¡n to lnvert the configuraÈion of the methylene Protons. The

action of (S) citrate synthase was deter¡tined using R- or S-acetate, CoA,

OAA and citrate 1yase. In all cases the configuration of the DT-acetate

was deter-mined by the action of malate synthase and fumarase. The result

that (g) citrate synthase lnverts the configuration of the uethyl proÈons

of AcCoA was verified by Rétey et al. (1970).

The obvious, Dost probable and generally accepted imuediate product

of the enzymlc condensation of AcCoA r¡ith OAA fs enzpre bound citryl{oA

(Eggerer & Remberger, 1963; Srere, L963; Spector, L972; Srere, L972)'

buÈ no direct evidence for this fntermedfate has been presented.

Eggerer & Reuberger (l-963) r¡ere the first to demonstraÈe that citrate

synthase catalyzes the hydrolysis or the cleavage of citryJ--CoA to citrate

plus CoA or to OAA plus AcCoA. Srere (1963) also demonstrated Èhat

citryl-CoA ís a substrate as v¡e1l as an inhibítor of citrate synthase.

Remington et al. (1982) have solved the x-ray structure of citrate slmthase

with bound citryl-CoA further supporting its involvement Ín catalysis.

Eggerer (1963) proposed that hydrolysis of citryl-CoA proceeds via

formation of citric anhydrlde. Direct evidence has not been presented

for the fornatlon of cftrfc anhydride and citrate synthesized from OAA

plus AcCoA in Hr180 by citrate synthase lras shown to be labe11ed at the
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C-5 posirion only (Suelter & Arrington, 1967). Suelter & Arrington (1967)

used AcCoA labelled wittr 13C tn the carbonyl position and the fact that

incubation of cl-trate with quinoline at 145-150 C results in decarboxy-

lation of eíÈher one of the carboxpethyl groups per molecule of citrate.

By measuring the carbon díoxide mass peaks Suelter & Arrington (1967)

demonstrated that one equivalent of 180 is incorporated and that it is

associated r.¡ith the carboxylate derived from AcCoA. A random mechanisrn

for hydratíon of citric anhydríde, if ít ís formed during catalysis, must

therefore be excluded, but the enzyme rIury position the anhydride such

that hydration ís stereospecific (Suelter & Arrington, 1969). The fact

that only one atom of 180 is incorporated per AcCoA derived carboxylate

índicates that the carbonyl group is not involved in Schiff base forma-

tion w-ith Ëhe protein.

I^Iunderr¿ald & Eggerer (1969) proposed that the reactions of malate

synthase and citrate synthase are very similar and that the two enzlnnic

reactíons proceed with similar intermediaÈes, ma1y1-CoA in the case of

malate synthase. They found that unlate synthesized by malate synthase

from AcCoA plus glyoxylat" in ttrl8o contained one equívalent of 180 ír,

the carboxylate derived from AcCoA; since this reactÍon potentially

involves malic anhydride the result is idenÈical to thaË obtained by

Suelter & Arrington (1967) for cÍtrate synthase. hlund.erwald & Eggerer

(1969) also denonstrated Èhat the hydroxyl group in malate was only

fractionally labelled with 180 .r,d this was attributed to glyoxylate

exchange ín solution and not to the involvement of a Sclr-iff base during

caÈalysis. Both malaÈe synthase (l,trunderwald & Eggerer, L969) and citrate

synthase (Srere, L966; Srere, 1972) have been shown to be unaffected by
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borohydríde treatment during catalysls supporting the víev¡ that Schiff

base fornatlon does not occur'

The structures of eitrate synthase with bound citrate, citrate plus

CoA and citryl-CoA have now been determined by x-ray crystallography

(Reroíngton et al. , L9B2). The tetragonal or open forrn binds cítrate

weakly and does not bind CoA or citryl-CoA. The positions of the bound

subsÈrate or products are consistent with the mechanism presented above,

with the exception of citric anhydride formation. llLs-274 (in the pig

heart sequence, Bloxham et al., 1981;1982) is in posiÈion such that it

nay aid Ín the removal of the acetyl proton of AcCoA and His-320 rnay

donate a proton to the carbonyl group of OAA (Scheme 1). Bínding of 0AA

to crystalline citrate synthase may induce a conformatíona1 change from

the open to closed form as suggested by the fact that rnonoclínic crystals

crack when exposed to OAA. OAA, by analogy to cítrate binding, would be

bound to the enzyme by hydrogen bonds to every functional group. The re

face of 0AA would be towards the enzyme and AcCoA could approach the si

face. Proton abstraction from the acetyl group and addition to 0M would

result in inversion of configuratíon of the acetyl protons. The fact

that citryl-CoA forms a stable complex with citrate synthase suggesËs

that it is an íntenûediate in the enzymic reaction. The tight binding of

the 0AA derived functional groups of citrate in cítryl-CoA decreases the

likelihood of citric anhydride forrnation. Asp-375 ís located near the

thioesÈer linkage in bound citryl-CoA and may be involved ín formation of a

mixed anhydride (Scheme 1) r¡rith the release of CoA, or Asp-375 may be

involved in a transesterification reaction as proposed by Remington et a1.

(1982) since there is evidence for the formation of aspartyl(375)-CoA.



3tt

Both of the mechanisms suggested by Èhe x-ray work are consistent l¡ith

incorporation of 180 irrro the AcCoA derived carboxylate of citrate on1y.

RernÍngton et al. (1982) envision catalysis to occur in the following

sequence of events. OAA first binds to citrate synthase causing a con-

formational change from the open, inactive, product release form to the

closed conformation which displays a greater affinity for (Ac)CoA.

Binding of AcCoA results in proton abstraction and condensation \,Iith 0AA

to give the closed form vriÈh bound citryl-CoA. I^iater molecules trapped

in this structure may be instrumental in hydrolysis of the íntermediate

prior to release of the products, citrate plus CoA, by relaxaËion to the

open form. Both crystal forms are inactive support.ing the view that a

conformational change is required for cat.alysis.

Steady State Kinetic Studies

Steady state kinetic analysis of pig heart citrate synÈhase at

several fixed levels of each substrate gave intersecting line patterns in

the double reciprocal (Lineweaver-Burk) plots indicating Èhat the enzyme

operates by either a random or an ordered mechanís¡n (Srere, L972; Johan-

sson et a1., 1973). Srere (7972) obËained K" values of 1.5 uM and 5 uM

for Ol\A and AcCoA, respectívely, at pH 8.1 while iohansson et al. (Lg73)

obtained values of 5 uM for OAA and 6 uM for AcCoA at pH 8.2. In both

cases, the K, values were found to be independent of the concentration

of the other substrate, consistent r^¡ith a random mechanísm but not

exclusive of an ordered mechanism. Johansson & Pettersson (1974a) found

that the dissocíation constant for AcCoA r¿as about 2O-fold higher than

the Michaelis constant and suggested that this is índicative of an

ordered mechanism r^rlth OAA binding first. OAA also increases the affinity
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of citrat.e synthase for oÈher CoA derivatives. The acyl portion of a

spin 1abe1 CoA derivative apparently becomes i¡unobi1:ízed upon formation

of a ternary complex w-ith OAA (I^Ieidrnan et a1. , Ig73); propionyl-CoA binds

abou¡ 20-fo1d tighter in the presence of OAA (Johansson & Pettersson'

;,g74b); and the transítion state analogue, carboxlnnethyl-CoA binds about

3000-fo1d tighter in the presence of OAA (Bayer et a1., 1981a). Thus,

0AA appears to assist in the binding of the CoA derivatíves. Cítrate

inhibition \¡ras found to be competitive with 0AA at saturating 1eve1s of

AcCoA but non-competitive at non-saturatíng concentrations of AcCoA,

conslstent r.rith an ordered mechanism with OAA as the first substrate

(Johansson & Pettersson, I974a). High concentrations of AcCoA were shown '

to inhibít cítrate synthase activity. This is best explained by the

formation of an enzyme-AcCoA binary complex which is less potent than the

complex formed by OAl\ bínding first (Johansson & Pettersson' Lg77). In

the closed forrn of crysÈalline citrate synt.hase only the AcCoA derived

carboxylate of citrate is accessible to the solvent (Rernington et 41.,

1982) whích suggests that AcCoA binding firsÈ may restrict OAA binding

and thus be inhibitory.

Citrate synthase has a high degree of subsÈrate specificity. This

is demonstrated by the fact that only monofluoro-AcCoA (F-AcCoA) or

monofluoro-OM (F-OAA) can replace AcCoA or OAA, respectively, in the

enzymic formation of citrate. Citrate synthase has about a 5-fold lorn'er

affinity for F-AcCoA and this substrate behaves as a competitive

inhibitor (of AcCoA) in the presence of AcCoA (Brady, 1955). The conden-

sation product of F-AcCoA plus 0AA is a potenÈ inhibitor of aconitase

(Brady, 1955). Fanshier et al. (1962) found that F-OAA is a substrate
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for cltrate synthase and that this fluoroeitrate fs not an inhfbltor

of aconftase. The Ifu for F{Ar[ f.s about 100-fo1d higher than that for

0AA and F-OAA also behaves as an inhibitor fn the presence of OAA,

conpetftlve wlth both natural substrates (Fanshfer et al., 1962). Srere

(1966) demonstrated that F{AA signiffcantly Ínhibits the rate of urea

denaturatlon (10-fo1d) and confirmed that the affínity of citrate synthase

for F-OAA ls about 100-fo1d weaker than for OAA.

Srere (1966) tested a series of a-keto aclds as substrates and as

lnhibftors of citrate synthase. From the serÍes glyoxylate' Pyruvate'

ketonalonate, ketobutyrate, monoethyl-OAA and c-KG, only monoethyl{M

was an inhibitor and all were ineffective as substrates (Srere, 1966).

These results suggest that citrate synÈhase has a very Low affinity for

these s-keto acids. Propionyl-CoA and g1yco1y1-CoA were shown to be

inhibitors and not substrates for cÍtrate synthase (Srere, 1966).

S-Malate and a-KG have been shov¡¡ to promote catalysis, that is

enolization of the acetyl protons of AcCoA, but they are not effective as

substrates (Eggerer, L965; Srere, 1,967). Cltryl-CoA and naly1-CoA serve

as substrates for citrate synthase and also inhibit catalysis in the

presence of OAA and AcCoA (Eggerer & Reroberger, 1963; Srere, 1963;

Wunderwald & Eggerer, l-969). Citryl-CoA has been shown to be hydrolysed

(fo:n¡ard reaction) or cleaved (reverse reaction) by cÍtrate synthase, and

na1y1-CoA Ís a substrate in the forward reaction. Several CoA derivatives

are competitive lnhibitors of citrate synthase but they fa1l Èo

behave as substrates. The hÍgh degree of substrate specificity demon-

strated by citrate synthase must reflect the restrictiveness of the binding

sites and the fidelity of the reactÍon
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All of the material above 1n this sectíon has been cited w-lth

respect to pÍg heart citrate synthase, the most widely studled citrate

synthase. The steady state kinetlcs of pfg heart cltrate synthase have

been extensively studfed (see above) while partial characterÍzations of

several other cítrate synthases, in terms of substrate saturation and

mechanisn order, have appeared in the llterature. In all cases, the

mechanism can be described best by a sequential mechanísrn with formation

of a ternarY comPlex.

Sruith & htillia¡nson (1971) found that beef heart citrate synthase did

nor display substrate inhibition and that the fu values for AcCoA (B uM)

and 0AA (1.6 uM) r¡ere independent of the concentration of the other

substrate. These results suggest that the dissociation constants for the

binary complexes equal the }tichaelis constants and thus are consistent

hrith a rapid equilibrium random mechanism wÍth either substrate binding

first. The product inhibition patterns for citraÈe and CoA are also

consistent r,¡iÈh a random mechanism. Citrate was shown to be cornpetitive

w'ith OAA and non-conpetitive with AcCoA, and CoA r+as for.¡nd to be non-

conpetitive with OAA and displayed mixed type inhÍbition with AcCoA; all

tests were performed at saturating levels of the second substrate.

Propionyl-CoA and suceinyl-CoA were inhibitors, competitive \drith AcCoA

and non-conpetitive with OAA. ATP inhibition vras non-coupetiÈive with

0AA and displayed níxed type inhibÍtion w-ith AcCoA. These CoA deriva-

tÍves areprobably acÈing at the AcCoA binding site, AT? lncluded because

of the si¡oilarity with the adenylate end of CoA.

Moriyana & Srere (1971) purified cÍtrate synthase from rat liver

and rat heart. These preparatlons displayed irrmunological identity.
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The Lineweaver-Burk plots for both enzJrmes displayed intersect.ing line

patËerns w-ith KM values of.2.8 - 4.6 uM for AcCoA and 3.6 - 5.0 uM for

OAA. The I(, values lrere not affected by varying the concentratíon of the
I'I

second substrate. This inforrnatlon is consistent with a random or

ordered mechanisrn. Srere & Matsuoka (1973) purified citrate synthase

from the kidney and brain rat tissues. The four citrate synthases were

identical by a nunber of criteria and it appears that the enz)rme is the

same regardless of tissue source.

Sheppard & Garland (1969) studied citrate synthase from rat liver

mitochondria. The K" values for AcCoA and OAA are 16 uM and 2 uM respec-

tively, somewhat different than the values obtained for Ëhe rat liver and

rat heart enzymes. The Linev¡eaver-Burk plots were intersecting lines,

indicating a sequential mechanism.

Srere et al. (1963) obtained a non-parallel line pattern in the

Líneweaver-Burk plots r¡rith AcCoA as the varied substrate \^rith both pigeon

breast muscle and moth flight muscle cíÈrate synthase. This pattern is

indicative of a random or an ordered mechanism. fu values of 180 pM and

200 pM for AcCoA were reported for the pigeon breast muscle enzyrne and

the moth flight muscle enzyme, respectively. The preparaËíons of the

citrate synthases were judged pure by sedimentation ultracentrifugation

and starch ge1 el-eetrophoresis. I.Ieitzman & Danson (7976) have reported

a Ifu value of 14 uM for AcCoA for pigeon breast muscle citrate synthase,

a \ value which is more consistent with the value obËained for other

vertebrate citraÈe synthases.

Recently chicken heart citrate synthase has been purífied to homoge-

neíty by affinity chromatography (Beeckmans & Kanarek, 1983). Línear
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ûon-paralle1 line patterns were obtained in the LÍneweaver-Burk plots

and the K" values of 4.3 UM for AcCoA and 5.9 Ul"f for 0AA were indepen-

dent of the concentration of the other substrate. These results are

consistent with a ternary complex mechanism, ordered or random. The

enzyme preparation lras proven Ëo be hornogeneous by SDS-polyacrylanÍde

geJ- electrophoresis, gel filtration and N-tertn:inal sequence analysis.

Porter & I,üríght (7977) came to the conclusion that the citrate

synthase from the slime mold Dlctyostelíum discoideum follorved a sequen-

tial mechanism r.rith AcCoA binding fírst and citrate being released first.

Intersecting line patterns in the Lineweaver-Burk plots are consistent

with a sequentíal mechanism. The \ value for AcCoA (10 uM) was depend-

ent on the concentration of OAA (K" equal to 7 uM) suggesËing that the

binding of AcCoA is enhanced by formation of a ternary complex with 0AA.

Product inhibition with CoA was competitive with AcCoA and non-competitive

with OAA which indicated that both AcCoA and CoA bínd to the same form

of citrate synthase (free enzyme), and thus AcCoA must be the fírst

substrate and CoA must be the last product Ín a strictly ordered mecha-

nism. The fact that inhibitíon by cítrate r,/as not observed is consistent

with this ordered mechanism since citrate (OAA) bindíng is considered to

be dependent on the presence of CoA (AcCoA).

In view of the results presented from Ëhe x-ray crystallographíc

sÈudies and the indication that all cit.rate synthases operate by the same

mechanism I believe that the results of Porter & I^Iright (L977) may also

be interpreted in terms of an ordered mechanism wíth OAA binding first.

The K" value for AcCoA is dependent on the concentration of 0AA probably

because OAA facilitates AcCoA binding by inducing a change to a conforrna-

tion that has a higher affinity for AcCoA. CoA inhibítíon ís competitive
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wÍth AcCoA because both derfvatfves can be accommodated by the enzyme-

OAA binary complex. CoA fnhtbftton ls non-competitive with OAA because

CoA blnding to the OAA binary complex does not affect OAA binding. The

fact that no fnhlbition was observed when cftrate was tested may be

explafned tf D. discoider¡n cftrate synthase has an extrernely 1ow affinity

for cftrate.

Johnson & Hanson (L974) studíed three bacterial ciÈrate synthases.

The Gran-negative bacterfal cltrate synthases from Acinetobacter anitra-

turû and Azotobacter vinelandli were purified to apparent homogeneity, as

judged by sedimentation ulÈracentrlfugatlon, whíJ-e a partly purified

preparation of the cítrate synthase from Bacíl-lus subtilus, a Gram-

positive bacterium, r.ras studied. Initial velocity patterns in all cases

gave linear intersecting line patterns in the double reciprocal plots, in

the absence or presence of KC1 (0.1- M). KC1 ldwered the KM values for

AcCoA about 2-3 fold in all cases. The \ values for AcCoA were 100(30),

80(30) and 60(40) uM for A. anitratrn, A. vfnelandii and B. SÞ!1!!9,

iespectively, in the absence (or presence) of 0.1 M KCl. The \ values

for OAA were 100, 20 and 30 uM for A. anltratum, A. vinelandli and

B. subtilus, respectively. The K" values for AcCoA are consistently

nuch higher than those reported for citrate synthase from vertebrate

6ources. The product inhibition patterns for citrate and CoA were iden-

tfcal for the three citrate synthases. Both products displayed non-

conpetitfve lnhibitlon with OAA and competÍtive inhíbition !¡Íth AcCoA.

The líne patterns fn the Llneweaver-Burk plots of the substrate saturation

data and the product inhlbitl-on patterns reported are consístent with a

random sequential mechanisn.
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The two Gram-negative citrate synthases were estimated to be 250r000

- 260,000 g/mol whlle the Gram-positive enzyme was estimated to be less

than 100,000 g/rnol-, consistent with the taxonsnic divislon indicated by

Weitzman & Dunmore (1969). All Gram-negatÍve citrate synthases are

apparently regulated by NADH (Weltzman & Jones, 1968) hot¡ever, the A.

anitratum enzyme was found Èo be insensitive to NÄDH while lnhibition

of the A. vinelandil enzyme rras observed (Johnson & Hanson, 1974). NADH

inhibition of A. anitratum cÍtrate synthase was previously reported by

l.Ieitznan & Jones (1968) and has been confirmed by Morse & Duckworth (1980).

Flechtner & Hanson (1970) have shown and I have confirmed (this Thesis,

Table 9 below) that the A. vfnelandii citrate synthase is inhibited by

NADH.

Higa & Cazzulo (1976) studied the citrate synthase from Bacíllus

stearothernpphilus a Gram-positive bacterium, and found a linear inter-

secting line pattern in the Líneweaver-Burk plots indicating a sequential

random or ordered mechanj-sm. The \ valtre for OAA was about 1 uM and for

AcCoA was about 4 uM at 30 C. The molecular weight of natÍve enzyme tras

shown to be identical to that of pig heart citrate synthase (about

100,000 s/no1) by gel filtration.

The steady state kinetics of Escherichia coli cftrate synthase are

conplicated by signoidiciÈy fn the AcCoA saÈuration curves at low salt

concentrations (Faloona & Srere, 1969; l^tright, 1970; Singh, 1980). The

OAA saturation curves are Michaellan under these condltÍons and double

reciproeal plots of the data yield intersecting line patterns indicating

that a sequential mechanism 1s operative. Sigrnoidicity in AcCoA satura-

tlon ls indÍcatlve of cooperattvity among reactive sitqs (Monod et al-. ,
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L965) and reflects

1ow concentrations
J-

AcCoA, and K' lras

the allosteric nature of E. coli cl-trate synthase at

of AcCoA by fncreasing the afffnfty of enzyme for

shown to be the most effective actlvator (Faloona &

Srere, 1969).

In the presence of KCI- (0.1 !1) the AcCoA saturation curves become

regular hyperbolas and the double reciprocal- plots of the data yfeld

intersecting line patterns (Faloona & Srere, L969; Be11, 1978). The \
val-ues for OAA and AcCoA are strongly eoupled fn the absence (Singh, 1980)

or presence of 0.1 M KCl (8e11, 1978). The K" value for OAA in the

absence of KC1 (about 30 uH) fs about 5-fo1d weaker than in the presence

of 0.1 M KCl (about 6 uM) at pH 7.8. The effect of KCl on the half

saturation value for AcCoA is much more pronounced: the SO., value is

about 2500 uM (no KC1) nrhil-e the K" is about 60 uM (0.1 M KCI-) at pH 7.8.

Faloona & Srere (1969) obtained Ifu values of about 2l- uM for OAA and

about 110 UM for AcCoA at pH 8.0 in the presence of 0.1- M KCl. AcCoA has

been shor.n to bind, rather weakly, to E. coli citrate synthase in a

eooperatíve manner at low fonic strength in the absence of OAA hrith half

saturation value (LO.S) estfnated to be about 400-600 ulf (Wright & Sanwal,

L971), about 450 uM (Duckworth & Tong, L976) or about 270 uM (Talgoy &

Duckworth, L979). Cooperative effects are eliminated by 0.1 M KCl and

the dissocíation consÈant (I$) 1s somewhat lower, about 100 uM (Talgoy &

Duclcrorth, L979). OAA, the other substrate, has been shown to bind to

E. colf cftrate synthase Ín the Presence of KCI (0.1- M) w'ith a 5 of

abour 60 uM (Îa1-goy & Duckworth, L979>. The facts that the double recip-

rocal plots yield lnterseetfng line patterns, that the K" values for both

substrates are sÈrongly coupled, and that either substrate can bind to
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thÈ enzyÎe in the absence of the other strongly suPPort a rapld equi-

llbrium randon mechanlsm for E. coli citrate synthase, but, an ordered

sequential mechanisrn with OAA bínding first cannot be excl-uded'

All citrate synthases aPPear to oPerate by a slmilar reaction

nechanÍsm, a random@r orciered)mechanism. The E. colÍ enzyme least resem-

bles the other citrate synthases in terms of reaction mechanism because

of the lower affinlty for AcCoA and the marked effects of KCI on the

klnetic properties. Characterizatlon of the citrate synthase from an

E. coli mutant has shown that the large, allosteric citrate synthase nay

be converted by rnutatíon to a small, non-allosteric enz)rn0e (Danson et

a1., ].gTg) supporting the contention that all citrate synthases operate

by a similar mechanism. The mutant citrate synthase displayed hyperbolic

saÈuration kinetics fn low ionic strength buffers and high affínity for

both substrates as demonstrated by low \ values, 10 UM for OAA and 11 uM

for AcCoA. Evidence presented 1n this Thesis (Fígure 15) indicates that

equivalent residues are found Ín the E. coli sequence for two of the

three residues that appear to be directly involved in catalysis (His-320

and Asp-375, see above). The availability of the complete amino acid

sequence of pig heart (Bloxham et a1., 1981; 1982) and E. coli (Bhayana

& Duckworth, unpubl-1shed; Ner et a1., 1983) Índicate that nost (21 out of

22, see Table 25) of the aufno acids lnvolved in substrate binding or

catalysis (Reroington et al., 1982) have hornologous counterParts in the

E. col-l sequence.

AILOSTERIC PROPERTIES OF ESCT1ERICHIA COLT CITRT\TE SYNTIIT\SE

Several of the kinetic and physfcal- properties of Gram-negative

citrate synthases can be explained in terms of the rnodel proposed by
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ltonod eE a1. (1965) for allosteric enzynes. The model Proposes an

equilibrium bet!æen tno conformatíonally ínequival-ent states which dis-

play diffetent affiníties for the substrates and allosteric inhibitor.

One conformation, the R state, has a high affinity for the substraÈes

and a low affíniÈy for Ëhe al-losteric lnhibitor. The R sÈate is catalyt-

ical1y active and is referred to as the active conformation. The second

conformatíon, the T or inactive state, has a high affiníty for the a1lo-

sÈeric inhibitor and low affinity for the substrates. The position of the

equilibrium, Te-R, for resting enzyne will determine which type of

saturation curve, hyperbolic or sigmoid, will be observed for Ëhe a1lo-

steric inhibitor or Ehe target substrate (amore detailed discussion of

this poínt ís given in the final chapter of this Thesis).

NADH (I^Ieítzman, 1966b) and q-KG (I^Iríght et aI. , 1967) inhíbitions

of Gram-negative citrate synthases have been proposed to be allosteric.

The interactions of IiADH with the Gram-negative citrate synthases have

been more extensívely investigated. E. coli citrate synthase was the

first citrate synthase shown to be strongly inhibited by NADH (WeiEzman,

7966a). The a1losËeríc nature of NADH inhibition of Gram-negative citrate

synthases has been confirmed by Harford & l,ieitzrnan (1975) using the

nultiple ínhíbition analysís method (see above). The E. coli enzyme has

been used most frequently in defining Ëhe allosteric properties of Gram-

negative citrate synthases.

Duckworth & Tong (7976) studied the interacËion of NADH with E. coli

citrate synthase by a fluorescence method. Upon binding to E. co1í

citrate synthase, NADH fluorescence undergoes a significant enhancement

r+ith a concomiEant shÍft in the emission peak. The interacËion of NADH
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r¿r-lth E. coli citrate synÈhase is quite specific and the fluorescence

enhancement roas shown to be a direct method of estimating the amount of

NADH bound. This urethod was verified by a ge1 fíltration rnethod. The

ease of the fluorescence enhancement techníque led to a detailed exarnin-

ation of NADH bínding to E. coli citrate synthase.

NADH binding to E. colí citrate synthase appears to be affected ín

tr¡ro r¡rays by changes in pH (Duclc\^torth & Tong, L976). As the pH ís raised

fron pH 6.2 to pH 8.7 the dissociation constant (5) for the NADH-enzyme

complex increases and the nuober of NADH binding sites (n) decrease. The

K'- value appears Ëo be dependent on the protonation of a group r¡ith a
U

pK value of about 7.05 whereas the variation of n with pH indicates the'a
involvement of a group with a pK" value of about 7.7.

Tong & Duckworth (1975) have shown that increasing the pH to pH 9.0

results in the depolyruerization of E. coli citrate synthase to a homogene-

ous solution of dimers. l^Ieitzman (1966b) has shown that citrate synthase

is desensitízed to NADH inhibition at pH 9.0. It is tempËing to suggest'

from t.his information and Ehe observation that the number of NADH binding

sites decreases with íncreasing pH, that the allosteric site has been

elirninated on going from a hexarneric structure to the dimeric structure.

This view is consistent r.rith the observation that large citrate synthases

have allosteric properties and that sma11 cit.rate synthases do not.

At pH 7.8 in the absence of KCl, NADH is a potent inhibitor, but

i.ncreasing the ionic sÈrength (0.2 If KCl) results in desensitizatíon

(I.ieitzrnan, 1966b). Under similar eonditíons (0.1 M KCl), E. co1í citrate

synthase is hexameric (Tong & Duckworth, 1975), a form r¿hich apparently

contains the allosteric site. Thus, at 1ow pll values KC1 must promote
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the conforrnatlonal change to the R state which has a low affinity for

NA_DH. The effect of KCl , to induce such a conforroational change, ís al so

apparent from the AcCoA saturation curves in the presence and absence of

KC1. In the absence of KC1, the AcCoA saturation curves are sigmoid

(Faloona & Srere, 1969; I^Iright & Sanwal, L97I; Singh, 1980), an indica-

tíon that rest.íng enzyme Ís ín the T state. One explanation for the

sigmoidÍcity ís cooperative interactions between the reactíve sit.es.

KC1 (0.1 M) eliminates the sigrnoidicity in the AcCoA saturation curves

(Faloona & Srere,1969; Be11, 1978) and thus appears to be an allosteric

activator. Thus, the eliminatíon of the allosteríc response to NADH with-

out depolymerizatÍon is possible and one of the mutants described by

Harford & Weitzman (1978) may be an example of this phenomenon. This

mutant contains a large, non-allosteric citrate synthase. The mutation

nay be related to the allosteric equilibrir¡m or nay cause the loss of a

group which Ís critically involved in binding NADH.

The existence of tr^ro types of adenylate binding siÈes on E. coli

citrate synthase, allosteríc sites and actÍve sites, is useful in explain-

ing many of the effects of varíous adenylates and nícotinamide nucleotides

(Duckworth & Tong, 1976; Talgoy & Duckr¿orth, 1979). hrhen the allosteric

site is occupied by NADH citrate synthase cannot undergo the conforrna-

tlonal change to the R state and thus is strongly inhíbited. AcCoA and

KC1 fr:nction synergistically to induce the conformational change to the

R state as indicated by desensitizatíon (Weitzman, 1966b) and by the fact

that they eliminate NADH bindíng as measured by the fluorescence enhance-

ment technique (Duckworth & Tong, 1976). The inhíbítory effect of NADH

is quíte specific; other adenylates, includíng nicotinamíde derivatives,
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are slÍght activators of enzyme activity. Activation is proposed to

occur by interaction at the allosteríc site since the derívatives tested

ínhibit NADH binding in a competitive manner (Talgoy & Duckworth, 1979;

DuckworËh & Tong, L976). This proposal fs further subslantiated by the

protective effect these adenylate derívatives have on the DTNB modifica-

tion reaction of E. colí citrate synthase. Danson & l^Ieitzman (L973:1977)

have reported and Talgoy (1979) has confirmed that DTNB rnodificatíon of

E. co1í cirrate synthase results in cornplete desensitizaÈion to NA-DH

inhibitíon with only marginal loss of enzyme activíty. The protective

effect of NADH is believed to ocb.ur because the reactive sulfhydryl group

is in the allosteric site and NADH bínding prevents DTNB rnodífication by

a steric mechanism (Talgoy et a1. , 1979).

AcCoA also inhj-bits DTNB rnodífication of E. coli citrate synthase

(Talgoy, 1979; Talgoy et a1., 1979). It may be doing this by inducing a

a conformational change to the R state r¿hich may be less reactive to DTNB.

0n the other hand, AcCoA may be interacting at the allosteric site, which

binds a variety of adenylates, and thus preventing the DTNB rnodificatj"on

reaction by a steric mechanism, as the other adenylaÈes do. AcCoA inter-

actíon at the allosteric site could also account for the sigmoídicity

observed in the AcCoA saturation curve, without assuming cooperativíËy

between active sítes.

Duckworth & Tong (1976) have demonstrated that o-KG has no effect on

NADH binding and further that o-KG does not counteract the destabilizing

effects of KCl or AcCoA on NADH bínding. Talgoy & Duckworth (1979) have

demonstrated that cr-KG is a competitíve inhibitor of OAA bindíng. Since

the adenylates, except NADll, promote formation of the R state and NADH
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stabÍlizes the T staÈe, lt appears that o-'llG is not involved

steric mechanism. The inhlbítory effect of s-KG Ís probably

sËeríc mechanisrn urlth q-KG behaving as a structural analogue

CHE}IICAL MODIFICATION OF ESCHERICHIA COLI CITRATE SYNTHASE

1n

by

of

an allo-

an iso-

OAA.

The most extensive cherníca1 rnodification study on E. coli citrate

synthase r,ras presented by Danson & l.Ieltznan (1973). HistÍdiny1 , cysÈeinyl

and tryptophanyl residues were shown to be involved ín enzyme activity

and sensitivity to NADH could be altered by nodification of a cysteinyl

residue.

Modification of E. coli citrate synthase by photo-oxidation using

the photo-sensitíve dyes, Methylene Blue (catíonic dye) and Rose Bengal

(anionic dye), resulted ín a slow decay of enzyme acitvity and a rapld

loss of NADH sensitivity (Danson & Weítzman, I973). The pH profiles for

the rates of photo-oxidatíon induced inactivation of E. coli cítrate

synthase indicaÈed that more than one class of histídinyl residues is

involved in catalysis. A sinilar analysis indícated that a tyrosínyl or

cysteinyl residue was involved in the photo-oxidation induced desensiti-

zation to NADH. Arnino acid analysis demonstrated that cysteinyl residues

were oxídized and Lhat Ëyrosinyl residues were unaffected, thus indicating

that a cysteinyl resídue was involved j-n the desensitizatíon process.

Cherníca1 modification w-ith diethyl pyrocarbonate, a histidine-

specifie reagent at pH 6.0, further implicated the involvement of histi-

dínyl residues in catalytíc activíty (Danson & I^Ieitznìan, L973). Sensítiv-

ity to NADH was unaffected by rnodification wÍth diethyl pyrocarbonate.

Remington et al. (1982) have ídentified, from the x-ray structure of pig

hearË citrate synthase, t\.ro h:istidinyl residues thaÈ appear to be dírectly
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involved in catalysis. As mentioned above

apparently contains homologous histidínyl

data presented by Danson & Weitzman (1973)

, E. co11 citrate synthase

residues and Ëhe inactivation

are consístent with this

observation.

Chemical modification of E. colí citraËe synthase wiËh hydroxyl-

nitrobenzyl brornide, a tryPtophan specific reagent at pH 4.6, resulted in

a rapid loss of actíviËy (Danson & I^Ieitzman, L973). Modification of

abouË 1.1 equivalenËs of tryptophan per subr¡nit (47,000 B/mol) resulted

in about a 907" decrease of enzyme activíty. Modification of the trypto-

phanyl residues of E. coli citrate synthase has not been investigated

further.

The results from the photo-oxidation experiments indícated involve-

ment of cysteinyl residues in catalysis and in the response to NADH

(Danson & Weítzm:n, 1973). Modification wíth DTNB, a sulfhydryl specific

reagent, verified these results. Danson & I,IeíËzman (1973) found that E.

coli citrate synthase is partially inactivated and completely desensitized

to NADH by DTNB modification. I^Iright & Sanwal (I97I) reported that E.

coli citrate synthase is complet.ely inactívated by reacËion with díthio-

dipyridine (PDS), another sulfhydryl specific reagent. Faloona & Srere

(1969) reported Ehat DTNB rnodification of E. coli citrate synthase, to

Èhe extent of about I equivalent per subunj-:_ (47,000 g/mo1), resulted

in litt1e or no loss of enzyme actívity. Talgoy (1979) verífied the

results of Danson & I^/eitznan (1973) and l.Iright & Sanr"¡al (f971). Modifica-

tion with DTNB selectively desensitizes E. coli citrate synthase to

NADH with only marginal acÈÍvity loss whereas modifícation wíth PDS

results in complete inactivation (Talgoy, 1979). I have studied the

DTNB nodificaËion reaction of E. coli citrate synËhase and have shov¡n
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that DTNB x¡odification lnduces Èhe formation of a protein disul-fide bond.

The DTNB-modffied and the DTNB-lnduced disulflde fonus of cLtrate synthase

are borh desenslÈized to NADH (TaLgoy et al., 1-979). PDS modÍfication

appears to be related to the same sulfhydryl grouP, but PDS-modifled

citrate synthase fs fnactivated. PDS nodification al-so induces the

formation of a protein disulfide bond (talgoy et al., 1979). NADH does

not bind to eirher the DTNB or the PDS induced dísulfide forns of E. coli

cítrate synthase (Talgoy et al., 1979). All in all, the involvement of

cysteinyl resídues in Èhe catalytic and regulatory properties of E' coli

citrate synthase is well established.

Other Gram-negat.ive citrate synthases display sinílar responses r¡hen

exposed to DTNB or PDS. DTNB roodified Pseudomonas aeruginosa citrate

synthase ís completely desensitized to allosteríc ínhibitlon by NADH

(Ìtarford & l^Ieitzman, L975). l'lorse & Duckworth (1980) have shou¡n that

Acinetobacter anítratr¡m ciÈrate synthase Ís inactivated by PDS but does

not react trith DTNB. The involvenent of cysteínyl residues Ín the

a]Losteric and catalytic properties appears to be characterístic of Gram-

negative cÍtrate synthases. Azotobaeter vinelandil citrate synthase

also reacts with DTNB which results in activity loss and desensitization

of the activity remainfng to NADH (8e11 & Duckworth, r'rnpublished), a

result simllar to that observed by Danson & Weitzrnan (1973) for E. coli

citrate synthase. Pig heart cftrate synthase, and other small non-

allosteric cÍtrate synÈhases, ln general do not react refth DTNB in the

absence of denaturing reagents (Srere, !972; I'Ieitzruan & Danson, 1976).

The results of chernlcal nodifÍcatfon of E. col-i citrate synthase

r¡Íth an amino group specffl"c reagent, tl^to arginine specifÍc reagents and
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three new sulfhydryl reagents are presented in this Thesis. Evidence

is presented for the involvement of amino groups, ei-ther of 1ysy1 resj-dues

or the N-terminal c-amino group, in the actíve or allosterÍc sites of

E. coli citraËe synthase as lndicated by reaction with pyridoxal 5-

phosphate. The involvement of arginine residues in the catalytic

allosLeric properties of E. col1 cítrate slmthase is ímplíed from

rnodification reactions wÍth butanedione and 7,2 cycTohexanedione. The

sulfhydryl specífíc reagents, monobromobimane, dibromobimane, and

monobromotrimethyla-unoniobiilrane, are shovm to have similar effects on the

catalytic and regulatory properties of E. coli citrate synthase to those

observed for DTNB and PDS modification.

and

the
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BACTERIA

Oreanisms

Escherichia coli strain HsrOl/pHSgE! prepared

was used as the source(see Duckr^rorth & 8e11, L982)

citrate sYnthase.

Escherichia coli strain H8101, a mutant strain (Bolivar & Backman,

1980) was from Terry Rabbitts, MRC Molecular Biology Laboratory, England.

Escherichia coli strain CGSC 259, a wild type strain, was used

as Èhe source of chromosomal citrate synËhase.

SÈock cultures of Escherichia coli were stored aE -20 C in a solution

50% glycerolz 507" scock LB liquíd medium; stock cultures of straj-ns har-

bouring the plasmid pHSgltA contain added ampicillin, 100 ug/mL.

Azotobacter vinelandií, a wild type strain, was obtained from the

culture collection of the Microbiology Department, University of Manitoba;

it is numbered 113 in their collection. The strain, originally a subcul-

ture of ATCC 9047, \¡ras used as the source of Azotobacter vinelandíi

cítrate synthase. Stock cultures r¡/ere stored at -20 C in a solution 50%

glycerol: 50Z. modif ied Burkr s medíum. The sËrain \¡ras shipped to the

Department of Biochemistry, University of Alberta, as a culture either in

nutrient sËabs or on agar plates supplemented with modified Burk's medium.

History of HB101/pHSgltA

Guest (1981) has shov¡n ËhaË the plasmid pLC26-L7 from the Clarke and

Carbon líbrary (Clarke & Carbon, 1976) contains the gene for gltA which

specifies for citrate synthase (Ashworth et a1., 1965). This plasmid,

pLC26-I7, vras used as the source of the gltA gene. The gltA region is

locaËed between the unique HindïII and EcoRI restriction sites í.n pLC26-L7

lrith a unique SalI site located about 0.3 kílobase pairs from the EcoRI

by

of

Harry I^I . Duckworth

plasmíd-specified
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sire in the directíon of the HindIII site (Guest, 1981). Elimination of

Ëhe DNA between the SalI and EdoRI sites is not detrimental to the gltA

gene. The plasmid pBR322 v¡hich confers ampíci1lín and tetracycline

resistance also containd unique HindIII and SalI sites which are located

withín the region specifying tetracycline resistance. Ligation of t.he

HíndIII and SalI digestion products of pBR322 and pLC26-17 yields as one

of the products a plasmid with the gltA gene inserted between the HindIII

and SalI sites of pBR322. This new plasmid, desígnated pHSgþ!, confers

ampicillÍn resistance but not tetracycline resistance and carrÍes the gene

for gltA. Competent H8101 were transformed with pHSglt4 thus generating

the strain H8101/pHSg+A which is used in this study.

CHEMICALS

Chemicals

Acrylamide and methylene bisacrylamide (BIS), electrophoresÍs puríty

reagents were obtaíned from Bio-Rad Laboratories. Ampicillin, o-amino-

butyric acid, bovine serum albumin, catalase, CM-cysteine, Coomassie

Brilliant Blue R250, DNase, DTT, egg whit.e lysozyme' glutamate dehydro-

genase, glyceraldehyde 3-phosphate dehydrogenase, horse heart cytochrome c'

IAA, NADH, ovalbumin, pigeon breast muscle citrate synthase, PMSF, Protamine

sulfate, pyridoxal 5-phosphate (P5P), SDS, soybean trypsin inhibitor,

subtilísin BPNt, thíamíne, Trizma base (Tris) and whale muscle nyoglobín

were obtained from Sigrna Chernical Company. Bacto-agar, bacto-tryptone and

yeast extract v,rere obtained from Difco Laboratories. Acetyl-CoA, tril-

ithium salt r¡ras from PL Biochemicals. Aqueous scintÍl1atíon cocktail (ACS)

r¡as from Amersham Corporation. Brornophenol blue was from Matheson, Coleman

and Bell. Monobrornobimane (mBBr), dibromobimane (bnnr¡ and monobromotrí-

methylarrnoniobimane (qBBr) were from Calbiochem-Behring Corporatíon.
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Butanedione $ras from Chem Service (l^Iest ChesÈer, Pa.). DEAE ce11ulose,

preswollen microgranule (DE52) was from Whatman Chemical Separation Limited.

Ellmanrs reagent (DTNB) and 0AA vrere obtained from Aldrich Chemíca1 Company.

Glycerol and SnClr.ZHZO were obtained from J. T. Baker Chemical Company.

Guanidine hydrochloride (GuHCl), ultra pure was from Bethesda Research

Laboratories. Iodo E-tOa] -acetic acid was obtained from Amersham/Searle

Corporation; MgSOO.THZO was from Britísh Drug Houses; (M¿) 
ZSO4, 

enz)rme

grade was from Schwarz/Mann; 28-302 NH4OH, reagent A.C.S. r¡/as from Baker

and Adamson; norleucine (N1e), liquid standard 2.5 pnrol-/ml- was from Tech-

nicon fnsËrumenÈs Corporation; Sephadex G25, G75 and G200 were from Phar-

macia Fine Chemicals; and TEMED was from Eastman Organic Chemicals.

The following Sequenal grade chemicals were from Pierce ChemÍca1 Com-

pany: benzene, butyl chloride, ethyl acetate, PITC and 0.1 M and 1 M

Quadrol. Also from Pierce Chemical Company were 1r2 cyclohexanedione,

Polybrene, PTH-amino acid standard kit, quantitative PTH-amino acid stand-

ard kit and amino acíd standard H.

The following chemicals vrere from Fisher Scíentific Company: acetone,

aurnonium persulfate, ammonium bicarbonate, butanol, CaCIr'2H20, CuSOO'5H20,

EDTA (disodium salt), KCl, NaCl, NaHTPOO'2ll20, Na'HPOO, N"28407'10H20,

NaOH, potassium acetate, sodi-um acetate, sucrose and trichloroacetic acid

$/ere certified A.C.S.; acetíc acíd, HCl and mercaptoethanol v¡ere reagent

A.C.S.; acetonitrile, methanol and tetrahydrofuran (THF) were HPLC grade;

902 formic acid was purified; NarCO, was laboratory grade; and 407" formal-

dehyde was of quality suitable for histological use. Also from Fisher

ScientifÍc Company nere Phenol Reagent 2 N Solutíon (Folin Reagent) , NaBHO,

Spectrapor 3 dialysis tubing and dialyzer tubing

i'..i:
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Media

Stock Luria broth (LB) liquid medium is a solution containing: Bacto-

Èryptone, 10 g; Yeast extract, 5 B; NaC1, 10 B; 1M NaOH, 1¡nL/L; deí-onized

water to I L. This solution is autoclaved at 72I C for 45 rnin before use.

Modified Burkrs liquid medium is a solution containing: sucrose, 20 g;

KZHPO4, 0.8 S; KHTPOO, 0.2 g; MgSOO'7HZ), 0.2 g; CaCL|'2HZO, 0.09 g; 1 mL of

the Fe-Mo solution (1 urg F.+2 pl,r" 0.1 mg t"to+6/*i,); deionízed water to I L.

Solutions of sucrose, of the Fe-Mo mixture and of the salts were steríIízed

by autoclavíng at I2l- C for 45 min and after cooling were mixed in the

correct proportions using sterile techniques to yield the liquid medium.

Ìfínimal acetate liquid medíum A ís a solution containing: sodium

acetaÈe, 10 g; KrHPoO, 10.5 g; KHrPoq,4.5 g; (NH4)2504,15. g; MgSOO'7HZ},

0.1 g; thiamine, 10 mg; deionized water to a volume of I L. Solutions of

acetate, of thiamine and of the salts ü/ere sterilized, as above, and mixed,

as above, to yield the minimal acetate liquíd medium A.

Agar plates or slants are prepared from the liquid medíum containing

agar, 1.1 - I.37" w/v.

Buffers and Solutions

Tris-EDTA buffer is 0.02 M Tris base containing 1.0 ml'f EDTA (disodium

salt) in deionized r¡ater; the pH of the solution is adjusted using constant

boiling HC1.

Tris-EDTA-citrate buffer is 0.05 M Tris base contaíning 0.1 mM EDTA

plus 1.0 mM citrate (trísodiun salt) in deionízed waÈer; the pH of the

soluÈion is adjusted using constant boíling HC1.

phosphate-EDTA buffer is 0.015 M phosphate containing 1.0 mM EDTA in

deionized water; 0.015 M solutions of NaHTPOO and llarHPO* containíng 1mlI

EDTA are prepared; Èhe buffer solution is prepared by titrating the dibasic
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solutíon with .the monobasfc solutíon to the desired pH va1ue.

Borate-EDTA buffer is 0.05 M borate containÍng 1 mM EDTA in deionized

water; 0.05 M solutions of boric acid and sodium tetraborate containing

I mM EDTA are prepared; and the tetraborate solution is titrated with the

free acid to gíve a buffer solution of the desired pH value.

Deionized vtater is dÍstilled water Ehat has been passed through a

mixed-bed ion exchange resin; a high capacity Barnstead water purÍfication

cartridge (Cat. No. D0803) r¡as used.

Constant boiling HCl was prepared by mixing equal volumes of deionized

v¡ater and hydrochloric acid (36.5 - 38%, reagent grade) and collecting the

constant boiling distillat" (TU = 106 C) at ambient pressures.
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GROI,ITH CONDITIONS

6¡owth Conditons for HB10t/pHSgltA

Escherichia coli strain H8101/pHSgltA !ùas gro\,Jrr aerobically at 37 C

LB 1íquid medium contaíning

or LB p1aÈes supplemented r¡ith

on rich medium, eiÈher a solution of stock

arnpicillin (final- concentration 100 ug/nìL)

ampicillin. Growth from a stock culture r^ras initiated on LB agar plates

previously spread with 0.2 mL of an ampicillin solution (1 mg/ml). Single

colony isolates were used to inoculate several 10 mL volumes of LB liquid

¡neditrn containing ampicillin. The cel1u1ar extracts from tt¡101/pHSglÈA

and H8101 were analysed and the 1eve1 of citrate synthase in H8lOl/pffsg4A

r{as found to be L2-L6 fold higher. Fresh stock cultures from overnight

cultures of 118lOl/pHSgltA \,rere prepared. H8101 was also grovtn aerobically

on LB liquid medium, no ampicíl1in.

Large volume (15 L) cultures of HBl0l/pHSgltA were ínitiated in 10 mL

volumes of LB liquíd medíum containing ampicillin by sterile transfer of

0.1 mL of solution from a fresh culture. About 5 ¡rL of Èhis fresh over-

night culture was then used to inoculate 100 mL volumes of the same medium

containing ampicillín. Four of the 100 mL cultures I¡¡ere used Èo inoculate

one 15 L volume of LB liquid medir¡r plus ampicillin in a 20-L carboy.

Anpicillin at a 1000-fo1d strength was added to Èhe sterilized medium to

a final concentration of 100 Ug/mL, prior to inoculation. Srnall volume

cultures were allowed to grovr overnight at 37 C v¡ith agitatíon to ensure

good aeration. Cultures of 15 L were allowed to grow 22-24 h at 37 C with

forced aeration; a second aliquot of arnpicÍllin was added after 10-12 h

to ensure selection of the.plasmid-harbouring bacteria. The 15 L cultures

r¿ere harvested using a Sharples continuous flow cenÈrifuge.
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cror¿th Conditions for Other Bacteria

Escherichia coli CGSC 259 and Azotobacter vinelandií r.rere grovirl

aerobically in a 200-L fermenter at the Department of Biochemistry,

University of Alberta. Escherichia coli was growrl on minimal acetate

medium A at 37 C and gave about I.2 Kg wet cells from an overnight run.

Azotobacter vinelandii r'ras grovrn on a modified Burkrs medium at 28-30 C

and gave about 2.5 Kg wet ce1ls from an overnight run. The wet cel1s

\tere frozen and shipped on Dry Ice to the University of Manítoba where

they were stored at -20 C.

ENZYME PURIFICATION

Analysís of the Cellular Extract from HBlOl/pHSgltA

Cells from LB liquid medium cultures were harvested by centrifugation

and v¡ashed by suspension ín 10 rnl- of Tris-EDTA buffer, pH 7.8, followed

by centrifugation. The wash solution LTas removed by decantation and the

cells \^lere transferred to Eppendorf tubes as a suspension in 1mL of

Tris-EDTA buffer, pH 7.8. The cells were broken by sonication, three

30 sec bursts interrupted by 5 rnin cooling periods in an ice/water bath.

Sonícation \,üas at 60-i.l using a Sonic Dismembrator (Artek Corp., Farming-

da1e, N.Y.) equipped with a 3-nrn-diameter titanium probe. The cel1u1ar

extract \,¡as separated from the cel1 debris by centrifugation. Aliquots

of the cellular extract were diluted appropríately and assayed for

citraËe synthase activity using standard assays and for protein by the

nethod of Lowry et a1. (1951).

Purification of Plasmid-Specified Citrate Synthase

PlasmÍd-specified citrate synthase was purified from H¡101/pHSgltA

by a method sirnilar to that described for the purification of chromosomal

enz)rme from Escherichia coli K12 3000 (Tong & Duckworth, 1975).
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The harvested cells, 83.1 g from a 15 L LB liqufd medir¡m overnight

culture, !ùere suspended in 250 ¡nL of 0.02 M Tris-HCl buffer, pH 7.8,

conÈainínS 3 nM EDTA plus 3 îü P¡ISF, and stírred 4-6 h at 4 C. (PMSF was

added as an acetone solution, 156.8 nB/u¡L.) The cell suspension was

passed through an Amlnco French pressure ce11 at a cell pressure main-

tained beÈween 16,000 and 18,000 psi; the ce1l suspension and extract

were kept on fce. A second aliquot of Pl"lSF (1 mt) was added and the

slurry was stirred 10 min before the further addition of a pinch of DNase.

After stirring for 20-30 min at 4 C the supernatant rdas separated from

the cell debris by centrifugation (1 h at 48000 x g) and collecred. To

the supernatant was added dropwise with stirring 0.42 trú./C wet cells of a

freshly prepared protamine sulfate solution (27" w/v; the amount of pro-

tamine sulfate added corresponds to 8.4 ng/g of wet ceIls). The

solution was stirred an additional 40-50 min at 4 C and Èhe supernatant,

designated the crude extract, was collected after centrifugation (1 h at

48,000 x g) .

Aliquots of the crude extract were tested with (NH4)rSOO to see

which concentrations precipitated citrate synthase actÍvity. The results,

Table 1, indÍcated that most of the enzyme activity precipitates in the

45-65% saturation range. The (NH4)rSOO fractionation, performed at 4 C,

was achÍeved by first making the crude extract 457" saturated. Solid

(NH4) 
2SO4 Q77 g/L) was added sLow1y and the solution uras srirred an

additfonal 45 min; the precipitate Lras removed by cenÈrifugation (30 urin

at 5800 x g) and the superrurtant was collected. The 45ij saturated solution

ot¿s rru¡de 65% saturated by s1ow1y adding more solid (NH4)2S04 (G34 e/t)
and stirring the solution an additional 45 min. The proteins which

precipitate in the 45-652 (NH,)^SOO saturation range trere separated from



Table 1: Arunonium Sulfate Fractionation of E. coli CÍtrate Synthase

Saturation
(7")

(NH, ) ^s 
o,

4¿q
(rnglml-)

Activity
(U/mL)

Act ivitya
Soluble

40

45

50

55

60

6s

70

243

277

313

351

390

430

472

360

370

280

200

1B

3.4

o.2

100

103

7B

56

5

0

0

0

94

06

fuol,¡ne change due to the addition of (M¿),SOO not taken ínto account.



6L

the 657" saturated solution by centrifugation (30 min at 5800 x g) and

dissolved in a rn:inimum volt¡me of Trís-EDTA buf fer, pH 7.8' containing

0.05 M KCl. The (NHO)rSOO was removed from the solution by dialysis at

4 C, overnight against two 4 L volumes of Tris-ED{IA buffer, pH 7.8,

conËaining 0.05 M KCl. During dialysis a whiËe precipítate formed, which

vras removed from the dlalyzed solution by centrifugation (10 min at 4100

x g); no citrate synthase activity vras associated v¡ith this precípitate.

The clarified solution was loaded onto a DEAE-cellulose column (2.5 x

25 cm) equilibrated r"¡ith Trís-EDTA buffer, pH 7.8, containing 0.05 M KC1

at 4 C and 20 mL fractions hrere collected. The column was washed with

600 rnl- of Tris-EDTA buffer, pH 7.8, containing 0.05 M KCl followed by a

línear gradient of KC1 from 0.05 M to 0.30 M in the Tris-EDTA buffer,

pH 7.8, total voh:me 2 L. Fractions (20 mL) collected were monitored for

A^-. and enzyme activity; citrate synËhase activity elutes as a single
-¿t o

peak between 0.10 M and 0.15 M KCl (Figure 1A). Enzyme was pooled on the

basis of specific activity and two pools r^rere generated, a main pool from

fractions with specific activity greaÈer than 30 U/mg and a secondary

pool from the remaining fractions with specific activity of 20 U/mg or

higher. The two pools !'/ere concentrated by ultrafíltration at 4 C and

then diluted to 100-150 ng/rnl. The final step of the purification was by

ge1 filtration at 4 C Ehrough a Sephadex G200 coh:mn (2.8 x 75 cm) in

Tris-EDTA buffer, pH 7.8, containing 0.05 M KCl; samples not larger than

5 rnl- were loaded and eluted with the same solution; fractions (5 nL)

collected were analysed for 42ZB rod enz)¡me activity. An elutíon profile

from the Sephadex G200 colurnn, typical for this purification step' is

shov¡n in Figure 13; the sample loaded vras about half of the main pool from

the DEAE-cellulose coh:mn (specific actÍvity greater than 30). Fractions



Figure 1: Purlfication of plasrnid-specifíed citrate synthase-
Fractions were monítored for A^-^ and citrate synthase actlvity.
Pools, as indicated, tlere *"¿ã'óf, the basls of specific activlty.
A. Ion exchange chromatography. The dialyzed 45 - 917" 

(NH4)2SO4

Fraction of proteln from 83.1 g wet HB1OUpHSgEA cel1s r'ras'
loaded onto a DEAE-ce1lulose column (2.5 x 25 cm); the loaded
column úras l"tashed with about 600 mL of Tris-EDTA buffer, pH 7.8,
containing 0.05 M KCl, and eluted by a linear gradient frorn 0.05
M to 0.30 M KCl in the same buffer. Fractfons (20 nL) were col-
lected and two pools, A and B, were generated. The KC1 concen-
tratíon is indicated by the broken line; the start of the grad-
ient is indicated by the arroql and 1s only shown up to about 0.25
M KC1. B. (Next page) Gel filtratíon. About half of the
concentrated material from pool A was loaded onto a Sephadex G200

colr¡nn (2.8 x 75 crn) in Trls-EDTA buffer, pH 7.8, contalning 0.05
M KCI . The column Ì"ras eluted with the same solutlon. Fractlons
(5 mL) were collected.
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hrere again pooled on the basis of specific activity and concentrated by

ultrafiltratÍon. Citrate synËhase purifíed in this manner was found to

be stable for months when stored at 4 C as a concentrated solution, 100-

200 rl,e/rDL.

Purification of Chromosomal Citrate Synthase

The purificatíon of chromosomal citrate synthase from Escherichia

coli CGSC 259 is identícal to the method described for purification of

the plasmid-specified enzyme except for the following changes:

Normally 200-250 g of wet cells are suspended in 2-3 volumes of

Tris-EDTA buffer, pH 7.8. The bulk of the ciÈrate synthase activity

precipitates from the crude extract in the range 55-70% (NH4) 
2504

saturation. (Dialysis of the 55-7OZ (M+)rS0O fraction does not yield

any precipitate.) The elution profile for enzyme from theDEAE-cellu1ose

colurnn is shown in Figure 2A; the salt gradient from 0.05 M to 0.30 M KCI

in Tris-EDTA buffer, pH 7.8, was started after Ëhe loaded column r¡as

washed with about 600 mL of Tris-EDTA buffer, pH 7.8, eonÈaining 0.05 M

KCl. Only one pool of high specific activity was warranted. The fína1

step of the purification, gel filtration through the Sephadex G200

column, gives essentÍally the same result as in the purification of

plasrníd-specified enz)¡me (compare Figure 28 and Figure 18), except that

the plasmid-specified source is much rícher in citrate synthase as

indicated by the fact that Èhe enzyme peak dominates the profile. Chro-

mosomal enzyme prepared in thís manner ís identícal in all aspects to the

plasrn:id-specified enz)rme except for the specific activity which is about

407" Lower.

PurifÍcation of Azotobacter vinelandíi Citrate Synthase

Azotobacter vinelandii cítrate synthase vras purified from ce11s grown



Figure 2: Purification of chromosomal citrate synthase.
Fractions v¡ere moniÈored f.or A27g and citrate synthase
activity. Pools, as indicated, were made on the basis of
specific activity. A. Ion exchange chromatography. The
dialyzed 55 - 70% (NH4) 2SO4 f.raction of protein from about
220 g wet E. coli K12 3000 cells was loaded onto a DEAE-
cellulose column (2.5 x 25 cm); Èhe loaded column was
r¿ashed with about 600 rnl, of Tris-EDTA buffer, pH 7.8, con-
taining 0.05 M KC1; and eluted by a linear gradient from
O.O5 M to 0.30 M KC1 in the same buffer. Fractions (20 rn].)

were collected. The KC1 concentration is indicated by the
broken line and only a portion of the gradient, from 0.05 M

to about 0.2 M KCl is shown. å. Gel fíltration. The con-
centrated protein from A was loaded onto a Sephadex G200
column (2.8 x 75CM) in Tris-EDTA buffer, pH 7.8' contaíning
0.05 M KCl. The column was eluled with the same solutíon.
Fractions (5 nt ¡ were collected.
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aerobLcally in a fermenter on a modifíed Burkt s medium. The purification

procedure used was símilar to that described by Johnson and Hanson (1-914)

up to elution of the enzyme from the second DEAE-cellulose column. The

final step used in purifying the enzyme was ge1 filtration through a

Sephadex G200 colr:mn. The compleÈe meËhod for the purification of

Azotobacter vínelandii citrate synthase was as fo1lows.

Frozen cel]s, brown in colour, lrere ttrawed at room temperature,

suspended in 4-5 volr:mes of 414 glycerol-}.025 M Tris-HCl, pH 7.4, and

stirred gently for 30 min at room Lemperature allowing the cells to svre11

with glycerol . Sr.¡o11en cel1s, a fleshy colour, llere collecÈed by centri-

fugation at 4 C (20 rnin at 16,300 x g) and resuspended ín 3 volumes of

0.025 M Tris-HCI, pH 7.4. The cells v/ere ruptured by vigorously shaking

the resuspended cells with glass beads for 20-30 min at room temperaËure;

a pinch of DNase was added and the solution was gently shaken a further

10-15 min. The supernatant, a copper tan colour which darkened with time'

was collected after cenÈrifugation (1 h at 16,300 x g) and dialyzed over-

night at 4 C against 4 L of. Tris-EDTA-citrate buffer, pH 7.2. After

díalysis the exÈract !'7as loaded, at 4 C, onto a DEAE-cellulose column

(2.4 x 38 cm) equílibrated with the Tris-EDTA-citrate buffer, pH 7.2, and

r¡ashed with about 2 L of the same solution. After ah" 4ZZg of the eluate

dropped to less than 0.2, ã solution of Tris-EDTA-citrate buffer, pH 7-2,

containing 0.6 M KOAg was applied to the column and fractions, 20 mL'

were collected. The frac¡ions nere monitored for enzyme activity and more

Ehan 95% of the activity was found in 3 fractions. The enzyme rich

fracËions were pooled and díalyzed overnight at 4 C against two 4 L vohunes

of Trís-EDTA-citrate buffer, pH 7.8, containing 0.05 M KOAc. In the

procedure descríbed by Johnson and Hanson (I974) active enzyme, batch
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eluted from the DEAE-cellulose columr¡ was dlalyzed agaínst Tris-EDTA-

citraÈe buffer, pH 7.2, and loaded onto another DEAE-cellulose colunn

equillbrated in the sa¡ne buffer. Azotobacter vinelandii citrate synthase

eluted from the column between 0.30 M and 0.35 M KOAc when a linear grad-

ient frorn 0 to 0.6 M KOAc in the lris-EDTA-citrate buffer, PH 7.2, was used.

In the procedure I used, acÈíve enzyme batch eluted from the DEAE-cel1ulose

column was dialyzed against Tris-EDTA-citrate buffer, PH 7'8, containing

0.05 M KOAc. When thÍs sample was applied to another DEAE-cellulose colunn

equílibrated in Tris-EDTA-cftrate buffer, PH 7.8, containing 0'05 M KOAc'

Azotobacter vinelandii citrate synthase passed through the column with

1ittle ret,ardation, whereas the bulk of ah" 4zzg material bound (Figure

3A) . The bulk of the 42Zg *t"rial and a secondary peak of citrate syn-

thase was eluted v¡hen a linear salt gradient (from 0.05 M to 0'30 M KOAc

in Tris-EDTA-citrate buffer, PH 7.8) was aPplied. The secondary peak of

citrate synthase activiÈy, between 0.07 M and 0.1-0 M KOAc' nay be explained

as an increased rate of elution of the citrate synthase activÍty trailing

the rrain enzJ¡Ine peak (Figure 3A). Fractíons with hígh specif ic activíty

were pooled and concentrated by ultrafiltration. Further purification

and reupval of excess salt qrere accompllshed by passing the concentrated

sample through a Septr,adex G200 column (2.8 x 75 crn) in Tris-EDTA-citrate

buffer, pH 7.8, containing O.O5 M KCl. The colurnn was eluted with the

same solution and the fractions (5 mL) collected were monitored fot LZT'

and enzyme acÈivity. The elution profile is shown, Figure 38, and fractíons

with specifÍc activity greater Èhan 60 U/ng were pooled and concentrated

by ultrafiltration. Azotobacter vinelandil citrate synthase purífied in

this rr,anner htas found to be sensítÍve to Èhe allosteric inhibitor NADH'

but the sensítívity decreased with time when the enzyrne hras stored as



Figure 3: Purification of 4.zgtobacFgr vinelandii citrate
synthase. Fractions l¡Iere monitored f-or Arro and citrate
synthase activity. Pools, as indicated, itáie made on the
basis of specific activity. 4. Ion exchange chrornatography.
Citrate synthase purification sÈarÈing with about 350 g
wet A. vinelandii cells. The dialyzed enzyme poo1, batch
eluted from a DEAE-cellulose column v¡as loaded onto ê sêc-
ond DEAE-cellulose colurnn (2.5 x 25 cm) equilibrated in Tris-
EDTA-ciËrate buffer, PH 7.8, containing 0.05 M KOAc'. The

loaded column was eluted first r¿ith abouÈ 600 rnl¡ of the same

solution followed by a linear salt gradient in the same

buffer frorn 0.05 M ro 0.30 M KoAc. Fractions (20 rnl) were
collected. The KOAc concentration is indicated by the broken
line; the start of the gradient is indicated by the arrow
and only part of Ehe gradient, up to about 0.21 M KOAe, is
shovrn. q. Gel filtration. The concentrated protein from
A was loãded onto a Sephadex G2O0 coltrmn (2.8 x 75 crn) in
Tris-EDTA-citrate buffer, pH 7.8, containing 0.05 M KC1.

The column r^ras eluted with the same solution and fractions
(5 rnI.) were collecÈed.
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a concentraied solutlon at 4 C,

ROUT]NE PROCEDI]RES

Protein Determination

The protein concentrations in crude preparatíons of citrate synthase

were determined by the method of Lowry et al. (1951). Stock solutions

of. 27" Na^CO. in 1 M NaOH and 0.5% CuSO, ln 17" sodium citrate were prepared-¿34

and stored aÈ room temperature. The CuSOO solution was diluted 50 fold

with the NarCO, solution immediately before use; 1 mL of thÍs solution

was added Lo 0.2 rnL of a sample containing 5 to 200 pg of protein and

mixed thoroughly. After 10 minutes at room temperature 0.1 mL of a so1-

ution of Folin reagent (2N Fo1ín reagent diluËed 1:1 with deionized s/aËer)

was added and mixed iuunediately. The color reacÈion r,¡as allowed to develop

30 minutes at room temperature and the absorbance was read at 750 nm against

a blank conËaining no protein. Protein concentrations were determined

relative to the standard protein, bovine serum albumin.

Purified citrate synthase concentrations were deEermined spectro-

photometrically. The molar extinction coefficients for a 1 cm light path

at 278 nm of various citrate synthases were determined from the amíno acid

composítions assur¡ring a subunit molecular weight of 47,000 g/mol. Citrate

synÈhase concentrations were also determined by amino acid analysis.

Concentrations of large peptides v¡ere estirnated by amino acíd analysis.

The molecular weights were estimated by SDS-PAGE and the composition was

calculated accordingly.

Citrate Synthase Assays and Kinetics

One unit of citrate synthase is defined as the amount of enzyme re-

quired to catalyze the reaction:

Acetyl-CoA + OAA -¿ Citrate + HSCoA
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at the rate of 1 prnole product formed per minute ín the standard assay.

The standard assay contaíns 0.1 mM acetyl-CoA, 0.1 mM 0AA, 0.1 M KCI and

an amount of enzyme such that the steady state in maintained for at least

10 rninutes in Tris-EDTA buffer, PH 7.8, containing 0.05 nùf DTNB at room

temperature. The fo:mation of HSCoA is monitored by reaction r,rith DTNB,

according to the method of Srere et al. (1963).

The specific activity is defined as the ntrmber of units per mg proÈein

in the standard assay.

KCI is a potent activator of Escherichia coli citrate synthase (Fa1-

oona & Srere, 1969) and it is included in the standard assay. Citrate

synthase is also rouÈinely assayed in the absence of KC1, under conditions

othen¡íse as above. The ratío of the activity in the presence of 0.1 M

KCl to the activity in the absence of KC1 for the same amount of enzyme is

defined as the activation number for 0.1 M KC1 (X Act). This number is

characteristically in the range 40 to 50 for E. coli citrate synthase.

The effect of NADH, a potent allosteric ínhibítor of Escherichia coli

citrate synthase (I^leitzrnan, L966a), is also used to characterize Ehe

enzyme. NADH is Èested at a level of 0.1 nM in the absence of KCl under

the condítions of the standard assay. E. coli citrate synt,hase is char-

acteristíca11y inhibited 96 to 98% under these condítions. This assay is

valid only for purified preparations of ciÈrate synthase. The inhibition

profile is obÈained under these conditions, only NADH is varied.

Specific activity, activation number for 0.1 M KC1 and inhibition by

0.1 nM NADH under standard assay conditions will be used in this thesis

to characterize different or chemically modified citrate synthases.

Steady state kinetic data were obÈained under Èhe standard conditions:

Tris-EDTA buffer, pH 7.8, containing 0.05 nM IIINB plus 0.1 M KCI at room
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temperature. The amount of enzyme in each assay of the array was held

constant and the substrat.es, OAA and acetyl-CoA, r¡¡ere varied as stated.

NADH Bindíng

The fluorescence enhancement method (Duckworth & Tong, I976) was

used to esÈimate binding of NADH to citrate synthase. Fluorescence r,ras

measured ¡^ríth an Aruinco-Bowman SpecÈrofluorometer; the excitation and

emission wavelengths were seL at 340 nrn and 428 run, respectively; 1 cm

square cuvettes were used. The NADH solution was prepared in Tris-EDTA

buffer, pH 7.8, irnmediately before the experimenÈ and the concentration

was det.ermined spectrophot.ometrically usÍng a molar extinction coefficient

of. 6220 at 340 nm. A-]-l fluorescence measurements vrere corrected for absor-

bance due to NADH at the excitaÈion wavelength; at hÍgher concentrations

of NADH, the fluorescence Í€asurements were also corrected accordíng to an

ernpÍrical relationship between fluorescence and NADH concentrat.ion. A

fluorescence enhancement facÈor of 12.9 for NADH bound to E. coli citrate

synthase vras used. This fluorescence enhancement value was obtaíned by

títrating a fixed amount of NADH with increasing amounts of E. coli ciËraEe

synthase and extrapolating to infinite enzyme concentration; this value

agrees well v¡ith the value published (Duckworth & Tong; L976).

Routíne measurements of binding capaciÈy were determined by adding a

known amount of citrate synthase protein, final concentration about 0.11

mg/ml, to a solution of Tris-EDTA buffer, pH 7.8, containing 20 W NADH,

and rneasuring the fluorescence. Binding parameters vJere determined using

a Scatchard (1949) plot of the data where a fixed amount of enzyme was

titrated with NADH. Llhenever an effector was Èested, its concentration

was maintained by including it in the stock NADH solution. The enzyme

concentraÈrion r¡as corrected for diluËion.
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ElectroPhoresis

The SDS-polyacrylarnide gel electrophoresis (SDS-PAGE) method, employ-

ing the discontinuous buffer systeru of Laerunli (1970), Þ/as used. Stock

solutions of Tris-HCl, 1 M, pH 6.8 and pH 8.8; of acrylamide containíng

acrylamide, 30ll w/v, and methylene bisacrylamide, 0.8% v/v, and of SDS,

20% w/v, v/ere prepared. Ammonium persulfate, LO% w/v, \'ras prepared irnmed-

iately before use. The stock acrylanide solution and TÐIED \,rere stored at

4 C in bror'¡n bottles. The stock Lracking dye solution was bromophenol

b1ue, 0.05% w/v, in 0.1 M sodiun phosphate buffer, pH 7.0. The resolving

gel solutíon for I57" gels was routínely prepared using 17.5 mL stock

acrylamide, 13.0 nL stock Trís-HCl pH 8.8, 4.18 mL deionized waÈer, 175 uL

stock SDS, 120 uL ammonium persulfate solution and 25 VL TruED. The first

four ingredients were mixed and degassed then the last two were added and

the gels were cast. Butanol was overlaid on the ge1 solution to ensure a

smooth top surface of the gel. After about 30 mínutes at room temperature

the butanol was washed out and the stacking gel, 4.87", prepared from 1.67

mL stock acrylamíde, 1.25 rnl, stock Tris-HCl pH 6.8, 7.03 mL deionized

r"rater, 0.50 nL stock SDS, 50 uL ammonium persulfate and 20 uL TEMED was

cast, as above, on top of the resolving ge1. The volr¡nes given were suff-

icient Èo cast one slab gel (13 x 13 x 0.15 cm) or 16 to 20 tube gels

(7 to 8 cm). The separating get concentration was varíed from 7 to l5Z by

adjustÍng the voh¡nes of stock acrylamide and deionized l¡rater. The butanol

overlaid on the stacking gel was replaced with running buffer iurnediately

before loading the samples. The running buffer r¿as 0.025 M Tris-HC1 -

0.L92 M glycine, pH 8.5, containing 0.12 SDS.

Lyophilized or dried samples l¡ere dissolved, final concentration I to

2 mg/mL, in the SDS-sarnple buffer which vras prepared by mixing l0 mL stock
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Trís-HCl pH 6.8, 15 nL glycerol, 5 mL stock SDS, 1 nL mercaproethanol and

69 nL deionízed water. Samples vrere incubated in a boíling wat.er bath for

2 to 3 minutes, cooled to room temperature, mixed r¿ith stock trackíng dye

solutíon (5 uL/100 uL of sarnple) and loaded onto the gel. Slab gels were

run at 10 to 20 mA per slab in a LKB 2001 Vertícal Electrophoresis Unit

regulated at 16 to 17 C; tube gels were run at 2 to 3 mA per tube in a

Shandon Disc Electrophoretic Apparatus. ElecErophoresis vras stopped when

the Èracking dye neared the bottorn of the ge1. Gels were stained r,rith

Coomassie Brilliant Blue R250 during fixing. Fixing was by one of the

following methods: formaldehyde-ethanol according to Steck et a1. (1980);

isopropanol-acetic acíd according Ëo Fairbanks et al. (1971); trichloro-

acetic acíd aecording to Laenrnli (1970) or 457" methanol-9% acetic acid

conlaining 0.0457" Coomassie Brilliant B1ue. Gels were destained by soak-

ing ín several changes of LO7" methanol-S% acetic acid.

Molecular weights v¡ere estimated by the standard method of Weber &

Osborn (7969) which makes use of the relationship between 1og molecular

weight and rnobility. The standard protein markers used were bovine serum

albumin (68,000 B/mol), catalase (58,000 g/mol), gluËanrate dehydrogenase

(53,000 g/mol), ovalbumin (43,000 g/rno1), glyceraldehyde 3-phosphate de-

hydrogenase (36,000 g/mol), soybean tr11psín inhibitor (21,500 e/mo1),

r¡ha1e muscle ruyoglobin (L7,200 B/rno1), eBB white lysozyme (14,300 B/nol),

and horse heart cytochrome c (11,700 g/mol). Mobilities rrere determined

relative to the distance migrated by the tracking dye. Sarnple purity was

judged by inspection of the Coomassie stained protein bands.

Amino Acid Analysis

Amino acid analysis was performed vrith a Technieon NC-2P Analyser

according to standard procedures (Moore & Steín, 1963) using a single col-
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umn meÈhod. Aqueous samples were dried aÈ reduced pressures in acid hydro-

1ysís tubes, whÍ1e lyophilized material was dissolved in constant boiling

HC1 and transferred to acid hydrolysis tubes. The samples were hydrolysed

ín vacuo wíth constant boiling HCl at 110 C for various tímes, usually 20

to 24 h. After hydrolysis the tubes were opened and the sarnples dríed in

an evacuated desiccator over solid NaOH. Individual samples r¡ere taken

up in deíonized vlater and loaded automatically with a Micro¡neritics Model

725 Autoinjector. The areas of the peaks, corresponding to the individual

amino acids, vrere determined on-líne using a SpecËra-Physícs System I

Computing Integrator. Amino acid concentrations qrere determined usíng

the integrated areas relatíve to the analysis of a standard of knor¿n con-

centration (Pierce).

The compositíon of a peptide or protein was determined by amino acid

analysis of samples hydrolysed for 24, 48 and 72 h. Values for threonine

and serine vrere corrected for loss by a first-order extrapolation Èo zero

time. Valine anil isoleucine values from the 72 h hydrolysis were used.

For the other amino acíds, except tryptophan and cysteine, the average

of the Ëhree hydrolysis times were used. Asparagine and glutamine are

included ín the values for aspartic acid and glutamic acid, respectively,

since the amides are destroyed by acíd hydrolysis. Cysteine and cystine

were determined as C['l-cysteine for reduced and earboxymeËhylated samples

and as cysteic acid for oxidized samples. Methionine was detected as

methionine sulfone for oxidized samples. In so¡ne cases, cysÈeine vras est-

iroated by titratíon with DTNB under denaturing conditions, according to

the method described by Habeeb (I972). Tryptophan was estirnated spectro-

Photometrically according to the meÈhod described by Edelhoch (1967).

The amino acid analysis results of acid hydrolysed thiazolinones from
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seguencing are siroilar Èo those stated above excePt for threonine, serine,

tryptophan and isoleucfne which are detected as a-amlnobutyríc acid,

alaníne, glycine plus alanine and alloisoleucine plus isoleucine' resP-

ectively (Mendez & Laf, 1975). Sequence results htere quantltated by

amino acld analysis after the ldentity was unambfguously assigned by HPLC

analysis of the stable PTH-amino acid derivatíves.

Proteín saroples were oxídízed by a method similar to that described

by Hirs (1967). Dried samples were dissolved ln 100 irl, of formic acid

and oxídÍzed with 2 ñ. of performic acid (0.2 mL 30% HZO. plus 1.8 mL 902

formic acid aged I h at room temperature). Oxidation was stopped after

4 h by dilution, 4 to 10 fold with deionized water, followed by lyophil-

izatíon. Cysteine and cystÍne are oxÍdized to cysteic acid and methionine

is oxidized to methionine sulfone under these conditions.

The cysteinyl residues of citrate synthase were carboxymethylated

1l!
using IAA-jqC under denaturing and reducing conditions. Solid GuIiCl

(1.004 g/ú), 0.1 M EDTA (67 uLlnL) and solid DTT (2 ng/mg protein) were

added to a sample of citrate synthase (3 to 4 ng/urL) in Tris-EDTA buffer.

The solution was thoroughly mixed and the pH adjusted to PH 8.6 by adding

solid Tris Base. After 2 h at 30 C, fe¡-14C (5.7 mg/mg protein), dissolved

in 1 M NâOH at 286 mg/trjL, was added and the solution covered with A1

foil rras nixed thoroughly. After 15 nin aÈ room temPerature more solid

DTT (1 ng/ng protein) r¡as added to stop the reaction. The solutíon was

nixed thoroughly then dialyzed exhaustively against several changes of

deionlzed water. Sarnples contaÍning 1ow molecular weight pepÈides were

placed fn Spectrapor 3 membrane tubing (Mt^I cut-off 3500), but oÈherwise

dÍalyzer tublng (MI^l cut-of.f. L2,0OO) ¡¡as used. After dialysis the samples

Oxidation or Ca teinyl Residues
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were lyoph1lízed and used directly or stored at- -2O c.

R¡rdioact ivitY Mea surements

An allquot (20-200 UL) of an aqueous sample was added to a vial con-

taining 5 nL of ACS scintillatíon cocktail. The sample was mixed and

placed in a 1215 Rackbeta II llqutd scintlllation counter. Counting was

carried out so as to maximize counts ín the 14C 
"h"rrrr"l. The cpm value

and the exÈernaI standard ratio lrere compared autonatically to a quench

1lr
curve; the '-C quench curve t¡as generated under similar conditions usÍng

the external standard method.

N-Terminal Sequencing

Ed¡¡an degradations were perfo:med autor¡atically by standard methods

(Nia11-, L973) using a Beckrnan 890C Sequencer. Oxidized or carboxymethyl-

ated protein sarnples were loaded into the Sequencer either lyophilized or

dissolved in 0.1 M NH4HCO, contaíning 50 UL/$L 302 NH4OH. Native enz)¡me

samples were loaded, dissolved in dilute Tris-EIIIA buffer, pH 7.8. In the

case of dry sanples HFBA was added, and fn all cases the dissolved sarnple

r¡as dri"ed as a fÍ1m in the spinníng cup usÍng a standard Sample Application

Subroutine (Beckrnan Cat. No. 02772). The quantity of protein loaded was

estinåted from the dry weight or by amino acid analysís of an aliquot

of the aqueous sample loaded. A standard 1 M Quadrol Progranme (Beck¡ran

Cat. No. 122974) was used for N-terminal degradations of oxidized or car-

box.¡methylated proteín. Native protein samples l¡ere seguenced in the

presence of. 4.0 ng of Polybrene (Pterce) according to a 0.1 M Quadrol

programne (Beckrnan Cat. No. 030176). The fl-rst cycle ltas a "durnmy cleav-

age" slnce the PITC delivery switch was left Ín the off positÍon until

the start of the second cyclej thus the second cycle released Èhe N-ter-

nfnal anfno acld. DTT, 15 mg/n],, htas added to the butyL chlorÍde to
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protect the thiazolinones of serine and threonine. A knor¡n amount of

pTH-Nle (20 to 100 runol) was added to each tube placed in the Sequencer

fraction collector prior to the run. In general Ëhe sequence of a sample

was determined by two complementary methods: by HPLC analysis of the

stable PTH-derivatives and by amino acíd analysis after acid hydrolysis.

The butyl chloride extracts, from the Sequencer, \,¡ere thoroughly míxed

and then divided into two portions. One portion was dried in an acid

hydrolysis Ëube and the thiazolinones r,rere hydrolysed, 4 h at 150 C in

constant boiling HCl containing 1 rng/rntr, SnC1, to gíve free antino acids

(Mendez & Laí, 1975). The hydrolysed samples were taken to dryness in an

evacuated desiccator over NaOH pellets and subjected to amino acid analysis.

Radioactivity in each cycle \^ras determíned by counting an aliquot of the

sample subjected Ëo anino acid analysis. The other portion of the butyl

chloride extract was taken to dryness under a stream of nitrogen at 50

to 60 C. The thiazolinones of the amino acids T¡rere converted to the sÈable

PTH-derivatives by heating under an ínert atmosphere at 80 C in 1 ìf HC1

for 10 mínutes; the samples were then taken to dryness in an evacuated

desiccat.or over NaOH pellets then analysed by 1íquid chromatography on

" CIB reversed-phase column. The recovery of PTH-Nle (HPLC analysis) or

free Nle (amino acíd analysis) vras used to correcE the yield of the amino

acid identified ín each cyc1e.

PTH-Anino Acid Analysis

The PTH-Amino acid derivatives vrere identified by liquid chromatography

using an Al-tex gradíent liquid chromatograph or a Perkin-Elmer System 4

liquid chromatograph. The method for identification of the PTH-derÍvatives

using the Altex equipment will be described first. Chromatography \{as on

an Ultrasphere-octadecyltrimethyloxysilane column and eluËion was by a
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nethod similar to that described by Somack (1980) employfng an acetate

buffer -acetonitrfle gradient. The column was regulated at 43 C and the

flow rate was 1.3 rnl,/nin. The composltlon of the solvent being pumped,

controlled by a Model 421 microprocessor, nas varied as follows: a linear

gradient from 07" solvent B (that is 100% solvent A) xo 347" solvent B in

20 min; then 347" solvent B for 20 ¡nln, followed by a linear decrease to

0Z solvenË B ín 10 roin. Solvent A contained THF, 5"/" v/v, in 4.2 mM acetic

acid, adjusted to pH 5.16 e¡Ith 1 M NaOH; and solvent B contained THF, IO7"

v/v, ín acetonitrile. the programme returned the colurnn to the inítial

condítions, 100% solvent A, but equilibration took an additfonal 5 to 10

min. Thus, complete analysis iíf a sarnple took about t h. Standard PTH-

amino acid derivatives (Pierce) were dissolved in methanol or ethyl acetate

and stored at -20 C in the dark. The eluent was monitored at 254 nm

using a Model 153 UV deÈector; the datawere recorded using a Model C-RIA

recorder/data processor. Proflles for thro sets of standards, including

all the derivatives expected from sequence analysis are shown in Figure 4;

the solid lines correspond to the solvent composition. The identity and

the retention tirnes of the peaks corresponding to the individual PTH-amino

acid derivatives are listed in Table 2. Sequence sanples were routinely

dissolved 1n solvent A and Loaded onto the column using a Model 210 sample

injector valve fitted v¿ith a 20 lL 1oop. I experienced ss¡ne difficulties

in observing PTH-Lys by thfs method, presuruably because of a solubiliÈy

problem ln solvenË A, but Lys !Ías easily detecÈed by amino acid analysis

after acld hydrolysis. The PTH-amino acid derívatives were identifÍed by

retention tfines. The elution profiles had to be checked daily as minor

variatfons caused some derivatives to elute at slightly different times.

Peaks wlth retentlon tirnes of. L7.2 + 0.2, 30.0 + 0.2 or 35.7 + 0.2 roin were

ì::



Figure 4: Separation of PTH-amino acid derivatÍves by
IIPLC on â C.',o reversed-phase column. Elution profiles
using an acêËate buffer - acetoniÈrile gradient are
shovm. The gradient qlas varied, from 0% solvent B to
347" solvent B in solvent A, as indicated by the solid
line. The colurnn was regulated at 43 C; the flow raËe
was 1.3 ml/min; detection r,Ias at 254 nm; and 2-4 rtmoL
of each compound was inJected. 4. Standard míxrure
injected contained CM-C' N, Q, G, A, M' W, R, I, K and
N1e, abbreviations as per Table 2. B. Standard mixture
injected contained D, (M{, E, N' S, T, H, A, Y, P, V,
T, I, L and N1e.
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Table 2: HPLC Retention Times for PTli-Arnino Acid Derivatives

PTH-Derivatíve Retention Time (min)

Amino Acid Abbreviation Figure 7A Figure 7B

Aspartic acid

0f-cYsteine

Glutaníc acid

Asparagine

Serine

Glutamine

Threonine

Glycine

Hist idine

Alanine

Tyrosine

Proline

Methíonine

Valine

Tryptophan

Arginine

Phenylalanine

Isoleuc ine

Lysine

Leucine

Norleucine

Asp

01-cys

Glu

Asn

Ser

G1n

Thr

Glv

His

A1a

Tyr

Pro

Met

Val

TrP

Arg

Phe

Ile

Lys

Leu

N1e

D

CX'f-C

E

N

S

a

T

G

H

A

Y

P

M

V

I^I

R

F

I

K

L

Nle

I

10. 16

14.99

L7.46

18. 36

22.59

29.99

37 .03

38.43

40.03

35.03

35.69

s.59

10 .05

12.64

li.94

16. 80

17.67

2r.94

22.60

26.07

28.27

30.20

35 .80

37.14

39.00

40.20
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ídentified as PTH-G1n/PTH-Thr, PTHlfet/PTH-Va1 or PTH-Arg/etn-tne, respec-

tively; confirrnation of Èhe amino acid ín that sample ¡"¡as by amíno acid

analysis after acid hydrolysis.

The method used with the Perkin-Elmer Systen 4 liquid chromatograph

was that reconrnended by Perkin-Elmer (Skiados, 1981) . Elution of the PTg-

derivatives from a HS-3 cIB column was with a step gradient ernploying

acetonitril-e and 0.1 M sodium acetate buffer, pH 4.5. Detectíon was with

a LC-85 spectrophotomeÈric detector and t.he data were recorded using a

Sígroa 15 Chronatography Data Station. All of the PTH-aruino acíd derivatives

expected from sequence analysis eluted ¡¿ith unique retention times except

for PTH-Lys and PTH-I1e. These two derivatives were separated by rerunning

the sample at a slou¡er flow rate, 1.0 ml/min instead of the recorunended

1.5 mt/nin (personal cormnunication, Vipín Bhayana). Sequence samples vrere

routinely díssolved in methanol and loaded onto the colLunn usíng a Rheodyne

Ínjector valve (Part No. 7125-075) fitted r¿iÈh a 6 pL 1oop.

PROTEOLYSIS

Citrate synthase, 2 to 5 ng/ml, in Tris-EDTA buffer, pH 7.8, was

treated with subtilisin,20o:1 or 100:1 on a weight per weight basís.

Activity loss was monitored usíng the standard assay: an aliquot of the

digestion mixture lras assayed inrnediately after being diluted 2OO to 2000

fold v¡iËh Tris-EDTA buffer, pH 7.8. Citrate synthase concentration r¿as

deterrnined spectrophotometrically. Subtilisin was prepared fresh from a

weighed sample in deionized wat.er or l rnM HCl and digestions vreïe at room

temPerature. Sarnples taken for SDS-PAGE r.rere added to a quenching solution,

either an equal volume of glacial acetic acid or a PMSF solution (5 uL of

10 rDì4 PMSF in acetone per 25 uL of digesÈion míxture: Fahrney & Gold (1963);

Kinetics of Proteolytic Inactivation of Citrate Synthase
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PoLgar & Bender (1967)

NaOH and subjected to

), then dried in an evacuated desiccator over solid

electrophoresis.

Isolation of the Major Subtilisin Cleavaee Products under DenaËurin

Condit ions

The proteolysis of citrate synthase, 50 mg, by 250 ug subtilisin in

15 mL of Trís-EDTA buffer, pH 7.8, was arrested after about B5Z inactíva-

tíon by Che addition of 50 UL of 75 nrl'l PMSF ín acetone and cooling in an

ice-water bath. After 15 min, the preparation was denatured, reduced and

carboxymethylated with 14C-IM, see Routine Procedures. The lyophilized

carboxymethylaËed material was dissolved in 3 mL of 6 M GuHCl - 0.1 M

NH,HCO^ and loaded onto a Sephadex G75 column (2.5 x f25 cm) in the same4J
solvenÈ. The column was eluted, at room temPerature, with the GuHCl-

NH,HCO^ solution at a flow rate of about 12 nJ-/h and fractions (6 n¿) were43
collected and monitored for AZ'O "td for radioactivity. Groups of two,

three or four fractions were pooled, dia].yzed exhaustively at 4 C in

Spectrapor 3 nernbrane tubing against deionized water and lyophilized. The

lyophílized materiaf was analysed by SDS-PAGE and for amino acid compos-

ition after acid hydrolysis.

Purifícation of Subtilisin Cleaved Citrate Synthase under Non-Denaturing

Conditions

Citrate synthase, 50 mg, was digested with 500 Ug subtilisin, in 1 nL

of Tris-EDTA buffer, pH 7.8, until about 90"/" inactivated then treated with

50 uL of PMSF (13 ng/ml in acetone) to quench subtilisin activiEy. Digest

prepared in this ânner was cooled and loaded onto a Sephadex G200 colunm

(0.9 x 200 crn) in Tris-EDTA buffer, pH 7.8, containing 0.05 M KC1. The

colurun, at 4 C, was eluted with the same buffer at a flow rate of about

I rDt/h. Fractíons (1 mL) were collected and, after monitoring for 4280,

I
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citrare synrhase actlvity and the ablilÍty to blnd NADH, were stored at

4C.

G{ÛII CAL }ÍODI FI CATION

ModifÍcation with 5,5r-DithÍobÍs (2-nitrobenzoic acld)

An aliquot of the 5,5'-dithiobÍs (2-nítrobenzoic acid) stock solution

(DTNB), reaction concentration from 9C to 1500 ¡rll, was added to a solution

containing 100 to 300 pM citrate synthase (subunit concentration) ín Tris-

EDTA buffer, pH 7.8. Citrate synthase concentration was determined spectro-

photometrically and the stock solution of DTNB in Tris-EDTA buffer, pH 7.8'

lras prepared from a weighed sample. the reaction was monitored continuous-

1y on a Gilford 2400.2 recordíng spectrometer at room temPerature. The

light paÈh was 0.1 crn and the molar extinction coefficient of 13600 for

a l crn 1ight path at 412 rrn hras used for the produet, thionitrobenzoate

anion (TNB) (Ellr¡an, 1959). Modif ied enzyue lras assayed imediately after

the reaction uixture hras diluted.

Modified enzyme rras separated frsm excess reagent and products by

ge1 filtration through a Sephadex G25 column (1 x 39 crn) in Tris-EDTA

buffer, pH 7.8. Fractions (16 drops, about 0.85 DI.) were collected at a

flow rate of about 0.9 nl,/rnin, and the protein eluted fro¡n the coh-rmn as

a single peak centered around fractions 15 and 16. The spontaneous release

of TNB fron modifÍed enzyne \ùas monitored as above r at 41,2 nm' excePt a

I crn light path was used. Proteln concentraÈion was estimated by amino

acÍd analysis. The effect of DTT (0.2 ng/nl,), on modifíed protein was

assessed by deterrnining the amount of TNB released and by assaying the DTT

treated enz)mn ln the standard assays.

ModificatÍon with Bimane Derivatfves

stock solutions (about 50 fûl,f) of monobromobÍrnane (roBBr) and dibro¡uo-
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bimane (bBBr) 1n acetonitrile rÀlere prepared and stored in the dark at roqm

temperature. The stock solution (about 5 TrM) of monobromotrimethylannnonio-

bímane (qBBr) was prepared irmnediately prior to use in Tris-EDTA buffer,

pH 7.8. Actual concentrations were determined spectrophotometrícally

using the molar extinctíon eoefficients of 6000 for mBBr and bBBr in

acetonítrile at 381 nrn and 392 nm, respectively, and 5700 for qBBr Ín

aqueous solutions at 378 nm (Kosower et al., 1979) .

An aliquot of the bimane solution was added to a final concentration

of about 0.25 nl"f to a solution containing citrate synthase,20 to 25 uM

(subunit concentration) in Tris-EDTA buffer, pH 7.8. The reaction, at

roon temperature, was monitored by assaying for enzyme activity. AcÈivíty

rneasurements, using standard assays, r{ere made ir¡unediately after the re-

action mixture was diluted. Samples taken for est.imation of protein bound

fluorescence and for estiruation of unmodÍfied sulfhydryl groups r^rere quench-

ed by addition to an equal volune of 0.5 nM mercaptoethanol in Tris-EDTA

buffer, pH 7.8; excess reagenÈ, products and mercaptoethanol were removed

frorn the rnodified protein by repeated dilution and ultrafiltration. The

nodified protein was diluted to about 1 nL with Tris-EDTA buffer, pH 7.8,

and analysed for fluorescence, free sulfhydryl groups and protein. Fluor-

escence was measured with an Aminco-Bowman Spectrofluorometer with excit-

ation and emission r¡avelengths of 360 nm and 480 nm, respectively and a

l cm square cuvette r^Tas used. Free sulfhydryl groups r.¡ere estimated by

titration r¡ith DTNB under denaÈuring conditions using a method simíIar to

Ëhat described by Habeeb (L972). ModifÍed protein solution, 480 uL, r¡tas

nixed nríth 140 uL of the SDS denaturant (L07" w/v SDS in 0.4 M sodium

phosphate buffer, pH 8.0, containin1 2.5 rng/ml, EDTA) and the absorbance

at 472 rìm r^ras recorded against Trís-EDTA buffer, pll 7.8. To this denatured
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prorefn solution ttas added 30 UL of the DTNB reagent (4.0 rnglml üINB in

0.1 M sodiurn phosphate buffer, pH 8.0). The color reaction uras allowed

to develop for 15 nin at room temperature and the absorbance value at 4I2

nm was recorded. Absorbance due to reaction of free sulfhydryl groups r.ras

determined by correcting the measured value for absorbance due to denatured

protein and for the absorbance measured in a reagent blank. The reagent

blank, using 480 uL of Tris-EDTA buffer, pH 7.8, Ínstead of proteÍn was

prepared at the same time as the sample. Proteín concentrations were

estinated by the rnethod of Lowry et 41., (1951).

Modification with Pyridoxal-5-Phosphate

An aliquot of the pyridoxal-5-phosphate (P5P) stock solution, r^Ias

added to a final concentration of 1.0 lùf to a solution containing citrate

synËhase, about 5 ull (subunit concentration), in phosphate-EDTA buffer,

pH 7.8. Citrate synthase concentration was determined spectrophotometric-

ally and the stock solutÍon of P5P in phosphate-EDTA buffer, pH 7.8, was

prepared from a weighed sarnple. The reaction, at room temPerature, r'tas

monit.ored by assayíng for enz)¡roe activity under standard conditions, ex-

cept that the assay solutions ltere prepared in phosphate-EDTA buffer, pH

7.8. Sodiurn borohydride (NaBHO) treatment !ùas at a 40 fold excess over

total P5P. Dialysis of the reacÈion mixture was at 4 C against 1000

volr'mes of phosphate-EDTA buffer, pH 7.8. Where included, an aliquot of

the substrate or allosterfc effector stock solutÍon was added to the

'enzynie solutfon prfor to the addition of P5P; stock solutions slere Pre-

pared in phosphate-EDTA buffer, pH 7.8, from weighed samples. All results

are ccrnpared to a control citrate synthase treated identically except

wÍthout added P5P.
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An aliquot of the butanedione (BD) or 1,2 cyclohexanedíone (CIID) stock

solution was added to a final concentration of about 15 nI'I or about 22 ÍÌ"1',

respectively, to a solution containíng cítrate synthase, about 5 UM (sub-

unit concentration), ín borate-EDTA buffer, pH 7.8. Citrate synÈhase

concentration was determíned spectrophotometríca1ly; stock solutions of

BD and CHD in borate-EDTA buffer, PH 7.8, were prepared by dilution of the

pure liquids. The reaction, at room temperature, was monitored by assay-

ing for enzyme activity under standard conditions. Where included, an

aliquot of the substrate or allosteric effector stock solution vtas added

Ëo the enzymic solution prior Èo the addition of the chemicaf reagent;

stock solutions l¡¡ere PrePared ín borate-EDTA buffer, pH 7.8, from weighed

samples. All results r¡¡ere compared Èo a controlr. citraËe synthase treated

ídentically except wiËhout added BD or CHD.

Modification wíth Br¡tanedione or 1,2 Cyclohexanedione



RESULTS
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¡
PIÁSMID-SPECIFIED CITRATE SYNTHASE

Purificat ion

Escherichia coli strain H8101/pHSg1ÈA grown on rich medium in the

presence of ampicillín produces 12-16 fold more cit,rate synthase than

ce11s which do not contain the plasmid grown on the same medir:m in the

absence of ampicillin. The amount of citrate synthase ín the ce11ular

extract of cultures from 6 single colony isolates of pHSgltA transformed

H8101 ce1ls is compared wíth the amount extracted from H8101 cells ín

Table 3. The average specific activity of 5.1 + 0.5 U/rng of protein

for citrate synthase ín the extracts of HBlOl/pHSgllA is 14 * 1 fold

higher than that found in untransformed H8101 cells. The cítrate synthase

extracted is activated 50-60 fold by 0.1 M KCl under standard assay con-

dítions indicatíng that normal E. coli enzyme is produced (Faloona &

Srere, L969; Tong & Duckworth, 1975; Talgoy et al., L979). Assurning a

specific actívity of 64 IJ/mg for pure citrate synthase then the plasmid

harbouring straín produces citrate synthase as 8.9 + 0.87. of its soluble

prot ein.

Plasmid-specified citrate synthase was purified from U¡f01/pHSgE4

in a manner very sirnilar to that described for purificatíon of chromo-

somal citrate synthase (tong & Duclcr^rorth, 1975). The starting culture

was derived from IIBf01/pHSgltA-1, Table 3, and 83.1 g of r,ret ce1ls were

harvested frsm a 15-L LB liquid medium culture containing ampíci1lin.

The results of the purification are sunuìarízed in Table 4 and, except

for the fact that much more enzyme is obtaíned they are identical to the

purificaÈion of chrornosomal enzyme, Table 7. About 810 mg of high

specífic activity (63.6 U/rng) E. coli citraËe synthase was obtained from

the maín pool of enz¡¡me (Figure 1A); this preparation ïIas very pure as
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Tab 1e Citrate Synthase Levels in Cellular Extractsa of HB1O1/PHS€Tê

Ce1lu1ar Extract

Strain ProteÍnb
(rne/nI)

Citrate Synthasec

(U/nt)
Spec. Act.

(U/rng)

Spec. Act.
Relative
ro H8101

HB101 6. 00 2.4r 0.402 (1)

HB10r/pHSg!ut!-l

unr01/pHSgEA-2

H8101/pHSeltA-3

s¡r01/pHsgfl!-4

H8101 /pHS gltA-5

u¡r01/pHSgf!A-6

6.96

7 .24

6.48

7.76

6.68

6.64

43. 8

38.0

33.1

42.8

38 .9

41. 8

6.29

5 .26

5. 10

5.52

5.82

6. 30

15.6

13. 1

72.7

].3.7

14.5

l-5.7

a Extracts
b Protein
c citrate

prepared

measured

synthase

by sonicaÈíon of ce11s

according to the method

activity measi.rred in the

from a 10 nL overnight culture.

of Lowry et al. (1951).

standard assay.
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Table 4: Purification of Citrate Synthase fro¡o HBlOl/pHSgllA

a Cftrate synÈhase acËlvity measured ín the standard assay.

ProÈeÍn measured according to the method of Lowry et al. (195I).

Protein determined spectrophoÈornetrícally using an extinction
coeffícient of 0.930 ÐC/nL at 278 nm for a 1 cm light Path'

Fraction Protein
(ne)

cÍtrate Synthasea

(u)

Recovery

(1¿)

Spec. Act.
(u /me)

Crude Extract

(NHA)rSoO Cut

Main Pool
DEAE-ce1lulose

Sephadex G200

14100b

5920b

1470c

g10c

101400

96100

54800

51500

100

95

54

51

7.2

]-6.2

37 .2

63.6

Secondary Pool
DEAE-ce1lulose

Sephadex G200

447c

l54c

9350

81_80

o,

8.1

20.9

53.1
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judged by SDS-PAGE (Figure 5). The secondary pool gave about 150 mg of

citrare synthase whích had a slightly lower specific activity (53.1 u/mg).

Kinetíc ProPerties

The kinetic propertíes of plasrnid-specified and chromosomal citraEe

synthase are very sirnilar. The higher specif ic activiÈy, 64 |J/mg f.or

plasmid-specified enzyme as compared to about 38 U/mg for chromosomal

enzyme (Table 7) probably reflects the relative ease in purifyíng citrate

synthase from a richer source rather than an intrinsic ploperty of the

ênzvme- KCl. a Dotent activator of Escherichia colí citrate synthase

(Faloona & Srere, Lg69) activates purified plasnid-specified enzyrne 39

fold under standard assay condiÈions; this is characteristic of E. coli

citrate synthase (Faloona & Srere, 1969; Tong & Duckworth, L975; Talgoy

et al. , ].g7g). NADH, a potent allosteric ínhibitor of E. coli citrate

synthase (I^leitzrnan, I966a), inhibits plasmid-specif ied enzyrne 967" undet

standard assay conditions; this al-so is characteristic of E. coli citrate

synthase (Weitzrnan, L966a; Talgoy et a1. , L979; Morse & Duckworth, 1980).

Bindíng of NADH to E. coli citrate synthase has been well characterized

(Duckworth & Tong, L976) and plasmid-specified citrate synthase displays

the. characteristic fluorescence enhancement associated with NADH bindíng.

The amounts of binding of NADH to plasmid-specified and chromosomal citrate

synthase as a functíon of pH are identical (Duckworth & Bel1, 1982). 0n

the basis of activation number for KCl, NADH inhibition and NA-DH binding

plasrníd-specifÍed cítrate synthase ís identical to chromosomal citrate

synthase.

Physical Properties

The amino acid composítion of plasmid-specified citrate synthase has

been determined and the results, for a 1 mL sample of a solutíon l^'ith A;;l
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Figure 5: Purity of citrate slmthase. SDS-PAGE according to Laermnli ,

(1970) on a 10% polyacrylamide slab ge1; samples prepared in the presence
of L% SDS plus L7" Z-mercaptoethanol. Photograph of Coornassie Blue stain':ì
ed gel sample of (A) 20 rB of plasraid-specified E. coli citrate synthaseñ
63.6 U/ng and (B) 20.tg of Azotobacter vinelandii citrate synthase, 102 t,,.,*
U/ng.

::
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equal to0.199,are presented in Table 5. The total weight of proteln in

the sample, 0,2I4 mg calculated fronr the total quanÈities of amino acids

corresponds to an extinction coefflcient aE 278 nm of J.930 mg/nl, for

plasrnid-specified citrate- synthase. The subunÍt ruolecular weight est-

i¡nared by SDS-PAGE, Figure 6, ís 46,700 + 1200, essentially Èhe same as

that reported for chromosomal cltrate synthase , 47,000 g/rnol (Tong &

Duckworth, 1975). The amino acid cornposiÈion per subunit of plasmid-

specífied citraÈe synthase' calculated using 47,000 as the equivalent

weight, is presented in Table 5. The couposition, within the lirnit of

the probable errors, is identical to that reported for chromosomal enzyme

(Tong & Duckworth, 1975) excePÈ for the values of cysteine and tryptoPhan'

The small changes in amÍno acíd cornposition probably reflect the greater

purity of the plasroid-borne enzyme.

The N-terninal sequence determined for plasmid-borne citrate synthase

is presented in Table 6. The quantities of arnino acids found in each

cycle, corrected for recovery of Nle, are shor^m in Figure 74. The first

17 anino acids in the sequence are readily identified and the next 3 were

tentatively assigned from these data. figure 78 gives the results for a

selected few of Ehe PÏlt-derivaÈives detected by HPLC in each cycle; these

data demonstrate the assígnments of alaníne aÈ positions 1, 5 and 14, of

asparÈÍc acid at positions 2, 10, 12 and 18, of glutauic acid at position

16, and are consistent with the choice of aspartic acid, valine and

leucfne for positions 18, 19 and 20, respectively. The corrected yields

and the estfunated background amounts of the amino acids fn the sequence

are also shown ln Table 6. I have found that high background levels in

the results of the early cycles for acid hydrolysed samples are character-

istic of sequence runs when large amounts (4-6 ng) of protein are seq-
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TabLe Auino Acid Compositíon of Plasmid-Specified Citrate Synthase

A¡rino Acid

Plasmid-Spec ified -aChromosqmal
hTotal" Residues per

(nrno1) 47 ,000 g

Residues per

47,000 g

Aspartic acid

Threonine

Serine

Glutamic acid

Proline
Glycine

AlanÍne

Valíne

Methionine

Tsoleucine

Leucine

Tyrosine

Phenylalanine

Histidíne
Lysine

Arginine
Tryptophan

Cysteine

204.2

L24.7c

100.0c

L43.2

92.L

L32.2

160.3

B9 .6d

72.L

120 .5d

163.0

74.2

92.5

7L.I
102 .8

110. 7

14.5-
t

34.6'

44.3

27 .5

2r.9
31.6

L9.6

28.9

35.2

20.L

15. 9

27.L

36.1

16.1

2T.T

15.5

23.0

24.0

3.2
o

7 .40

44

25

23

37

L9

31

39

23

16

27

37

15

I9
L2

24

22

4

6-l

From Tong & Duckworth (1975).

Average quantít.ies estimâted by amino acid analysis of 24, 48 arrd 12

hydrolysed samples excepË as oÈherwise sËated. Sample síze, 1 mL of

4l;ä = o.ree.
c First-order extrapolation to zero hydrolysis Lime.

Å* Value from 72 h hydrolysis.
e Method of Edelhoch (1967).

f' As cysÈeic acfd after performic acid oxidation.

I A val,re of 6.9 + 0.1 was obtained by titration with DTNB under
denaturíng conditíons.

a

b



Figure6:Subunítmo]-ecularweightdeterminatíonofplasrnid-
specifled citrate synthase. stañdard plot recommended by l^leber

& osborn (1969) ;=i;; catalase (58'000 g/rnol)'-glutamate dehvdro-

genase (53,000 g/*oll ovalbumin (43,000 g/mol) and glyceralde-

hyde 3-phosphate Jãrtíåtogtnase (36,000 g/mo1) as molecular weight

markers. The mobilities of the coomassie Blue stained protein

bands were determined relative to the distance migrated by the

tracking dye. The leasc-squares line is drawn and the arrovl

índicates the positíon of ihe plasrnid-specífied citrate synthase

band. SDS-PAGE \^Ias according to Laemmli (1970) usíng a LOi(

polyacrylamide slab gel; samples \'¡ere prepared in the presence

Zt tZ sbs ptus 17" Z-metcaptoethanol'

H
O
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Table N-Terminal Sequence of Plasruid-specified Citrate Synthase

Cycle Amino Acidb

Acíd Hydrolysis Resultsa

Yíe1d

(ruro1)

Backgroundc

(nrnol)

1l
2l

I,l
4l

I5l
I

6

7

8

9

10

1l
L2

13

T4

15

16

L7

18

19

20

A1a A

Asp D

Thr T

Lys K

Ala A

Lys K

Leu L

Thr T

Leu L

Asp D

Gly G

Asp D

Thr T

Ala A

Val V

G1u E

Leu L

Asp D

VaI V

Leu L

108.5

49.4

40. 0

37 .3

81.4

40.4

51. 5

45 .6

5r.2
32.8

4r.4
25.r
20.0

43.4

23.0

27 .2

25.2

18. 4

16.4

25.8

28.O

6.5

6.0

6.5

29.0

7.0

11 .5

7.O

12.5

10.0

18.5

10. 5

7.5

30 .0

8.0

13 .5

15.0

r3.0
11. 0

16.5

a

b

Results corrected according to

Consensus sequence from Figure
single letter abbreviations.

Est.inated frorn Figure 74.

the recoverY

7A and Figure

of Nle.

78; usual triple and



Figure 7: Sequence determination of plasmid-specffied cltrate synthase. r

About 6.0 mg of oxidized cÍtrate synthase was placeC in the cup of the .

Sequencer; the initial coupling was 637"; the rePetitive yield was 882.
ptii-¡l1e,85.4nmo1'L7aSp1ace<ìineachtubeofthefractionco11ector.
Usual single letter codes for the amino acids are used. 4. A¡oino acid ,

analysis after acid hydrolysis. The yields of amino acids in each cycle',,

hrere corrected according to Tecovery of N1e; Thr, T, was identifÍed as

c- aminobutyric acid; Met., 1"1, was identified as methionine sulfone; Ile,
I, is reported as the sum of isoleucine and alloÍsoleucine. Only trace:
amounts of tyrosine, cysteic acid and arginine were observed. ¡-. 1IPLC 

':

analysis of the stable PTTI-amino acid derivatives. An Altex Líquíd .

Chrornatograph was used. Relative yields are rePorted: the areas of the''

peaks foi the PTH-derívatives were normalized to a peak area of 80 for 
".

PTH-N]e, and absolute quantities !¡ere not determined. Only trace amounts

of PTH-Ser, PTH-Trp, PTH-Asn and PTH-G1n were observed'
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uenced; the background is probably accounted for by washout of protein

duríng Ëhe butyl chloride extractíon of the HFBA cleaved thiazolinones.

High background levels in the later cycles are probably accounted for by

low levels of acid hydrolysis in the middle of the polypeptide chain,

generating ner,¡ N-terminals. The data in Table 6 were obtained from a

sequence analysis of 6.0 rng of performic acid oxidized plasmid-borne

citrate synthase. The recovery of 80.5 nmol of alanine in the first

cycle coïresponds to about 637. coupling since 128 rnool of citrate synthase

subuníts (47,000 g/mol) was added to the cup. The repetitive yield

averaged about 8B%. An oxidized sarnple of plasmid-specified citrate

synthase 1^ras sequenced because my experience has shor^m that untreated

bacterial citrate synthases generally fail to sequence, if not oxidízed

or carboxymethylated, because of shrinkage and break-up of the fílm during

the drying steps.

The sequence presented in Table 6 for plasmid-specífied citrate

synthase has been confirmed ín subsequent sequence analyses. Tnitíal

coupling in several runs vras in Ëhe range 60 - 70%. Repetitive yíe1ds

varied from 88 - 92%. Observation of a single sequence under these con-

ditions verifies that plasmid-specified citrate synthase is composed of

a single type of subunit.

The N-termína1 sequence of chromosornal citrate synthase has been

determined up to cycle 16 unambiguously (Duckworth & Bell, 1982) and is

identical, as far as can be compared, to the sequence of the plasmid-

specified enzyme. On the basis of the properties analysed - amino acid

composítion, subunit molecular weight and N-Èerminal sequence - plasrnid-

specified citrate synÈhase seems to be identical Ëo the chromosomal enzyme'
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CHROMOSOI'ÍAL CITRATE SYNTHASE

Purif ication and Characterization

Chromosomal citrate synthase has been purified from Escherichia coli

CGSC 259 to a specific activity of 38 U/mg (Table 7). The results of the

purification are typical for extraction of enzyme from E. coli CGSC 259

except that fewer units of activity \^/ere found in the crude extract; Ëhis

rnay be explained by the fact that the harvested cel1s had been stored at

-20 C for 16 months. Typícally, starting with fresh cel1s, 150 - 200 ng

of citrate synthase, specific activity 35 - 50 Ulmg, is obtained from 200 -

250 g wet E. coli cel1s. The purification resembles that of plasmid-

specífied citrat.e synthase except that less enzyme is obtained and the

specific activity is about 40% lower (Tab1e 4). SDS-PAGE of chromosomal

cÍtrate synthase reveals 1 major band with an apparent molecular weight of

46,000 + 2000 g/mol (Tong & Duckworth, L975). Ìfore than B5Z of the pro-

tein in a sample from the above preparation migrated with an apParent

molecular weight of 47,000 g/mot; the next major band, about 82 of the

stained material behaved as a species with an apparent molecular weÍght

of about 90,000 g/moI. Relative amounts of protein were estimaied by

scanning Coomassie Blue stained tube gels (data not shown).

The chromosomal citrate synthase purified above, specific activity

38 U/rng, was actívated 41 fold by 0.1 M KCl and was inhibited 987. by 0.1rnM

NADH under standard assay conditions. These results are characteristic of

Escherichia coli citrate synthase (see Kinetic Properties of Plasmid-

Specified Citrate Synthase).

AZOTOBACTER VINELÆ{DII CITRATE SYNTHASE

Purification

Citrate synÈhase was purif ied frorn Azo¡qqÞecqer vinelandii to a specifíc
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Table Purification of Cltrate Synthase

a Citrate synthase activity measured Ín the

b Protein measured according to the roethod

" ND , not determined.

d Proa"in determined spectrophotornetrícal1y
coefficient of 0.930 ng/rul. at 278 nn for

standard assay.

of Lowry et al. (1951).

usÍng an extinction
a 1 cn J-ight path.

from E. coli CGSC 259

Fract ion Protein
(me)

Citrate Synthasea

(u)
Recovery

(7")

Spec. Act.
(U/¡ng)

Crude Extract

(NHA)rSoO Cut

DEAE-cellu1ose

Sephadex G200

18000b

NDC

4'Jð

84d

12300

11500

4200

3200

100

94

34

26

0.67

9.9

38. 0
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acrlvlty of about 102 U/mg, by a rrethod sinllar to that described by

Johnson & Hanson (L974). The resul-ts of the puriflcatlon, startlng with

350 g lret cells, are Presented in Table 8. SDS-PAGE reveals that the

maior protein in the preparatlon has the same nobility as Escherichia coli

citrate synthase (Figure 5) lndfcating that the subunit molecular weights

are slnilar, about 47,000 g/noJ-. The 47,000 g/nol proteln in the A. .ti".-

landii preparation represents s1lghtly more than 757. of the total protein

stained, as estimated by scannÍng Cocmassle Blue staÍned tube gels (data

not shor¿n), and thus the hÍgher specffic actívÍty of the A. vinelandii

enzyme probably reflects an intrinsic difference between the tr.to enzynes

since the E. colÍ preparation fs of greater purlty.

Azotobacter vinelandii citrate synthase from the preparation above,

specÍffc actfvity IO2 tJ/mB, ís activated 5.4 fold by 0.1 M KCl and inhib-

Íted about 50"/" by 0.1 nì,I NADH r¡nder standard assay conditions; these re-

suLts are in agreement r¡rith those publfshed by Flechtner & Hanson (1970).

Kinetic Properties

Ti¡e steady sÈate kinetics of Azotobacter vínelandií citrate synthase

v¡ere analysed to better define the kinetÍc properties of the enzyne pur-

Íffed. The data were collected in the presence of 0.1 M KCl because, as

stated by Flechtner & Hanson (1970) nor¡a1 ltichaelis{'fenten kinetics are

observed under these conditions. Substrate saturation curves at pH 7.8

are presented fn Figure 8, !n the for¡ of Llneweaver-Burk pJ.ots. The

llnear patterns verify the statenent by Flechtner & Hanson (1970). The

intersecting 11ne pattern also indicates that the mechanism is sequential,

either random or ordered. The klnetic parameters, estimated by standard

methods from a replot of the slopes and intercepts of the Lineweaver-

Burk plots versus the reciprocal of the other substrate (Figure 8, inset)



Frac tion Protein
(urg)

Citrate Synthasea

(u)

Recovery

(7.)

Spec. Act

(U /rog)

Shockate

DEAE-batch

DEAE-gradíent

Sephadex G200

NDb

NDb

67.2c

15.3c

8600

4 500

2600

1560

100

52

30

18

42.5

ro2
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Table 8: Purification of Citrate Synthase from Azotobacter vinelandii

a CiÈrate synthase actfvity measured in the standard assay.

o ,.]o , not determined.

Protein determined, spectroPhotonetrically using €n extinction
coefficient of 0.981 ng/ú, at 278 nm for a 1 cm light path.



FigureS:Lineweaver-Burkplotsofiniti¿lvelocitydaËafot4zg!*g!g-.C.LBt.lfE O. !!t¡çwEver su!

vinelandii citrate synthase. Initial velocity measurements were made 
.,:.ìì.-.]]:.:

,,"i"ãlfpM-"iitrr. synthase (subunít concentration) in 0'6 mL of Tris-
L ---_-' tt 

"t""tt;(t'

TL2

EDTA buffer, pH 7.8, contaíning 0.1 M KC1 plus 0.05 fnM DTNB' substrate:::,:ì!:ìl

concentrations nere varied as stated. The formation of HSCoA was rnonitoi!$
ed at 4I2 nm by reaction with DTNB, accordilB to Srere g! g1' (1963)' 

,,:..
ÈL --^ ^ 

..-rì:r:tltì:::ìl

ReacËion velocÍty is ín units of 44r.,, rnín-- and a l crn light path t"",i...ììl.¡

used. Srraight iir,." are dravm ,rslfif'ttt. Parameters obtained by hype1,.,,.,,..,'',

bolic fítring of rhe individual curvãs by the method of I'iilkinson (196l)'i.'l.:..:.'

Ehe standard deviaÈions are shovm in the reploËs. 4. Acetyl-CoA concen:lìì$

trarion varied at several fixed levels of OAA. OM-concentÏation:- 27'q¡l$
Erat.IoII vaI rcu d L Þçvstq

55.6, 111 and 200 UM from top to boËtom; data aE 100 Ul'f 0AA were also rr,.Ì;:ì

collected but are omiËted for clarity. Inset: Intercepts (f /V) and slo,q 
,,.

(K/V) of the Lineweaver-Burk plots versus the reciprocal of Ofu\ concentÏêi{r--1,:rll

tion. B. oAA concentration varied at several fixed levels of acetyli:"{$
Acetyl-CoA concentrations: 10, 20, 40, 100 and 200 UM from Eop to bottAn...$,.ii$

i;;;; 
-iï..r"ãp." (1/v) and slope= tr/vl of the Lineweaver-Burk plots ....

.rãrs,rs the reciprocal of acetyl-CoA concenEration 
'i.¡ìijìl'-.1..\!¡
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are listed in Table 9; an Ordered Bi Bi mechanism with OAA bínding first

assumed. The K" values for the substrates are similar to those reported

by Flechtner & Hanson (1970). The Ifu value estimated for OAA (Table 9)

Ís probably not nearly as precise as indicated by the standard error be-

cause the lowest OAA concentration studied is higher than the value of

*OOe. On the other hand, KiOee is determined with good precision and thus

it is clear that K.OAA is considerably greater than KO*. This fact shows

that acetyl-CoA binding irnproves OAA binding. The catalytic rate constant,

k -- for Azotobacter vinelandii citrate synthase is substantially higher
L4L

than k--- for Escherichia coli enzyme (Be11, 1978); this observation helps
LOL

explain Èhe markedly higher specific activity of the A. vinelandii enzyrne

under standard assay conditíons.

Sensitivity of Azotobacter vinelandii citrate synthase to the a1lo-

steric inhibitor NADH has been demonstrated by Flechtner & Hanson (1970);

the enzyne rrlas about 70% inhibited by 0.5 rul"f NADH. Saturation daËa for

inhibitíon

Figure 9.

hyperbolic

sensit ive

publ-ished

a K. value
].

enzyme.

of A. vinelandíi citrate synthase by NADH are presented in

The linear double-reciprocal plot indícates that saturation is

under these condit.ions and that about 681l of the enzyme is

at saÈurating concentrations of NADH, consistent wíth the

observation. Allosteríc inhibition of Escherichia coli citrate

of 2 ulf compared r¡ríth a value of 50 pM for the A. vinelandii

A further comparison of kinetic parameters

made in Table 9. Both

for A. vinelandii and E.

synthase is hyperbolic also (Morse & DuckworÈh, f980), but the E. coli

enzyme is more sensitive, since 987" ís inhibited by saturating 1eve1s of

NADH. The E. co1í enz)nne also has a greater affinity for NADH, showing

coli citrate synthases is enzymes are substantially
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Table 9: Kinetic Parameters for Azotobacter vínelandii Citrate Synthase

Azotobacter vinelandii Esçherichia
-.ccOIIExper ímentala Líteraturet

Steady State Kíneticsq

Ko* (uM)

Ko"aoo (uM)

x.o* (uM)

-1k (sec *)
caE

B+2

28+4

52+2

230 + 20

11

55

6+2

62+6

50+20

100+B

NADH Inhibition

KiNADH (uM)

Sensitivity (%)

50

68

(3s¡

(so¡ 70

2

98

KCl Activation 7.1 - fold 11 - fold 39 41 - fold

Specif ic Activitye (U/ng) r02 64

Steady sÈate values extrapolated to saturaËing concentrations of OAA

and acetyl-CoA: standard errors estimâted from the hyperbolic fittÍng
of the replot data, of Figure 8, according to tr'lilkinson (1963) Enzyme

concentraËion, from Arro before dilution, was 77 pll. NADH inhíbition was

ueasured with enzyme fíËsh from the Sephadex G200 column; the value in
brackets were obtained after concentrating that fraction by ultrafilt-
ratíon. l"faxirnal KCl activatíon observed at 40 nM KCI .

Data from Flechtner & Hanson (1970); NADH sensítivíty estimated at 0.5
uM NADH; KCl activation at 0.05 M KCl.

Steady state daÈa from Bell (1978); NADH inhibition data from Morse &

Duckworth (1980); KCl actívatíon and specific activity reported herein.

d St."dy state data in the presence of 0.1 M KC1.

e Standard assay conditions.

ì::ì:.:
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Figure 9: NADH inhibition of Azotobact,er vinelandii citrate synthase. ,.:¡.:.::ìril

Initial velocíty measurements r^rere nade in Tris-EDTA buffer, pH 7.8, coÈ.¡,$
taining0.05nMDTNB;OAAandacety1-CoAwereboth0.1rnI',I.Theformation
of HSCoA was monitored at 4I2 nm by reaction with DTNB, according to .r¡:,,:Ë
Srere et al . (1963). The data.,were analysed graphically; reaction vel-.,:,r,$
ocity is i" units of A¡\r,., 

" 
min-r using a 1 cm light path; vor the reaction 

",velocity ín the absence-öf inhibitor was 0.0144; v1 values are reaction.,r,,.;:,:5
velocities in the presence of a given amount of ínhibitor; Èhe amount ofl...,,..,3

enz)¡me was constant.
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actlvated by KCI under "trndrr¿ assay conditÍons and KCl prcmotes normal

Michaelis-ùfenten kinetics (Faloona & Srere, 1969; Ilechtner & Hanson, 1970;

Bell, 1978). Substrate afffnfties fo11ow the same trend and acetyl-CoA

bindíng improves OAA bÍnding in both cases.

Phvsical Properties

The amino acid composition of Azotobqqlqqr vinelandii clErate synthase

was determined (Table 10). The total weight of protein in the sample is

0.0678 rng, calculated frorn the quantitÍes of amino acids, and thus the

exÈinction coefficient is 0.981 ng/nl at 278 nm for A. vinelandíi citrate

synthase. The amino acid compositlon per subunit was determined usíng

an equivalent weight of 471000, Table 10, however, it should be noted

that only about 757" of. the protein in the sample behaves on SDS-polyacryl-

arnide gels (Figure 5) as a species wiÈh this apparent moleeular weight.

The N-te:ruinal sequence for A. vinelandii ciErate slmthase has been

obtained from a 1.11 ug sample of protein and Ís presented in Table 11.

The following precautions and sequence strategies were employed because

of the smal1 sample size. N-Èerminal degradations were in the presence

of Polybrene (Pierce), a polyquaternary annine which aids fn retaining

the protein sample in the cup during sequence analysis (Tarr et al. ' 1978) .

The protein sample dissolved in 450 pL of dÍlute (L6.7 fold) Tris-EDTA

buffer, pH 7.8, readily redissolved the film of Polybrene prevíously

dried in the spinning cup and thus a homogeneous filn of A. vinelandii

cltrat,e 6ynthase in Polybrene rras obtained after drying. The solution of

proteÍn plus redissolved Polybrene and Èhe original 400 UL aliquot of

Polybrene (10 ng/nl) were dried as films in the spinning cup usÍng the

Sample Application Subroutine (Beckrnan Cat. No. 02772). A 0.1 M Quadrol

sequencing progralruDe (Beclcnan Cat. No. 030176) was used. This Progranme
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Table 10: Arnino Acid Composítion of Azot obacter vinelandií Citrate Synthase

lu¡ino Acid Totala
(nrnol)

Residues

per 47,000 g

Aspartic acid

Threonine

Serine

GluËamic acid

Proline
Glycine
Alaníne

Valine
lle thionine
Isoleucine
Leucine

Tyro sine

Phenylalanine

Histidine
Lysine

Arginine
Tryptophan

Cysteine

67.8

28.2b

21 .6b

53. 8

34.9

47 .5

63.0

41. 3c

20 .4

33. lc
63.1

19 .3

26.2

17 .I
40.2

26.t
,. "d
9. 8-

46 .4

19. 3

18.9

36.9

23.9

32.5

43.2

28.3

14. 0

22.6

43.2

13.2

l-7.9

LI.7
27 .5

L7.9

2.9

6.6

c

d

Average quantities estiruated
hydrolysed samples except as

4å9ä = o.1ee.

First order extrapolation to

Value from 72 h hydrolysis.

Method of Edelhoch (1967).

by auino acid analysis of
otherwise sËated. Sample

zero hydrolysis time.

24, 48 and 72 h
size 0.5 nL of

Average of 9.68 after perforrnÍc acid oxidation and 9.84 by titration
v¡ith DTNB under denaturing condítions.

il:..¡:
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Table 11: N-Termína1 Sequence of Azotobacter vinelandii Citrate SynËhase

Cycle Amino Acid b

HPLC Resultsa

Y ield
(runol)

Backgroundc
(nmol)

I

2

3

4

5

6

7

B

9

10

11

12

Ala

Asp

Lys

Lys

A1a

Gln

Leu

I1e

I1e

Asn

A

D

K

K

A

a

L

I

I

N

5 .48

9. 5s

1. 07

2.62

6.56

2.45

s.36

6.04

B. 63

7 .IT

0.8

4.2

0.4

0.6

3.3

0.7

3.2

3.4

3.8

5.2

a Resrrlls corrected according to recovery of PTH-N1e.

O 

""jor 
sequence from Figure 10.

c Estimated from Figure 10.
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has a shorter ethyl acetate wash time than the 1.0 M Quadrol progranme

and thus reduces the chance of r¡ashing the Protein out of the cup during

sequencíng. The products of the Edrnan degradations vlere identified only

by HPLC analysis of the stable PTH-derívatives. The quantities of PTH-

amino acid derivatives found in each cycle, corrected for recovery of

p1g-Nle, are shovm Ín Figure 10. These data may be raÈiona!ízeð by assum-

ing that fhe initiation methionine residue has been removed from most of

the enzyme in this preparation of A. vinelandii citrate synthase. Thus,

the first cycle of sequence results reveals some methionine and the first

arn-ino acÍd in the sequence; in this case it is alanine, see Fi-gure 10.

The second cycle will also display alanine and the second amíno acid in

the sequence. fn all cases the amino acid in the sequence will be observed

in two consecutive cycles (except for the initiat.ing methionine). The

data show that met.hÍonine is removed from about 687" of. the protein coupled

and the major sequence observed is that presented in Table 11. The sequence

up to and including position 10 assigned on this basis ¡.rith some confidence,

but after cycle 10 (Figure 10) the background levels of PTH-derivatives

prevented any further assignments. These data were obtained from sequence

analysis of a 1.11 mg sample of A. vínelandii citrate synthase (about L7.7

runol of subunits of. 47,000 g/rnol, since the preparation was only about 757"

pure). Frorn the srun of the recoveries of Met (2.18 nmol) and Ala (4.68

nrnol) in the first cycle about 397" of the citrate synthase \,ras coupled.

The repetitive yield was about 912 (based upon yields of Ala at cycles

1 and 5).

The amino acid compositions of E. coli and A.

synthases are similar, as can be seen by comparing

N-ternr-inal sequence information, Tables 6 and 11'

vinelandii citrate

Tables 5 and 10.

indicates that both



.tìi:
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Figure 10: Sequence deÈerminaÈion of Azotobacter vinelandii citrate ..

"ynth"".. 
About 17.7 rrnol of citrate synthase vras placed in the cup of ,'l,,'.

the Sequencer. Initial coupling was 391^ based on recovery of methionine:,,,,:,.5

and alanine; the repetitive yield was 9I%. Results were obtained by .,,.-,,
reversed-phase chromatography usíng a Perkin-Elmer System 4 HPLC, equippiâ,!$

L23

with a HS-3 C1B cofu¡mn,-a LC-85 spectrophotømetric detector and a Sigrnå -.-
15 Chromatography Data Systern; elution was with a steP gradient recomnen'!j|.]!

ed by perkín-Elmer (Skiados, 1981). Assignoent and quantitation of PTI{i":.iì$

Lys and PTH-I1e were rnade by rerunning the samples at a slor.rer flow rate:::.ri$

sÍnce these two derivatives eluted r^rith the same retention time when th|.'.
reconrnended conditions were used. Pth-Nle, 25.4 nmo1, r{as placed in ea!h.¡,$

His and PTH-Arg were observed; PTH-Cys v/as not identified

rìl

r.ì

rì
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Proteins start at the same

sequence corresPonds to the

that both sequences will be

residues are identical'

PARTTAL pnol¡ol,vsrs or nscnEKffiffi

Pîoteolvtic Inactivation

At low veight ratios subtilisin BPN' rapidly inactivates Escherichia

coli citrate synthase. Figure 11 shows the course of inactivation of

citrate synthase (4.78 nC/nL) by subtilisin ( 24.L lg/nl-) in Tris-EDTA

buffer, pH 7.8, at room temperature. In this experiment, the half tirne

for inactivation was about 12 min and only abouË 2 - 37" of the initial

activity remained after 2 h. SDS-PAGE of samples taken from the dígestion

mixture at various times shows that inactivation is aecompanied by dís-

appearance of ciÈrate synthase subuníts (47,000 g/rnol on SDS ge1s, 47 K),

and by appearance of large polypeptide fragments. The apparent molecular

weights of the cleavage products were estimated by standard methods (Fig-

ure 12). The product.s of subtilisin digestion at shorter times were poly-

pepride species corresponding to 32,000 + 1000 (32 K) glmo]. and 13'500 J

1500 (13.5 K) g/mol. The 13.5 K band reached a maximum concentration at

between 20 and 40 min, at which time a new band with an aPparent molecular

weighË of 7500 + 1000 (7.5 K) g/rnol appeared. A very weak band at 24'000

+ 1000 (24 K) g/mo1 also began to aPpear at the longesÈ times, while the

32 K fragrnent seemed to be relatively stable. Some of the contamínating

bands in this citraËe synÈhase preparation aPpeared to be stable to sub-

tilisin digestion, whereas the most prominent contaminating band, 39r500

+ 1500 (39.5 K) g/rnol, disappeared during digestíon (Figure 113).

The raÈe of inactivatíon of E. coli citrate synthase by subtilísin

place, that is the first amino acid in one

first amino acid ín the other sequence, and

very homologous, since 5 of the first 10

':.,:j:ti
j.ì:ìl

,:.,ì'ì
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Fígure 1l: proreolyric inactivation of Eschgrichia "o1i_1i:tate 
synthas{¡¡:l'i

by subrilisin. Citrate synthase (4.78 *E7tÐ itt friF¡nfe buf fer' pH 7;8'ìì:l

was incubated wíth subtilisin BpN' (24.1 ug/ml) at room temperature' - ,:.:*
A. Kinetics of the loss of citrate synthase activity. First order plol'i.,.:5

Ëi.r;;;-;y'itr". actíviry at tíme t is v¡ and at "zero time" is vi: 
" ---,

Citrate synthase activity was measured iã the standard assay ínunediatelyl'l'i.|S

after dilution of the digestion ,ni*trrt". å. Time course analysís of thè',:.sl'

subtilisin cleavage products by sDS-PAqE. Subtilisin activity ín 20 uL

of the digestion rtixture llas quenched at the times indicated by additioll"r:

to 5 UL of a PÌ'ISF solution (10 ÍÙf in acetone) ; dried in an evacu¿ted '::::ìi:lllto 5 uL of a PÌ'1SF solution (10 ÍÙf in acetone) ; dried in an evacu

desiccator and prepared for electrophoresís' The dísconlinuous buffer'":::::ìì:':'''ì:

system of Laermnli (1970) t"" ""tã, 
;h; resolving 9"1-:::tt"ll:tl::,:"t '..System of Laermnlr (IylU/ llas use(It LrrE rçÐv!v!'ó ãv¿

L57".TheCoomassíeB1uestainediroteinbandsareshown.The',zeTo
time" sample vTas not treated with subtilisin' .,.,,,.,
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Figure 12: Molecular weighË estimation of the subtilisin cleavage prga¡'c,tå-

of E. coli citraËe synthase by SDS-PAGE. The relationship between relafi'vg.È
uI .cJ. (:UII UILrdLe ÞJr¡L¡reÐe vJ

motTfiÇãnd 1og rnolãcular weight ís shovm-{.ot :to resolving gel concenÈ''r:ìì:''"i'ìÈ

rations: upper curve I27" anð lówer curve 15%. The discontinuous buffer'""""i'i:\

system of Laeunnli (1970) r.¡as used and the rnobilities of the Coomassie Blue

siained proteín bands \nrere determined relatíve to that of the dye front'r¡¡¡¡$
The molec,rl"r reight standards (r) were bovine serum albumin (68 K)' tÎ"{i::$
liver catalase CSã.0 K), bovine gluËamate dehydrogenase (53'0 X), ovalbuni$ì$

(43.0 K), rabbit muscle glyceralãehyde 3-phosphate aehydrogenase (36'0 K)iì.l.]!.,-

soybean trypsÍn inhibitoi (2I.5 K) , whale muscle myoglobin (I7 .2 K) ' e98..1Ì:ì.-!$
ril^1^ Jìé'â€tiì'ì::soyDean EryPSl-n

whíre lysozyme (14.3 K) and horse heart cytochrome c (11.7 K)' lrthole d'199,¡,,,31i1

and partíal1y purified subtilisin cleavage products were analysed and tUe.$
qrru Hsr u¡q¿¿J

bars (r-) índicate the range of mobilities observed' 
-..-s-.ì
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vJas decreased about 50% when 0.1 M KC1 \,tas included in the digestion mix-

rure and was increased by about 60% by 0.5 mM NADH and about 307" by 0.5 mM

aceryl-CoA (8e11 et al., 1983). Palrnitoyl-CoA (0.5 n'M) had no effect on

Ëhe rate of proteolytíc inactivation of E. colÍ citrate synthase (¡ell et

a1., 1983) whereas proteolyËic inactivation of the pig heart enzyme is

stríctly dependent on the pTesence of palmitoyl-CoA (Weigand et al', I9l9;

Bloxham et a1., 1980). Except for this fact' proteolytíc inacËivation of

both ciËrate synthases is very similar. The inactivation could be obtained

with other proteases, but the size and the relative stabilítíes of the

cleavage products varied. The subtilisin digestion products of E' coli

or pig heart citrate synthase \Àlere more stable to further breakdown than

those generated by trypsin, chymotrypsin or thermolysin (Bloxham et al',

19g0; Bel1 et aI., 1983). Subtilisin digestíon of E. coli citrate synthase

was studied in more detail because of the greater sÈabilíty of the fragments

generated.

The elution profil" of l4c-carboxymethylated subtilisin digesrion

products of Escherichia coli citrate synEhase (50 ng) from a Sephadex G75

coh¡nn in 6 M GuHCI is shown in Figure 134. Proteolytic inactivation r¡as

about 85% complete before subtilisin actívÍty was quenched v¡-ith PMSF and

the mixture l¡/as carboxymethylated using 14a-r* after denaturation r'rith

GgHCI in the presence of DTT. The results of SDS-PAGE of exhaustively

díalyzed samples frqm selected pools are shown in Figure 138' The large

front peak contained 47 K and 32 K polypeptides, and the 39.5 K contamin-

ant. The leading edge of this peak, pools 30 and 32, was mostly 47 K pro-

tein and the 39.5 K contarninant while the trailing edge of this peak, pools

36 and 38, was mainly 32 K fragment. The sma11 peak, pools 42, 45 and 48,

:r:

i:

ìlr

Isolation and Characterization of the or Subtilisin Cleavage Products
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Figure 13: Isolation of the major subtilisin cleavage products. E., "911
cirraËe synrhase (3.33 mC/nL) was digested with subtilisin (16.1 uC/mI,)'.iì
in 15 mL of Tris-EDTA buffer, pH 7.8, at room temperature until about 85'79..

inactivated. Proteolysis r,¡as quenched by adding PMSF, to a f[nal concen''..].-¡

tration of 0.25 ñ,, and after 15 rnin at O C the mixture v/as -'C-carboxY:,..::.:,1

methylated using t*C-Ifu\ after denaturation with 6 M GuHCl in the preseng-re:..1

of ¡if. 4. Elutíon profile from a Sephadex G75 column under denaturing

conditi-ons. The dialyzed, lyophÍlized digest dissolved in 3.0 mL of 6'||ì..'$
GuHCI - 0.1 M NH,HCO^ r¡as loaded on a Sephadex G75 coh¡nn (2.5 x 125 crn).1.¡$

equilibrated in tn. d"t. solution. The coltrmn' at room temperature' \4ra-9...:1;:,ì:i:.lì

developed at a low rate of about 12 mLlh and fractions about 6 rnl werê 'rr.ì.;.':'l:']

collected. A^^^ (o) and radioactivity in dpm/lj- (o), were determined' .'i:,li:.;'.-:

-¿öu-tïac¡rons v¡ere pooled as indicated and the first fraction nr¡nber was used,.ì.j'ì::::i

to designate the poo1. B. Analysis of the eluÈion profile by SDS-PAGE;.;''..

Slab ge1 electrophoresis, on a tS% get, of samples (20 Ug) taken from the .

dialyzed and lyophíLized pools indiðated; and on a 114% gáI' of sampleslqiÑ
pools 45 plus 48 (about 57 Ug) and of pools 55 plus 59 (about 43 Pù' '.,.:,:::i:ilì

aliquots of the samples sequenced in Fígure 14 and Figure 16, respectív'el'TS
allqUOES Of LIle !idIUPIEÞ ÞçYuçrrçeu rr¡ r ¡6erv - -o-- - ' 

^^ 
r.,:..ì:.::::iì.i.,:!i

The 39.5 K contaminant appears as a minor component in pools 30' 32 ano -.---:
34 wirh rnobiliry slighrly greater rhan rhe 47 K polypeptide. 0n1y trace"l¡i¡¡¡

r âÕ --t l.^

amounts of the 24 K polypeptide can be seen in pools 38 and 40'

I

?

E
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contained mostly 13.5 K fragment LriÈh 32 K fragnent trailing Ínto it. The

third peak, resolved from the rest, contained rather pure 7.5 K fragrnent.

A small amount of 24 K fragmenÈ appeared to be present in pools 38 and 40.

After dialysis and lyophilization, samples froro this profile were submítËed

to amino acid analysis and N-terminal sequencing.

Amino acid analysis of Ehe various pools indicated that only a small

amount of the exhaustively dialyzed and lyophilized material, between 5

anð I07" by weight, hTas protein. The excess dry weight may have been re-

Èaíned salts or carbohydrate generated by deterioration of the Sephadex

under the harsh elution conditions. The carbohydrate fragments may have

been too large Ëo pass through the Spectrapor 3 membrane tubing whereas

GuHCl and NHOHCO, should pass through the membrane unhindered. Amino acid

compositions of the various fragments are reported in Table 12; the equiv-

alent weights assumed v¡ere those obtained frsrn the SDS gels. The sum of

the amino acid compositíons of the 32 K and the 13.5 K fragments is in

close agreement (Table 12) with Ëhe composition of one subunit and is an

indication that the two fragments make up the subunit.

Only the N-terminal sequence of intact E. coli citrate synthase (Table

6) was found in samples from the large front peak. Inítial couplings of

about 617. f.or a sænple from pool 30 and about 73% f.or a sample from pool

36 were obtained; the initial eouplings vrere calculaËed assurning equivalent

weights of 47 1000 g and 32,000 g for the samples' respectívely. Since

pool 36 contained only a small amount of intact subunit (Figure 13B), it

is clear that the 32 K fragrnenL has the same N-Èerminal sequence and there-

fore comes from the N-termínal portion of the subunit. This finding is

siuílar to that observed for the large fragment from píg heart citrate

synthase (Bloxharu et 41., 1980).



Table I2z Arnino
of E.

Acid
coli

L36

Compositions of Subtilisin Generated Major Fragments
Citrate Synthase

Arnino Acid Proteolytic Fra gmentsa Sum of 32 K
plus 13.5 K

Nativeb
Enzyme32R 13.5 K 7.5 K

Aspartic acÍd

Threoninec

Serinec

Glutamic acid

Proline
Glycine

Alanine

Valined

Methionine
.dIsol.eucrne

Leucine

Tyrosine

Phenylalanine

Hist idine
Lysine

Arginine
Cysteinee

Tryptophan

33.2

L7 .9

IL.7
25.0

13.2

23.9

28.1

13 .0

8.8

18. 3

26.9

8.7

14.9

11.0

13. 3

16.2

4.8

ND

12.6

8.0

6.1

9.5

5.0

8.3

9.3

7.0

5.4

8.6

9.6

5.0

5.4

3.3

7.9

7.4

1.6

ND

5. B

4. B

5.4

4.r
3.7

5.3
4.7

3.4

3.6

5.5

J. t

3.0

3.4

1.8

4.J

4.2

0.6

ND

45 .8

25.9

17. 8

34.5

18.2

32.2

38.0

20.0

l-4.2

26.9

36.s

73.7

20.3

14. 3

2r.2
23.6

6.4

ND

44. 3

27 .5

2I.9
31. 6

l-9.6

28.9

35.2

20.r
15. 9

27.r
36. 1

16. 1

2L.T

15.5

23.0

24.0

7.4
?)

t A,r.t"g. quantities from amino acid analysis of 24, 48 arrd 72 h hydro-
lysed sauples, except as otherÌ.rise staËed. Samples were f rorn pools sub-
jected to sequence analysis: 32 K frorn pool 36, sequence data not shornm;

13.5 K from pools 45 plus 48, sequence analysis shor'¡n in Fig. 14; and

7.5 K from pools 55 plus 59, sequence analysis shor,¡n in Fig. 16.

b ,to* Table 5.

First order extrapolation to zero-time.

d U"t.r" from 72 h hydrolysis.

" A" Ol-"ysËeine.
NDNo, determined.
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For sequence analysis of the 13.5 K fragment, pools 45 and 48 from

Figure 134 were combined and lyophillzed. A toÈa1 of 19.75 mg of the

lyophilized rneteríal was dissolved in 900 UL of NH4HC03 - NH4OH solution

and 700 pL was dried as a film in the spinníng cup of the Sequencer.

Aroino acid analysís of 24, 48 and 72 h hydrolysed 50 pL aliquots of the

sample sho¡¿ed that only 5.77(by weight of the material was proteín. 0n

this basis, 0.877 mg of protein and 14.5 mg of non-proÈein contaminating

roaterial $/as placed in the Sequencer. Sequencing was according to a 1.0 M

Quadrol prograrüne (Beckrnan Cat. No. 122974) to ensure good solubilization

of the protein and contaminat.íng material during the coupling step.

The results of the sequence analysis of the 13.5 K fragrnent sample

are presented in Figure 14. The first cycle indicated Ëhat more than one

sequence was being observed and that the N-terminal residues !/ere G1y, A1a

and Va1. One of the sequences r¿as easily identifíed as the N-termínal

sequence of intact citrate synthase. These results are s.ulr0narized ín

Table 13. The recovery of 14.3 nnol of A1a in the first cycle, rePresent-

ing about 277" of the polypeptide coupled, cannot be attributed entírely to

32 K fragment conÈarninating this sample (Figure 138). The contaminating

sequence could arise in part from shorÈer pieces of about 13.5 K' derived

from the N-terrninus of the subunit, whích would not be resolved by ge1

filtratíon or by SDS-PAGE. Once the contribution of this sequence had been

taken into account, the remaining data could be rationalized by assuming

that rhe 13.5 K fragment had arisen by subtílisin cleavage at three neigh-

bouring sites: a rnajor one yielding N-terminal Val, and tvlo obhers located

3 and 5 residues farther towards the N-terminus from this. Thís cleavage

pattern, represented by cleavage sites I, II and TII ín Figure 158, was

proposed because of the observed repetition of the major sequence, starting



138

Figure 14: Sequence determination of 13.5 K fragment. About 64.9 nrnol ,r:ì
of 13.5 K fragment vras placed in the cup of the Sequencer; the initial ,.,',:,,i

coupling was 81%; the repetitive yield was 867". PTH-N1e, 53.9 nmo1, was 
l

placed in each tube of the Sequencer fraction collecÈor. Usual single,,'..1,,,1
leËter codes for the amino acids are used. A. ArnÍno acid analysís aftèÌ..;;,¡$
acid hydrolysis. The yields of amino aeids ln each cycle !/eïe corrected,;,.,'*
according to the recovery of Nle; Thr, T, was identified as a-aminobutyr-l-lf
acid; I1e, I, is reporteÇras Ehe sum of isoleucine and alloisoleucine; .. ,

Cys, C, was detected as'-C-Ol-cysËeine by counting an alíquot of the adi$.,]!
hydrolysed sample and is reported as total dpm (o x 0.05). The correct,.,.,,....,
assignmenÈs of the amides, Asn and G1n whích are deaminated during acÍdiì.,ti,r'iriS

hydrolysis hrere made after inspection of the HPLC analyses. B. ttPLC 
,

analysis of the stable PTH-amino acid derivaÈives. An A1Ëex Liquid ',.i.:lì*
ChromaËograph was used. Relative yields are reported: the area of thê,..:iì:ì::ì-:.:-ì

peaks for the PTH-derivatives vrere nornalized Eo a peak area of 10 for ...-.... ,

PTH-N1e, and absolute quantities lrere not deter¡n-ined. Only trace anoun!-s...-..
of PTH-Ser, PTH-G1n, PTH-His and PTH-Trp hrere observed. PTH-l'Iet and pT--g:l|.,,i*

Phe coeluted with PTH-Val and PTH-Arg, ïespectively. 
l
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Table 13: N-Terminal Sequence of 13.5 K Fragment

Cycle

l"laj or Sequence

(13.5 K Fragrnent)

N-Termína1

Native Enzyme

Amino Acida Yieldr (nmol)t Amino Acida Yield (rruol) b

I
2

3

4

5

6

7

I
9

10

11
Iln
I

I ttlra
I

lrtlro

Val V

Tyr Y

Lys K

Asn N

Tyr Y

Asp D

Pro P

Arg R

Ala A

Thr T

Val V

MeT M

Arg R

Glu E

Thr T

Cys C

26.0

23,0

79.2

15. 9

18.0

15.0

8.0

5.7

7.4

6.3

6.0

4.0

4.8

4.7

5.3
(3) "

A1a

Asp

Thr

Lys

A1a

Lys

Leu

Thr

Leu

G1v

Asp

Thr

Va1

A

D

T

K

A

K

L

T

L

G

D

T

V

14.3

14.0

5.9

5.9

7.6

r7.2
4.5

6.0

3.4

1.6

4.0

r.9

4.L

Consensus sequence frorn Figure 144 and
triple and single letter abbreviations

Corrected according to the recovery of
background levels estimated from Figure

Figure 148; standard
are used.

N1e, subtracËing the
l4A.

c Estimated from Figure 148.
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Homologous residues in the tvro sequences are boxed off. Tentative assígn-
ments are bracketed ( - ). 4. Intact citrate synthase and 32 K fragment.
Results frorn Table 6 (nativelnzyme) or from sequence analysis of pool 36

(see Text). å. Consensus sequence of 13.5 K fragment. Results from
Figure 14. SubtilisÍn cleavage sites are labelled I, II and II1. C.

consensus sequence of 7.5 K fragment. Results from Figure 16.
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3 and 5 cycles later. The major sequence is presented in Table 13 and

inspection of the data (Figure 14) shows the repetítion of position l_ Val

in cycles 4 and 6; posítion 4 Asn in cycles 7 and 9 (Fíg. 148); and posirion

5 Tyr in cycles I and 10 (Fig. 144). The Arg in posirion 8 is repeared in

cycle 11 and may account for some of the Arg observed in cycle 13 (Fig.

144); Arg was also assigned at posit.ion 13 in the major sequence. The Pro

in position 7 of the rnajor sequence is detected after acid hydrolysis and

by HPLC, however, repetition is only observed ín cycle 10 of the HPLC re-

sults. Expected repetitions of the Tyr in posiEion 2, the Lys in posÍtion

3, Èhe Asp in position 6 and the Thr in position 10 are r¡asked because of

the appearance of the same a¡oino acid 3 or 5 cycles later in either the

major sequence or the N-t.erminal sequence of intact enz)¡me. After abouÈ

9 - 10 cycles, detection of the staggered sequences becomes very dífficult

because of increased background levels and lower yields. The N-terrninal

sequence of intact enzyme accounts for most of the other major components

observed in the sequence data and was readily assigned because of the

appearance of Ala in cycles 1 and 5; Asp in cycle 2; Thr in cycle 3 and 8;

Lys in cycles 4 and 6; and Leu in cycles 7 and 9. HPLC resulËs for Arg and

Lys are not consistent with the acid hydrolysis results and probably reflect

a difficulty in the solubilization of these pTH-derivatives.

The Ëhree residues beÈween the rnajor cleavage site (designated III)

and the next cleavage site (designated II) located 3 residues farther

towards the N-terminus should be repeat.ed once, staggered by two cycle

starting in the first cycle. The fírst two of these three residues are

Gly and His as indicated by the repetition of these amino acids in cycles

l and 3 and cycles 2 and 4, respectively. The third residue \,ras tentatÍvely

assígned as Arg but the true identity of this residue may be masked by the
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coíncident appearance of the idenÈical amino acid frorn the major sequence

or the N-termínal sequence of intact enzyme. The two residues between the

cleavage site I, located 5 residues farther towards the N-tern¡-i-nus than the

major cleavage síte, and cleavage site II will appear only once, in cycles

1 and 2, and could easily be masked by coincidental appearances, as stated

above. Gly \¡ras tentaÈively assigned as the first of these two residues

because the large amount of Gly observed in the fírst cycle would be better

accounted for if Ëhe N-terminal residues generated by cleavage at sites I

and II were G1y. Phe was tentatively assigned as the ot.her amino acid be-

cause of the significant amount of this amino acíd observed in the second

cycle. The appearance of Ile in cycle 6 (Figure 144) is not taken into

account and the failure to observe Thr in cycle 8 (Figure 148) is unexpected.

The consensus sequence for the region adjacent to the subtilisin cleavage

sites is shown in Figure 158. The sum of the N-terminal residues observed

by acid hydrolysís in cycle 1 (12.2 nrnol of Gly, 14.3 nmol of Ala and 26.0

nmol of Val or 52.5 nmol ín all) corresponds to an initial coupling of BI7"

since about 64.9 nmol of 13.5 K fragnrent was l-oaded. About 73% of. the

protein coupled ís accounted for by cleavage at sites I, II and III. The

relatíve yíe1ds of the fragmenÈs generated by subtilisín cleavage at sites

I, II and III, estimated frorn the acid hydrolysis results' \¡/ere ín the ratio

1 : 1.1 : 4.5, respectívely. The repeÈitíve yie1d, estirìåted from the re-

coveries of Val in cycles I and 11, A1a in cycles I and 5 and Leu in cycles

7 and 9 was 867",

Sequence results of this kínd are sometimes subject to ambiguitíes of

inÈerpretation (cf. Bloxham et aI., f9E1). The correctness of Èhe consensus

sequence presented in Fígure 158 has been confirmed by sequence analysis

of peptides from a total tryptic digest of cítraconylated citrate synthase
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(8e11 et a1., 1983) and from a cyanogen bromide cleavage of citrate synthase

(unpublished, Bhayana & Duckworth). The first 5 residues of the consensus

sequence were established by sequence analysis of a cyanogen bromide pep-

tide which started Gly-Phe-41y... and continued t¡el-f into the sequence

observed for cleavage at site III. Isolation of a Peptide from a citra-

conylated tryptic digest with the amino acid sequence corresponding to the

first 7 amino acids of the major sequence also confirmed the assignment of

the first Arg in the proposed consensus sequence. The sequence obtained

for this region shor^rs signifícant homology wíth the region of the pig heart

citrate synthase sequence near its major subtilisin cleavage site (Bloxham

et a1., 1981). An aligrunent of the two regíons Ís shown in Figure 158.

The third peak from the Sephadex G75 column in Fígure 134 also gave

a ruixture of sequences. A total of 8.85 mg of lyophiLízed material from

pool 55 plus pool 59 was dissolved in 950 UL of NH4HC03 - NH40H solution

and 750 pL was dried as a filrn in the spinning cup of the Sequencer. Amino

acid analysis indicated Ehat the sample was only 9.4% by weight protein and

thus 0.654 rng of protein and 6.33 mg of non-protein contaminant r,7as actual-

1y loaded. sequencing lras with the 1.0 M Quadrol programne to ensure

good solubilization of the protein during the coupling step. The sequence

results are presented ín Fígure 16 and show that two major sequences and

one minor sequence, that of 13.5 K fragrnent' were observed. The acid

hydrolysis results (Fig. 164) appear to be plagued with hígh background

levels due to washout of protein, whereas the HPLC results (Fig. 168) are

not affected by this. Close inspecËion of the HPLC results revealed that

a traee amoun¡ of the N-terminal sequence of native enzyme was also ob-

served. The sequences of 13.5 K fragnrent and naËíve enzy-rne must arise from

shorter pieces derived by further proteolysis of the 32 K and 13'5 K frag-



Figure 16: Sequence determinaËion of 7.5 K fragment. About 48.5 runol of
7.5 K fragment was placed in the cup of the Sequencer; initial coupling
utas 747"; repetitive yield was about 90%. PTH-N1e, 53.9 nmo1, was placed
ineachtubeoftheSequencerfractionco11ector.Usua1sing1e1etter
codes for the amino acids are used. A. Arnino acid analysis after acid ¡¡¡.,

hydrolysis. The yields of amino acíds in each cycle r^rere correcËed accord.¡
ing to recovery of Nle; Thr, T, was identified as o-aminobutyric acíd;
I1e, T, is reported as the sum of isoleucine plus alloisleucine. 0n1y
trace amounts of His and CM-Cys were observed. The correct assigrnuents
of Asp or Asn and Ser or Ala \,reïe îutde after inspection of the HPLC analyÈe-$.

è. HPLC analysis of the stable PTH-amino acid derívatíves. An Altex "'r:"¡¡'l:,,,

i,iquid Chromatograph was used. Relative yields are rePorted: the area ofiisr
the peaks of the PTH-derivatives v¡eïe nonnaLízed to a peak area of 10 fol 

.....,,
PTH-N1e, and absolute quantities vrere not determined. Only trace anountq:::.:$
of the PTH-derivatives of CM-Cys, G1n, His, Lys and Trp rrere observed. .,'.,r:ir.,,'f

PTH-Met and PTH-Arg coeluted r¡ith PTH-Va1 and PTH-Phe, respectively. The:ì..t.:....':..

low recoveries of PTH-Ser and PTH-Thr have been scaled up, 100 fo1d. ,r,,':,,.rr'È
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ments which weïe not resolved f.rom 7.5 K fragrnenÈ by ge1 filtration or

SDS-PAGE. The two major seguences could be ratíonalized by assuming that

subtilisin cleavage occurred at two adjacent sites, on either side of a

Lys residue, to generate tI^lo 7.5 K fragments. The yield of the two major

sequences were in the ratio 1.53 : L (7.5 K wiÈh N-terr¡inal Lys : 7.5 K

minus Lys). A suruuary of the results is presented in Table 14. Total

initial coupling for the sample was 74% of the 48.5 runol of 7.5 K fragment

loaded based on recoveries of 19.1 nmol Lys, 12.5 nmol Leu and 4.1 nmol

Va1 in the first cycle. Over BB7" of the pïotein coupled was accounted for

by the two major sequences with N-terminal residues of Lys and Leu. The

repetitive yield'hras estimated to be 86 - 947". The sequence of the longer

7.5 K fragmen¡ is shov¡n in Figure 15C, aligned with an apparently homolog-

ous region in the sequence of the pig heart enzyme.

The overall recoveries of the 13.5 K and 7.5 K fragments have been

estin¿rted. The Èotal weights of lyophil-j-zed materíal from the second and

third peaks in Figure l3A were about 35 rng and 15 mg, respectively. Amíno

acid analysis indicated that the samples were 5,77" and' 9.47. by weight pro-

tein and sequence analysis índicated that- 737. and 88% of the protein ín

Èhese samples corresponded to the tq¡o fragments, 13.5 K and 7.5 K' respec-

tívely. On this basis, about 108 nrnol of 13.5 K fragurent and about 165 nmol

of. 7.5 K fragment were recovered and since 1060 n:nol of E. coli citrate

synthase was initially treated hl-ith subtilisin, the net yields of the

13.5 K fragment and the 7.5 K fragment were about I0% and about 162, res-

pecËive1y.

Properties of Subtílisin-Cle@

The physical properties of partially digested ciËrate synthase hTere

investigated by ge1 filtration to see if the fragments dissociated under
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Table 14: N-Terminal Seguence of 1.5 K Fragment

Cycle

7.5 K Fragmenta

(rninus Lys)

Other Residues Observedc

13.5 K

Fragment

Native

EnzymeAruino Acid YíeldD (nruo1)

1

2

3

4

5

6

7

I
9

10

11

12

13

T4

15

16

T7

Leu L

Tyr Y

Pro P

Asn N

Val V

Asp D

Phe T

Tyr Y

Ser S
t

G1y' c

Ile I
I1e I
Leu L

Lys K
I

Alat A

MeT M

clf c

12.5

17. 5d

L7.6

18. 7d

14.3

18.0d

16. 3

13. 0

8.3"

nl,
L2.3d

6.8

4.5

)o

Val V

(ryt) d

Lys K

(Rsn) d

Tyr Y

(A"p) d

Pro P

ND

A1a A

Thr T

Va1 V

Met M

ND

Glu E

ND

ND

Ala A

Asp D

Thr T

ND

Ala A

ND

Leu L

Thr T

Leu L

ND

(cly) d

ND

Thr T

ND

ND

ND

Leu L

c

d

e

f

Repetition of the sequence in two consecutíve cycles indicated that
cleavage had occurred on either side of one residue. Lys was assigned
as this residue because 19.1 nmol of Lys was observed in the fírst eycle.

Corrected according to the recovery of Nle and for the background leve1s
estinated fron Fig. 164. Assignments verified by HPLC analysis.

Some residues observed only in iIpLC analyses (Fig. 168).

Appears in more t.han one sequence.

QuantitaÈed as Ala.

Posítively identifíed by HpLC analysis.

0n1y 17 cycles were analysed, and for this reason Èhe assignment of G1y
is only tentative and is consistent v¡ith HPLC and amino acid analyses,
however, PTH-Ser is also indicated by HpLC analysis.

Not detected.
ND
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non-denaËuring conditions. A sample of Escherichia coli citrate slmthase,

about 802 inactivated by subtilisin, r^ras passed through a Sephadex G200

coh¡nn under condÍÈions used in the purification of the enzyme. The eluti-on

profile is shown in Figure 174. The ruajor coltnrr peak, fractions 47 - 67,

contaíned the bulk of the cÍtrate synthase protein. As shov¡n by SDS-PAGE

(Fígure 178), the leading edge of thís peak was rnainly subtilisín-cleaved

cÍÈrate synthase, while the trailing edge was mainly uncleaved subuníts,

coinciding with the smal1 amount of remaining citrate synthase activity

(Figure 174). The amino acid compositions of samples from the leadíng edge,

fraction 50, and from the trailing edge, fraction 60, are shown in Table

15. The two compositions are essentially the sarue and Èhey are very similar

to Ëhe composition of native enzyme, also shor^m in Table 15. The sma11

AZBO p.rk of low molecular weight material, fractions 117 - 131, contained

no polypeptíde large enough to be seen on the Coomassie Blue stained gel

(Figure 178). After acid hydrolysis a sample from thj.s peak was found to

contain amino acids (Table 15), and probably it consisted of short peptides

released by subtilisin.

The specific binding of NADH per 4Zg0 rria üIas constant across the

large Sephadex G200 peak (Figure 174), although the specific enzyrne activity

changed from less than I IJ/mg at the front to about 10 U/rng aË the back of

this peak. This finding indicates that the product of limited subtilisin

digestion of citrate synthase can bind NADH as well as native enzFte can,

on a moles per unit weight basis. This conclusion has been confirmed by

monitoring NADH binding, by fluorescence enhancement, as a function of time

during subtillsln digestÍ.on (Bell et al., 1983). In addition, a sample of

Ëhe material from the front of the large peak in Figure 174 was ËiËrated

wirh NADH at pH 7.8. The effect of 0.1M KCI and 1.0 rnl"I acetyl-CoA on the
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Figure 17: Isolation of subtilisin-cleaved citrate synthase. E. coli ,,,

cítrate synthase (50 rqg) was digested with 500 ¡rg of subtilísin in I mL

of Tris-EDTA buffer, pH 7.8, at ïoom Èemperature until about 802 inactiv- I

ated, Proteolysis wai quenched by adding PMSF to a final concentration
of about 3.5 n1'f and coolíng to 4 C. 4. Gel filtration on Sephadex G200 '

under non-denaturing conditions. Ihe PMSF treated digestion mixture qlas 
,:

toaded on a Sephadex G200 coh¡nn (0.9 x 200 crn) equilibrated with Tris-
EDTA buffer, pH 7.8, containing 0.05 M KC1. The colrrnn, at 4 C, was dev-

eloped aË a flow rate of about 8 rnl/h and fractions abouË 1 mL were co1l- 
',

ected. Shown are A^-^ (o), citrate synthase specific activíty in U/mg (O)'

and abiliry ro ¡inã'ffXnH ín mo1 NADH/nol subunit (A). å. SDS-PAGE of
selected fractions. Slab gel electrophoresis, on a L47" gel-, of samples 

''

raken from fracrions 51 (11 uL, about 20 Ug), 55 (5 UL, about ¡0 ug) ' 59 ,,

(9 uL, abour 10 ug) and I23 (40 uL). The relative proportion of the clea-
vage products is lreatest in fractions from the front of the major peak' 

' '

The small peak contained no polypeptide 1atge enough to be seen on the gel;

5
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Table 15: A¡nino Acid Composition of Purified SubtilÍsÍn-Cleavèd Cítrate
Synthase

The compositions (noLe/47,000 g) were determined from the amino acid
analysis results of 24 h hydrolysed samples. An equivalent weíght of
47,000 g r^ras used. The volumes required to gíve 1 nmol of the equiv-
alent weight were 44 1L, 72 pL and 82 pL for fractíons 50, 60 and 123,
respectively.

b Fro* Table 5.

Anino Acid

Subtílisin-Cleaved Citrate Synthase Snall Peptides

Fractíon 1234

Native

EnzymeFraction 504 FracËion 604

Aspartic acid

Threonine

Serine

Glutamic acid
Proline
Glycine

Alanine

Valine
MeËhíoníne

Isoleucine

Leucine

Tyrosine

Phenylalanine

His t idine
Lysine

Arginine

41.0

31.0

24.5

32.r
22.6

28.8

35.7

18.8

20.6

28.2

33. B

L7 .2

20.5

l'3.4

ls .9
33.4

36.3

32.9

26.6

36.9

2r.0
31. 5

37 .9

19.8

15.5

25.r
3r.4
19.0

2I.I
l-4.4

22.2

32.4

39.6

15. 1

13. 8

36.5

r8.4
]-9.4

27.I
26.0

2I.I
20.2

29.9

16.2

20.6

14.0

30. 5

49.r

44.3

27 .5

2L.9

31 .6

t9.6
28.9

35.2

20.r
15 .9

27 .L

36. 1

16. 1

2T.I
15 .5

23.0

24.0
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binding of NADH to the subtilisín-cleaved citrate synthase was also studied.

The binding data are presented in Figure 18 in the form of Scatchard plots.

The dissocÍation constants for the enzyrne-NADH complex (I$) are essentially

the same as those from native enz)¡me (Table 16).

While these results clearly show that NADH binding is not affected by

subtilisin Èreatment sufficient to reduce ciËrate synthase actívity t.o a

few percent of normal, it is not certain r¿hether NADH binding is a property

of any single fragment alone, oï one which ínvolves all of the subtilisin

generated fragments. N-terminal sequence analysis of abouË 195 nmol (assum-

ing an equivalent weight of 47,000 g/nol) of rnainly subtilisin-cleaved

prot.ein (fracÈions 48 - 53 in Figure 174) gave a mixEure of sequences.

The major amino acids observed in the first cycle were Gly (about 183 runol),

Ala (about 166 nrool), Leu (about 105 nmol) and Lys (about 48 rrnol) all of

which may be accounted for by the presence of the rnajor subtilisin cleavage

products. Presurnably the G1y arises from cleavage at sites I and II (FÍg-

ure 15B) generating 13.5 K fragment. The amount of Va1 (about 17 nmol)

observed was very low índícating that síte III is not cleaved to an appre-

ciable gt<tent under the conditions of subtilisin cleavage ín Figure 17.

A detailed raÈionaLízation of the sequence data, in order to identify which

subtilisin sit.e, I or II, was preferred under these conditions, vlas not

possible because the complicated results were also affected by high back-

ground levels and low recoveries after Ëhe first cycle.

The results presented for undenatured subtilisin-cleaved citrate

synthase indicate three facts. First, under the conditions of lirnited

proËeo1ysis, NADH binding to subtilisin-cleaved citrate synthase is inde-

pendent of the amount of citrate synthase activity remainíng. This fact

is shor,r'n by the consËant specific binding across the large Sephadex G200
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Figure 18: Binding of NADH ro subtilisin-cleaved citraÈe synthase. Sub-

tílisin cleaved citrate synthase, from fraction 51 in Figure 174, was

Èitrated with NADH in an Aminco-Bor¡¡man spectrofluorometer. The concen-

Lration of the proteín, initially 2.29 1Ì"1 in all cases' vras determined by

A^.^ using the molar exÈinction coefficient for native citrate synthase' '

$áåU"n"t¿ plots are show'n for the títraÈion data collected in the absence

of added effector (o) or in the Presence of 0.1M KCl (r) or l nrM acetyl-
CoA (a,) . Línes are drann¡n using parameters obtaíned by a l-inear least-
squares fitting of the data shown.
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Table 16: NADH Binding to Subtilísin-Cleaved Citrate Synthase

Estinated from Figure 18. The greater number of sites available per
subunit of 47,000 g/mol (n) ís consistent with that observed for
plasmid-specífied citrate synthase (Duckworth & 8e11, 1982) .

b ,ro* Duckworth & Tong (Lg76), chromosomal enzyme rnlas used.

c Unpublished, Duclcr¿orth.

Conditions

Subtilisin-Cleaved
CiÈrate Synthasea Native Errry*.b

\(un) n(per subunit) \(ut't1 n(per subunit)

No addition

0.1 M KCI

1 rnl'l acetyl-CoA

L.7

3.0

10. 6

74

58

73

1.9

3.5

6.8

42

34c

3gc
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peak (Figure 174). Second, N-terminal sequence analysis of mainly cleaved

citrate synthase displays roughly equal proportions of 32 K, 13.5 K and

7.5 K fragments as indicaËed by the presence of Ala (166 nmol), G1y (183

runo1) and Leu plus Lys (153 nmol) in the first cycle. This result indÍcates

that the fragments renain associated under the mild conditions used. Third,

subtí1isin cleavage results in the further aggregation of citrate synthase

protein to give a species which elutes before active enzyme from the Seph-

adex G200 colurun. Under the conditions used for the column natlve _E. _c"!

citraÈe synthase behaves as a dimer-hexamer system with a weight-aveïage

molecular weight of about 240,000 (Tong & Duckworth, 1975), and the cleav-

age product must be more aggregated than this.

CHEMICAL MODIFICATION OF ESCHXR]CHIA COLI CITRATE SYNTHASE

Modification with 5,5'-Dithiobis (2-nitrobenzoic acid)

Talgoy (1979) has studied the modification of the sulfhydryl groups of

Escherichia coli citrate synthase. One of the sulfhydryl specific reagents

used was 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB). The DTl.lB reaction

with enzyme sulfhydryl groups occurs according to EquatÍon 2 (E11man, 1959):

DTNB + E-S}ì TNB + E-S-TNB (2)

The enzyme reaction producË should be a mixed disulfide between enzyme and

thionítrobenzoate (TNB) and for each sulfhydryl group modífied there should

be one equivalent of TNB released. Talgoy (1979) has sho¡¿'n that the reaction

of native E. coli citrate synthase in the absence of KC1 results ín the

rapid release of 1 equivalent of TNB per subunit follov¿ed by a slow phase

in t¡hich a further 1 or more equivalents are released (see also Figure 194).

In the presence of the potent allosteric actívator, 0.1 M KCl, the rapid

phase of the reactíon becomes faster and the slolrer phase is apparently

elirninated indicating that the first sulfhydryl group to react may be
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Figure 19: Progress of reactíon of E. coli citrate synthase \^tith DTNB. ",,:
Release of TNB monitored at 4I2 nm using a Gilford 24OO'2 recording spec-¡:...

trometer. The light path was 0.1 crn in A and 1.0 cm ín B. The arro¡'¡s '.:..'l

indicate the time at which Èhe sampl"= tã." loaded on a Eephadex G25 .ì

column; the number refers to Table 17. In both A and B, the data for the,'.r

early times of the reaction in the absence of KC1 are shown twice; and ,:..:'

the complete curve is shov¡n in the inset. A. Excess DTI'ìB. In the absencg

of KC1 (O) DTNB was 1500 uM and citrate "ytEhr"" 
was 132 uM (subunit con-',ì.

centration). In the presence of 0.11 M KCl (a) DTNB was 1110 ¡rM and '.';.,:

citrate synthase was 293 UM. B. Excess citrate synthase. In the absencàri

of KC1 (o) OTNS was 125 uM and citrate synthase r¿as 132 uM. In the Pres:r.ì:
ence of 0.1I.f KC1 (o) DTNB was 89 uM and citrate synthase was 100 uM. '.ìti
The lirnit of the reaction, predicted by Equation 2, is Índicated by th" 

.,...,...

bar.
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selectively modified under these conditions (Ta1goy, r97g; see Figure 19)

Analysis of the rate of the rapid phase of TNB release, over the pH range

pH 7 to PH 9, in the absence or presence of KC1 revealed that the rate

depends on the unprotonated form of an acid dissociable group havíng pK,

of about 8.3, presumably an enzyme sulfhydryl group (Talgoy, rg7g).

I have studied the chemistry of the DTNB modification of E. coli citrate

synthase further to see íf the enzyme reaction product vras a míxed disulfide

between enzyme and TNB. Treatment of the mÍxed disulfide with DTT or any

other suitable reducing agent would result in regeneratÍon of enzyme and

the release of a second equivalent of TNB. E. colÍ citrate synthase was

modified with DTNB, in the absence of KCl, to the extent of about 3.71

equivalents of TNB released per subunit of enzyme (Figure 19A, curve 1)

and then separated from excess reagents and products by ge1 filtration.

Modified protein prepared in this manner released only 1.9 equívalents

of TNB per subunit when treated with an excess of DTT, not the expected

3.71 equivalents. It therefore appears that some of the attached TNB groups

are released spontaneously from the enzyme, during the original DTNB mod-

ification or subsequent isolatÍon. Enzyme which was modified with DTNB in

the presence of KCI (Figure 194, curve 2), to the extent of about 1.37

equivalents of TNB released per subunit of enzyme, released 1.16 equivalents,

almost the theoretical amount, when treated with DTT. Thus, spontaneous

release of TNB from modified enzlnne does not occur over short reaction

times in the presence of KCl. The results of these experiments and the

next thro are suutmarized in Table 17.

In thís set of experimenÈs, DTIIB modification was performed in Èhe

presence of a slight excess of enzyme (Figure 198). Under these conditions,

the mechanism in Equation 2 predicts that TNB release should proceed up to
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Table 17: Content of TNB in DTNB-Modified CiÈrare Synthase

Progress curves for preparation of the modified cj.trate synthase are
shown in FÍgure 19.

Modified enzyme r¡¡as separated from excess reagents and products by
gel filtration on a Sephadex G25 column (1 x 39 em). The column r,tas
eluted with Tris-EDTA buffer, pH 7.8, aÈ a flow rate of about 0.9 rr.Ll
min. Modified protein eluted from the column about 15 mín after being
loaded.

Modified protein isolated as above except Èhe elution buffer contained
0.1 M KC1.

Chromosomal citrate synthase vras used and protein concentratj-ons were
determined spectrophotometrically at 278 nm usÍng El^_ €guâl to 0.976
mg-' (Tong & Duckworth, 1976). The subunit rnoleculäi"'weight of 47,000
B/mo1 was used.

Conditions of Preparation of
ModÍfied CÍtrate Synthase

Molar Ratio
DTNB:

Enzyme
subuni ts

TNB Released
( equivalents / subunÍÈ )

Subunita
(uM)

DTNB
(uM)

KCl
(If)

SampleD
Figure 19

DurÍng
Reaction

By DTT from
ModÍfied Enzyme

l-32

293

L32

100

r500

1100

125

89

0. 11

0. l0

I

2

3

4

11.4

3.7 5

0. 95

0. 89

3.7r

r .37

1. 35

1. 11

1. g3c

1.16c

o.qc

0. 7]d
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a limit of one equivalent per mole of DTNB. In both experiments thís limit
I^7as Passed (Table 17) and the amount of TNB which could be released later
from modified enzyme vras much less than expected. Enzyme modified in the

presence of KCl (Figure 198, curve 2) retained a larger proportion of Èhe

DTT releasable TNB, indicating as stated above that TNB release from the

enzyme-TNB disulfide ís slower in the presence of KC1.

The spontaneous release of TNB from the enzyme-TNB mixed disulfide was

observed by preparing citrate synthase modifíed to the extent of about I.37
'equivalents of TNB released per subunit in the presence of KC1 (Figure 19A,

curve 2), isolating modÍfied enzyme by ge1 filtration and then monitoring

modífíed enzyme spectrophotometrically, at 4r2 nm, for the spontaneous

release of TNB. The Progress of the spontaneous release ís shown in Figure

20, in the absence and presence of KC1. The rate is slow, as expected, and

again as expected it is much slower in the presence of 0.1 M KCl.

There is only one likely mechanism, Eiven the known chemistry of mixed

dísulfides, for the release of the second equivalent of TNB. This is the

displacement of TNB from the dísulfide by a second enz)¡me sulfhydryl group,

strategically placed, according to Equation 3:

(" .1its-tt'ls - \s + rNB (3)

This mechanísm would lead to the introduction of a disulfide bond into the

citrate synthase molecule, which normally contains no dÍsulfídes (I,lríght &

sanwal, L97r; Tong & Duckworth, rg75). To tesr thís prediction, the total

number of sulfhydryl groups present in modified enzyme r¡/as determined, after

the spontaneous release of TNB was eomplete. The method of ltabeeb (Ig7Z)

was used. With the preparaËion of chromosomal cítrate synthase I used,

fu11y denatured enz)rme contained 6.1 sulfhydryl groups while the presumed
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Figure 2O: Spontaneous release of TNB from DTNB-modified citrate synthas-er,:l¡

DTNB-modified cítrate synÈhase, PrePared in the presence of 0.11 M KCl :,,,r.

(Fig. 194), \¡/as separated from excess reagents and products by ge1 fil- -.'r.:

tration on Sephadex G25. Spontaneous release of TNB was monitored in ,'.ll
the absence (O) and presence of 0.10 M KCl (r) at 4I2 nm using a Gilford r-,.:.

24OO' 2 recording spectrometer; the light path was 1.0 cm. Subunit con- ',

centrations were 25.1 UM in the absence of KCl and 45.0 UM in the presence '

of 0.1 M KC1.
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disulfide form of the enzyme contained 3.8 groups. This difference, about

2.3 groups less per enzyme subunit for the presumed disulfide form, was

observed wÍth another preparation (Talgoy et al. , 7979) and may be accounted

for by the introduction of an intrachaín disulfide bond in each subunit

as predicted in Equation (3). SDS-PAGE of the disulfide form of the

enzyme under non-reducing conditions revealed one major band, which mig-

rated at the same rate as the complex prepared from unmodifíed citrate

synthase (Talgoy et a1. , 7979). This observation strengËhens the argument

that any disulfíde bonds formed are íntrachaín and not interchain since

the introduction of interchain dísulfíde bonds results in at least the

dimerization of citrate synthase subunits. Dimerized protein would mígrate

at a much slower rate during electrophoresis. Thís experiment does not

rule out the possibilíty that the original enzyme disulfide is ín fact

interchain and that during denaturation the exposure of other sulfhydryl

groups results in the furt.her exchange of the disulfide to give a more

stable intrachain disulfide.

E. coli citrate synthase modified to the extent of 1 equivalent of TNB

released per subunÍt is completely desensitized to inhibition by the a1lo-

steric inhibitor, NADH (Danson & I,Ieitzman, L973; Danson & Weitzman, L977;

Talgoy, 1979; Talgoy et al., 1979). Desensítization has been shown to be

a consequence of the fact thaË NADH does not bind to modifíed enzyme, and

both binding and inhibitíon are restored by treatment wiih DTT (Talgoy et

41., 7979). I observed the expected desensitizatíon of E. coli citrate

synthase to NADH under standard assay conditions in the absence of KCl after

1.37 equivalents of TNB hrere released per subunit (modificatíon reaction,

Figure 194) however, I also observed about a 757" decrease in the enzyme

activity under these assay conditíons, 0.1 urM acetyl-CoA and 0.1 mM0AA
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fn Trfs-EDTA buffer, pH 7.8 (data not shown). Treatment of thfs protein

wfth DTT restored the NADH sensitivity as expected, but only about

537! of. the original enzyme activity was regenerated (data not shown). In

another experiment, cLtrate synthase modifled to the extent of about 3.71

equivalents of TNB released per subunit of enzyme (Figure 194) was sub-

stantially inactivated (982) and treaÈment with DTT restored about 527" of.

the activity (no KC1) r¡hich was about 952 inhibíted by NADH under standard

assay condiÈÍons (data not shown). The apparent permanent loss of enzyme

activity under these condítions is unexplained at Present.

The kinetlc properties of citrate synthase, mainly in the presumed

disulfide forrn (predicted by Equation 3) have been characterized using the

three standard assays defined in the Methods. The results, before and

after DTT treatment are compared wíth native E. colí citrate synthase ín

Table 18. The presumed disulfide form of the enzyme is essentially

completely desensitized to NADH and it is less actíve than native enzyme

when assayed in the absence or presence of KCl. Treatment wíth DTT com-

pletely restored the NADH sensltivíty, but not all of the specific

enzyme activity (measured in Èhe presence of KCl) was recovered, only

about 8L% as compared with native enzyme treated wíth DTT-

Modífication with Bimane Derfvatives

The reactions of Escheríchia coli citrate synthase l¡ith monobrornobimane

(mBBr), dÍbromobimane (bBBr) and monobromotrimethylanmoniobimane (qBBr)

were investigated. The bímanes react most readily with thiol compounds

and have been shown to react with protein sulfhydryl grouPs; the protein

reactíon product is fluorescent and Èhe uodificaÈíon reactLon fs complete

in 2 to 60 nin (Kosower et al., L979, 1980). üIith Tris-EDTA buffer, pH 7.8,

I observed a spontaneous lncrease Ín fluorescence whÍch was unaltered, in



Table 18: Kinetic
Citrate

T7L

Propertíes of the DTNB Induced Disulfide Form of
Synthase

Parameterc

Disulfide Enzyme' Native En"y*ub

Disulfide_clr orm
DTT

Treatede
Native
Form

DTT Þ
Treated -

Specific Activity
(u/me)

KCl Activation
Number

% Inhibited
by NADH

7.0 + 0.5

29

15

35 +

37

95

40 + 2

33

95

43+3

33

97

Citrate synthase (112 uM) r¡ras reacted with DTNB (100 uM) unril 1.30
equivalents of TNB were released per subunít. Modified enz)rme vras
purified by ge1 filtration and analysed as stated.

Native enzyme r^Ias treated in the same manner as the DTltlB modified
enzlrne except DTNB was omitted

Protein concentration \.ras determined spectrophotometrically and the
specific activity was determíned in an assay containing 0.1 mM acetyl-
CoA, 0.1mM 0AA, 0.05 mM DTNB plus 0.1 M KCl in Trís-EDTA buffer, pH 7.8.
KCl activat.ion determined by comparing the initial velocities in the
absence and presence of KC1. InhibÍtion by 0.1 mM NADH was determined
in the absence of KC1.

Habeeb (I972) titration with DTNB under denaturing conditions indicated
2.3 fewer sulfhydryl groups per subunit.

The sample rlTas treated with DTT, final concentration 0.2 mglmL, over-
night at room temperature.
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terms

atfon

rate or fntensity, by the addition of citrate synthase. Incub-

plasmid-speclfÍed citrate synthase (29.6 ¡rM, subunit concentrarion)

with any one of the bimane reagents (a11 at about 250 uM) resulted in the

partíal loss of enz)rme actívity and desensitization of the activity remain-

ing to the allosteric fnhibitor, NADH. After about 30 rnin of reaction

there was no further change in enzyme activity. The effects of bimane

rnodificatíon of citrate synthase are sunmarized in Table 19. Bimane mod-

ified citrate synthase, isolated from excess reagents and producÈs, is

fluorescent and the bimane reaction appears to be directed at the cysÈeinyl

residues since there Ís a decrease 1n the number of sulfhydryl groups

available for reactíon with DTNB under denaturing conditions. The specific

fluorescence of mBBr reacted citrate synthase is larger than that obtained

for bBBr reacted cÍtrate synthase. ThÍs observation is contrary to that

observed for the bimane-globin reaction products as indÍcated by theír

relative quantum yields (Kosorser et al., 1979>, also shown in Table 19.

The explanation foi this observation may be that some of the bBBr molecules,

which contain two thiol reactive centres, are reactíng with two sulfhydryl

groups, strategically placed, ín citraÈe synthase. In this case, loss of

sulfhydryl groups would not be directly proportional to the number of bimane

molecules Íncorporated. This set of experiments displays three facts.

First, the enzymic properties, activity and NADH sensitivity, are affected

by nodificatíon with the bfmanes. Second, the bimane reactÍon with citrate

synthase results in the modifÍcation of proÈein sulfhydryl qroups and thírd,

the protein reactfon product ís fluorescent.

The results in Table 19 summarizing the effects of bimane modification

of citrate sy.nthase probably correspond to l¡hat would be observed in the

later stages of complete reaction under non-denaturing conditions. The

of

of
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Table 19: Effect of Bimane Modification of co1í Citrate SynÈhase
a

In all cases, plasmid-specífied citrate synthase was 1.39 mg/ml (29.6,ûf
assuming a subunit molecular weíght of.47,000 g/mol) and the bimane \.ras
about 250 UM in Tris-EDTA buffer, pH 7.8. All reaction mixtures including
the control conÈained acetonitrile, 25 vL/mL, and were monitored at room
temperature. The reaction was judged complete after 30 min because there
was no further activiÈy loss. The average of 3 to 6 measurements, made
after 30 min of reaction, are reported; sÈandard deviations are given.

Aliquots of the reaction míxture \.rere assayed imnediately after dilution
in Tris-EDTA buffer, pH 7.8. Standard assay conditions vrere used, for
conditions see fooÈnote c Table 18.

Modified protein r{as separated from excess reagents and products by
repeated dilution and ultrafiltratíon. Modified protein concentration
was estimated by the method of Lowry et al. (1951). Sulfhydryl cont.ent
was estimated by the method of Habeeb (L972). Fluorescence (arbitrary
units) was measured in an Aminco-Bor^¡man Spectrofluorometer with excitation
and emission ¡^ravelengths set at 360 nm and 480 nm, respectively.

Specific fluorescence corresponds to Ëhe fluorescence divided by the
moles of sulfhydryl groups nodified. In the case of the mBBr reaction
3.7 sulfhydryl groups per subunit have been modífied; this corresponds
to 78.7 n¡nol of modified cysteine per mg of proÈein (1 mg of citrate
synthase ís 2I.3 nmol of subunits).

The quantum yíelds reported are the maximum values report.ed by Kosower
et a1. (1979); the maximum values were observed at 484, 477 and 480 nrn
for the mBBr, bBBr and qBBr globin products, respectively.

E.

Reagent
Soecific-
altivityb

(u/¡ng)

Inhibition
by NADHb

("/")

Sulfhvdrvl
corri.r,i"

( SH/subunit

Protein Bound
Fluorescencec

(F/me)

Specific
Fluorgs-
cence

Relative
0uantum
Yíe1d"

Control

mBBr

bBBr

qBBr

54.1 + 3.5

8.5 + 4.2

6.3 + 1.0

6.8 + 1.5

95+2
0

0

0

6.9 + 0.3

3.2 + 0.4

2.0 + 0.6

3.8 + 0.4

4+2
100 + 20

110 + 20

47 +7

t.30 + .26

1.06 + .20

0.71 + .11

0.2r
0.29

0. 11
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followfng experiment tras devísed to monitor the effect of partial modffi-

cation. In this experiment the molar ratio of bimane to cítrate synthase

subunits was varfed from about 0.2 to about 4.2. The effects of cornplete

reaction under these conditlons were monitored by assaying an aliquot of

the reactíon mixture about. 3 to 4 h after the reagents lrere mixed. Enzyme

activity nas neasured in the absence and presence of NADH, no KCl. The

results are presented fn Figure 21. Under the conditíons of thís experiment

it appears that the fuIl effect of rnBBr modification on the catalytic pro-

perties is experienced at about a 2 to 4 fold molar excess of mBBr over

citrate synthase subunits. It ís difficult to say, from these results,

whether I or 2 equívalents of mBBr must react with the protein before the

ful1 effect is observed because the number of sulfhydryl groups nodified

r^ras not determined and also because one cannot be certain that all of the

mBBr has reacted with the protein. (Recall, addition of the bimanes to

Tris-EDTA buffer, pH 7.8, results in a rapid increase of fluores.cence,

presumably due to reaction r.rith a suitable nucleophile.) The combination

of effects observed, activity loss and desensÍtization to NADH, is very

similar to the results reported for the disulfide form of citrate synthase

(Table 18). It rnay be that mBBr modification of citrate synthase has the

same effect on the catalytic propertíes as the protein disulfÍde which is

induced by DTNB modification.

Modification with Pyrídoxal-5-Pho

Ttre reaction of Escherichia coli citrate synthase with pyridoxal-S-

phosphate (P5P) was fnvestigated. P5P is a lysine specÍfic reagenÈ that

reacts reversibly wÍth amino groups by the formation of a Schiff base.

Treatment of the Schiff base wíth NaBHO results 1n the reduction of the

imÍne bond, naking the rnodification irreversible (Means & Feeney, 1971).
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Figure2l:EffectofrnBBrmodificationofE.co1icitratesynthase
Plasrnid-specified citrate synthase (Ig.2 UUI suUunit concentration) was

incubated with increasing concentrations of mBBr, from 0 to 80 UM, in
Tris-EDTA buffer, pH 7.8, at room temperature. In all cases the reaction
mixture contained acetonitrile, 67 VL/IL. After 3 to 4 h the reaction :

mixtures were diluted, 10 fold with Tris-EDTA buffer, PH 7.8, and assayed

under standard assay conditions, ín the absence (O) and presence (O) of,.
0.1mM NADll.

I



rt6

rnBBr (uM)

J
E

I u.+
on

ed

> 0.2
+-
U

0 12
mBBr tmoD:

34
Su bu nit tmotl



t77

Chromosomal cÍtrate synthase (about 5.7 ull, subunít concentration) was

slowly inactlvated when incubated with P5P (about 0.11 nl'f) fn phosphate-

EDTA buffer, pH 7.8, at room temperature; about 3% of. the activíty remaíned

after 100 h (Figure 22). Overnight dlalysis of the reaction mixrure against

1000 volumes of the same buffer did not lead to recovery of any of the lost

activity; this shows that P5P is tightly associated r.rith the enzyme. p5p

modified citrate synÈhase treated wíth NaBHO had the same activity as un-

treated P5P modified enzyme.

The rate of inactivatÍon of citrate synthase by P5P was signifícantly

decreased ín the presence of NADH (0.44 mM) and only slightly decreased by

acetyl-CoA (0.44 mM) under these conditions (Figure 22). Enzyme modifÍed

with P5P in the absence or presence of acetyl-CoA is almost cornpletely

desensitized to NADH inhíbitÍon, but the inclusion of NADH;in the re-

action mixture Protects agaínst NADH desensitization (Table 20). These

results indicate that there are two classes of modifiable Lys resídues.

One class is associated with activity loss and the other class is associated

with NADH inhibirion.

ModÍfication with ButanedÍone and 1r2 Cvclohexanedíone

The reactions of Escherichia coli citrate synthase !üith butanedione (BD)

and cyclohexanedione (CHD) l¡ere Ínvestigat.ed. Low concentrations of BD

and cHD 1n borate buffer, pH 7 to pH 9, react selectively with ¡¡s:guani-

dino group of arginine residues ín native proteins (Riordan, I9731' Patthy

& Snith, ]-975). Chromosomal cltrate synthase (6.7 uM, subunit concentration)

was about 852 Ínactivated 1n 2.5 h by 6 nM BD in borate-EDTA buffer, pH 7.8.

The progress of fnactivation by BD, alone or ln the presence of one of 0.1

M Kcl, 0.5 nM acetyl-coA, 1.0 nM oAA and 0.5 nM NADH, ís shov¡n ín Figure

23A. The allosterÍc affectors, Kcl and NADH, and the substrates, oAA and
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Fígure 22: Progress of P5P inactivation of E. coli citrate synthase.
In all cases citrate synthase was 5.67 uM (subunit concentration) and

P5P was 0.108 mM in phosphate-EDTA buffer, PH 7.8, at room temperature.
Three experiments are shor^m: loss of activity due to modification
byP5Pa1one(o),inthepresenceof0.44mMacety1-Coa(o)andinthe
presence of 0.44 rlryi- NADH (A,). Citrate synthase \{as assayed in the Pre- ,

sence of 0.1 M KCI under standard assay conditions except that phosphate-
EDTAbuffer,pH7.8,wasuSed.P5Prnodifiedenzymeactivityisv.and
the control enzyrne activity, vo, was 11.9 + 1.3 U/urL.

In

ì:
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Table 20: Characterization of P5P Uo¿i.fi"¿ ¡. col-i Citrate Synthase

Modification
Conditionsa

Ac tivi tyb
(% Remaining)

Inhibítion
by NADH (%)

P5P only

P5P plus acetyl-CoA

P5P plus NADH

17

25

48

15

20

76

The progress of P5P modifícation of chromosomal cÍÈrate synthase
is shom in Fígure 22. Activity r^Tas assayed after 100 h under
standard conditions except in phosphate-EDTA buffer, pH 7.8.

Modified enzyme actÍvity compared to the control enzyme activity
both in the presence of 0.1 M KCl.

The effect of 0.1 nM NADH on modified enz)rme activity is shown.
The conÈro1 sample was 90% inhíbÍted.
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Figure 23: Progress of inactívation of E. colí citrate synthase by BD

or CIiD. The reactíon of chromosomal citrate synthase in borate-EDTA
buffer, pH 7.8, at room temperature \,las monitored by assaying for enzyme

activity. sEandard assay conditions in the absence of KCl were used.

BD or CHD reacted enzyme activity at time t is v¡ and the initial enzyne

activity is vo. Reactíon of BD or CHD alone (O) or ín the presence of
0.1 M K-Cl (.)î O.S mM acetyl-CoA (o), 1.0 mM OAA (r) and 0.5 mM NADH (A)l

are shown. Solid lines are used with open symbols and broken lines are

used with fil1ed symbols. A. BD inactivaÈion. Citrate synthase was

6.14 vM. (subunit ctncentration) and BD was 6 mM. B. CHD inactívation'
Citrate synthase was 6 .52 Vl4 and CHD was 22 ml'1'
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acetyl-CoA, were effective in reducing the rate of inactivation by BD under

these conditíons. The allosteric inhibitor, NADH, r/as most effective,

reducíng the rate about 6 fo1d, whíle the effect of the substrates r,ras 1ess,

about 2 f.oJ.d, and the allosteric activator, KC1, reduced the rate only

about 2Oi( (Table 21). Inactivatíon also occurred r¿ith CHD under similar

conditions, 6.5 UM'subunit concentration and 22 nM CHD; reaction was slower,

however, and the protective effect of 0.5 nM NADH was less pronounced: see

Figure 238 and Table 21. BD or CHD modified citrate synthase \das no less

sensítive to NADH, the allosteric inhibitor, than unmodified enzyme. These

results indicate that BD is much more effective at Ínactivating E. coli

citrate synthase than CHD and Èhat NADH is much more effectíve in protecting

against this inactívatíon.
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Table 21: Relative Rates of BD and CHD InacÈivation of
Synthase

E. coli Citrate

Conditionsa
Brrtanedi one IBD) I ^2 Cvc'l ohexanedione ICHD)

kx102
(min-1)

%of
Control

kx10z
(min-1;

7" of
Control

Controlb

Plus KCl

Plus acetyl-CoA

Plus 0AA

Plus NADH

7.28

1.02

0. 66

0.69

0.16

( loo)

80

52

54

L6

0.77

0.79

0.42

0. 45

0.57

(100)

103

55

58

74

a Reaction conditions are given in the legend of Figure 23

The rate of inacÈivation in the absence of added effecÈors is
taken as the control.
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PI,ASMTD-SPECIFIED ESCHERICIITA COLI CITRATE SYNTHASE

Escherichia coli strain HBlOl/pHSgltA grown on rich medium in the

presence of arnpicillin produces 14 * 1 fold more citrate synthase than

untransformed H8101 cells grohTn on the same medium in the absence of

ampicillin. The ampicillin-resistance plasrnid pHSgllA is readily

stabilized in large cultures during growth by inclusíon of the antibiotic

in the medium and although 8.9 + 0.8% of. the soluble protein produced is

citrate synthase, the grovrth rate and yield of cel1s are nof hampered

by the large amount of this tricarboxylic acÍd cycle enz)rme, at least in

rich medium. About 810 mg of pure citrate synthase, 64 Ulng, r¡ras obtained

starting wíth 83.1 g wet ce11s harvested from a 15 L LB liquid medium

plus ampicillin culture of HBlOl/pHSgltA. The higher speeific activity

of this preparation as compared with purified chromosomal citrate synthase,

about ¡8 U/mg, probably reflects the relative ease of purifying citrate

synthase from an especially rich source.

Purification of E. coli citrate synthase from HB10I/pHSgltA follows

the same course as purification from strains not containing the plasmid

as is illustrated in Figures 1 and 2 and Tables 4 and 7 except that much

more enz)rme is present in the plasmid containing strain. The greater

purity of the plasmid-specified enzyme preparation, as indicated by the

higher specific activity, is confirmed by SDS-PAGE: plasmid-specified

enzyme displays one major band (Figure 5) whereas a typÍcal chromosomal

preparation displays a rnajor band and minor bands (Tong & Duckworth,

7975). The major band in both preparations has the nobility of a poly-

peptide of molecular weight about 47,000 g/mo1 whereas the most abundant

minor band in the chromosomal preparation was estimated to be about

87,000 g/mol and l¡as considered to be incompletely denatured dimers of
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citrate .synthase (Tong & Duckworth, 1975). The actual subunit molecular

weight of E. coli citrate synthase ís 47,930 g/mo1 according to the

recently determíned complete amino acid sequence (Bhayana & Duckworth,

unpublished). The subunit amíno acid composition, according to the

sequence results, ís presenÈed in Table 22. The "difference total" (DT)

of Cornish-Bo¡^rden (1978; see also Table 23) will be used to compare the

various amino acid composition estimates of E. coli citrate synthase.

Subunit amino acid compositÍons for a chromosomal preparation (Tong &

Duckworth, 1975) and for a plasmid-specified preparation, assuming a

subunit moelcular weight of 47,000 g/mol, are presenÈed in faUfe S. A

DT value of about 17 is obtained from a comparison of the compositions

of the chromsomal preparation and the sequence results; and a DT value

of about 8.5 is obtained when Èhe plasrnid-specífíed and sequence compos-

itions are compared. On this basis the plasmid-specified preparation is

of better qualíty, however the trace amounts of contaminating proteins

in the plasmid-specified preparation (see Figure 5) do contribute,

albeit only slightly, to Èhe composition results. I believe the DT

values are a measure of the relative purity of the tr.ro preparations and

do not reflect a sequence difference bet\,reen the chromosomal and plasmid-

specified citrate synthases.

Further evidence that plasmid-specified citrate synthase is identical

to chromosomal citrate synthase has been presented in this Thesis. As

ís characteristic of E. coli citrate synthase, plasmid-specified citrate

synthase is actívated about 40 fold by 0.1 M KCl and inhibÍted about 967"

by 0.1 mM NADII under standard assay conditions. NADH binding to chromo-

somal or plasmid-specified citrate synthase follows the same trends over

the pII range pH 6.5 to pH 8.5 (Duckurorth & 8e11, L982). The N-terminal
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The amino acid compositions of the bacterial citrate synthases were
calculaÈed assuming the same subunít molecular weight as that of
the E. coli enzyme (47,930 g/mo1) and the amino acid compositions
of the pigeon breast muscle (PBM) and chicken heart (CH) cítrate
synthase were calculated assuming the same subunit molecu.lar weight
as that of the pig heart (PH) enz)¡me (48,969 g/mol). The subunit
mol-ecular weights and the amino acid compositions for the E. coli
and PH citrate synthases were determined from the complete amino
acid sequences (Bhayana & Duckworth, unpublished; Bloxham et al.,
1981).

From Herman & Duckworth (unpublished). The total number of residues
and the amino acid composition reflects the assumption that each sub-
unit contains three tryptophan and six half-cystine residues.

" Fro* Table 10.

d ,to* Morse & Duckworth (1980).

" Fro* Bell & Duckworth (unpublÍshed).

From Beeckmans & Kanarek (1983)
has been used.

The average of their two analyses

The amÍde assÍgnments for E. coli and PH citrate synthases have
been made however the amino aicd composítions reflect the acid
hydrolysed products. E. co1í citrate synthase contains 16 Asn and
8 Gln (Bhayana & DuckworÈh, unpublÍshed). PH citrate synthase con-
tains 18 Asn and 17 G1n (Bloxham eÈ a1. , 1981).

h" PH citraËe synthase contains one trimethyllysine residue (Bloxham
et al., 1981) which has been included with lysine.

i A. anitratum contaÍns 2 - 3 cysteines in disulfide linkage ($orse
O l""t-r.tttt, 1980). PBM conÈains about 12 cysteÍnes in disulfide
línkage (8e11 & Duckworth, unpublished). All other half-cystine
values correspond Èo cysteinyl resídues.
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Citrate Synthasesa22: Subunit Amino Acid ComPosition

A. anit.E. coliAmino Acid

39 .4

2I.T

3L.2

44.7

22.9

40.4

38. 1

27 .7

13. 1

16.0

53.2

16. 5

L2.2

L2.5

23.7

20.0

10.6

5.3

39

23

29

4L

22

33

JJ

28

r5

19

53

19

12

I4

25

19

34 .5

19.8

23.5

34.2

23.9

34.s

32.9

30.7

16.4

20.0

58. 8

16. 8

14.1

12.8

24.6

l-9.7

8.3

l4.5

43.6

23.2

20.9

4L.9

20.4

31. 9

42.0

29.4

11. 4

26.6

38. 3

14 .6

18.8

12.3

25.2

t+7 .3

t9.7

19. 3

37 .6

24.4

33. 1

44.O

28.9

l.4.3

23.0

44.0

13. 5

18. 3

11. 9

28.0

18 .3

3.0

6.7

44

28

25

34

19

2B

37

19

1B

28

35

L6

23

15

23

24

39. 1

20.5

20 .4

42.0

19.2

34.5

49.8

32.8

14.5

25.9

35. 0

LO.7

L5.2

l-3.2

26.8

L9.4

ND

ND

ç
Aspartic acido

Threonine

Serine

Glutamíc acídB

Prolíne

Glycine

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Hístidine
h

Lysine

Arginine

TryptoPhan
i

Iialf -cystine
(428.0)Total

See opposíte for footnotes.
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sequence of chromoscmal citrate synthase haS been determined up to

residue 16 (Duckworth 61 8e11, 1982) and Ìs identical to that of the

plasunid-specified enzyne (Table 6). Both preparations give the same

subunit molecular weight by SDS-PAGE and thus are probably the same

length. The purification procedures are identical and the greater

purity of the plasrnid-specified preparation is reflected in the aruino

acid composition and the specific activity. Plasrnid-specified citrate

synthase and chromosomal citrate synthase are identical according to

the above criteria.

The gltA gene which codes for citrate synthase has been sequenced

(Ner et al., 1983). The translation product gÍves the same arnino acid

sequence as that determined by proteÍn sequencing (Bhayana & Duckworth,

r:npublished) with túro exceptions: the isolated protein does not contain

the initiation methionine and the tenth amino acid was aspartate ín the

protein sequence but asparagine in the gene sequence. Purified plasuúd-

specified and also chromosomal citrate synthase ¡¿hích had been carboxy-

methylated on1y, decreasing the possibilíty of an experimenÈally induced

dearnidation, gave aspartic acid as the Èenth amino acid Ín the sequence

(Duckworth and 8e11, 1982) thus indicating a post-translational modifi-

cation of E. coli citrate synthase. DNA sequence results also indicate

that the plasrnid used in this study, pHSgltA, contains its o\ntn promoter

site (Bloxharn et a1., 1983) and thus it appears that the g1ÈA Sene on

the plamid is expressed as it is from Ehe chromosome.

AILOSTERIC CITRATE SYI{THASES

Bacterial citrate synthases have been classífied into

according to Ëheir regulatory properties (WeÍtzman & Jones,

respect to the allosterÍc intribitor NADH (lleitzroan, L966a;

three groups

1968) \,i-ith

1966b). All
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Gram-positive bacteria tested were found to be insensitive to NADH while

the Gram-negative bacteria were allosterícally inhibited and could be

further subdivided on the basis of 5'-Al'fP reactÍvation: strict aerobes

Lrere reactÍvated and facultative anaerobes were found to be 5'-A-l"fP

irreversible under the assay conditions used (Weitzman & Jones, 1968).

Allosteric cÍtrate synthases (NADH sensítive) are large molecules which

elute before catalase (apparent síze about 250,000 g/mol) from a Sephadex

G200 column and non-allosteric citrate synthases (NADH insensitíve) are

smal1 molecules which elute after lactate dehydrogenase (apparent size

about 100,000 e/mol) from the same column under native condítions (I^leitz-

man & Dunmore, 1969). Thus, eitrate synthase from Escherichia colí' a

facultative anaerobe, is an example of a large cítrate synthase whÍch

is NADH sensitive and 5'AMP írreversible; and citraÈe synthases from the

strict aerobes Acinetobacter anitratum, Azotobacter vinelandií and

Pseudomonas ae¡ggþose are examples of large citrate synthases which are

NADH sensitíve and 5t-Alf reversible. Morse & Duckworth (1980) have

analysed the kinetics of NADH inhibition and 5'-AMP reactívation of E.

coli and A. anitratum citrate synthases. Their findings indicate that

the apparent insensitivity of the E. coli enzyme to 5'-AMP is a reflectÍon

of the relative affinities for NADH and 5'-AMP. 'Ihus, inhibítíon of E'

co1í citrate synthase by low concentrations of NADH (5.34 pM, about 2.5

times Ki) could be partially reversed by high concentrations of 5'-AÌæ

(0.5 rnM) and no reactivation was observed when 0.5 mM NADH ¡,¡as tested

wirh 0.5 mM 5'-Al'{P (Morse & Duckworth, 1980). The greater af finity of

the E. coli enzyme for NADH masked the 5!-AMP reactivation under the

conditions of the standard classification test; half-maxirnal inhibition

of A. anitratum citrate synthase by NADH is obtained at about 140 UM'
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about a 70 fold higher concentration than is required for an equivalent

amount of inhibition of the E. coli enzyme (Morse 6' Duckworth, 1980).

The 5'-AÌæ reactivation assay of l.Ieitzman & Jones (1968) employed 0'8 mM

NADH and 0.5 nM s'-AMP.

The kinetic properties of cítrate synthases from Gram-negaEive

bacteria may be expressed in terms of the allosteric model of Monod et a1'

(1965). The model is based on the allosteric equilibrium, R + T, between

two conformationally inequivalent states of the enzyme. The T or inactíve

sÈate of the enzyme has a high affinÍty for the allosteric inhibiÈor and

low affinitíes for the substrates. The R or actíve state has a 1ow

affínity for the allosteric inhibitor and higher affiniÈies for the

substraËes. Enzyme at rest, mainly in the T or inactive state, will dis-

play hyperbolic saturation for the allosteric inhibitor and sigrnoid

saturation for the target substraÈe which binds poorly to the T state

and induces the conformational change to the R state- The allosÈeric

inhibitor witl be kinetically cornpetitive l^lith the target substrate'

The kinetic properties of E. coli citrate synthase fit the example of an

allosterÍc enzyme, mainly in the T sÈate' a case where the allosteric

equilibrium constant L is large. The strong allosteric inhibition of E'

coli citrate synthase (t^Ieitzrnan, I966a; 1966b) displays hyperbolic satur-

atÍonwithhighaffinityforNADH,demonstratedbyalowKivalueof

about2uM(Morse&Duckworth,1980)'Acetyl-CoAsaturationíssigmoid

and weak wirh a relatively large Sg.5 value (Faloona & srere, 1969; Wright

& Sanwal, 1971; Morse & Duckworth, 1980; Síngh, 1980). NADH inhibition

fs competltive with the target subsÈrate, acetyl-CoA (lJeitzman L966ai

l.Iright & Sanwal, 1971). Several of the klnetic properties of A. anitratum

citrate synthase indicate thaÈ this enzyme ís mainly 1n the R or active
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state at rest, corresponding to a 1ow value of. L. This statement ís

consistent with the observations that NADH inhibítion is weak and sigrnoid

and Èhat acetyl-CoA saturation is relaÈively sÈrong and hyperbolic (Morse

6r Duckworth, 1980). The reactivation of E. se]i, citrate synthase by

5'-Al'{P (Morse & Duckworth, 1980) is consistent wiÈh the facts that 5'-Al'P

comperes with NADH for the allosteric site (Duckworth & Tong ' 1976) and

that 5t-Al,¡] activates E. coli citrate synthase by eliminating the sigrnoid-

icity in the acetyl-CoA saturation curve (Talgoy & Duckworth, 7979).

Thus, ít seems most likely that 5t-AMP relieves NADH inhibition of A.

anitratum citrate synthase also by competing with NADH for the allosteric

site and Èhat the tvro citrate synÈhases correspond to the two states

proposed ín the allosteric mode1. E. coli citrate synthase exemplifies

the T or inactive state and A. anitratum ciÈrate synthase exemplifies

the R or active state. Azotobacter vinelandii and Pseg4steneF aerugínosa

citrate synthases appear to be examples of enzymes whÍch are intermediate

to the tvro states in the allosteric equilibrÍum. The saturatíon curve

for NADH inhibition of A. vinelandii citrate synthase is hyperbolic and

weak, as demonstrated by a Ki value of about 50 UM (Table 9) and in the

absence of KCl acetyl-CoA saturation is sigmoid (Flechtner & Hanson,1970)

Similarily, hyperbolic saturation of P. aeruginosa citrate synthase is

also observed for NADH inhibítion with a K1 value of about 7.5 uM (Herman

& Duckworth, unpublished). As stated above, both A. vinelandii and P'

aerugínosa citrate synthases are reactivated by 5'-Al{P (lùeitzman & Jones,

1968). The A. vj¡e1gn4ü and P. aeruginosa apPear to be more closely

related to E. coli citrate synthase since all three dísplay T-state

characteristics - hyperbolic NADH saturation and sigmoid acetyl-CoA

saturation kinetics. It seems quite possible that the four citrate
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synthases will be useful in defining the key differences in the amino

acid sequences which determine the position of the allosteric equilibrium.

The amino acíd compositions of the four bacterial citrate synthases

are presented in Table 22 along with the compositions of the enzyme from

three eukaryotes, specifically pig hearË (PH), chicken heart (cH) and

pigeon breast muscle (PBM) citrate synthase. Citrate synthase from

eukaryotes, like Gram-positive bacterial citrate synthases' are sma1l

and non-allosteric (l.Ieítzrnan & Dunmore, 1969). The only striking dif f er-

ence in the amino acíd composítions of the bacterial citrate synthases

is the fact that the A. anitratum enz)rme contains two or three cysteines

in disulfide linkage. The amino acid compositions of the citrate synthases

have been compared and the "difference total" (DT) values (Cornish-Bowden,

ßlg) are lisËed in Table 23. According to an empirícal relationship'

the DT values can be used Lo predict the amount of sequence identity in

trrro proteins (Cornish-Bowden, L979). Sequence identity predíctions

(Table 23) indicate that Ëhe A. anitraÈum enz)rme should be the most homo-

logous with the A. vinelandii and P. aeruginosa citrate synthases with

76 - 78:¿ sequence identity; that the A. anitratum enz)¡me should show

about the same amount of sequence identity (about 58%) with the E. coli

enzyme as A. vinelandii citraÈe synthase shows ¡^riËh the P. aeruginosa

enzyme (about 637"); and finally that the E. coli enzyme is the least

homologous with the A. vinelandii and P. aeruginosa citrate synthases,

with only about 12 - i-77" predicted sequence homology. These results

imply that the A. anitratum, A. vinelandii and P. aeruginosa citrate

synthases are more closely related to each other than to the E. coli

enzyme. This correspondence aPpears to reflect the metabolic distinction

between the strict aerobes and the facultative anaerobes rather than the
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Table 23: Difference.Total Valuesa
Identities' for Citrate

and Predicted Percent Sequence
Synthases

t Th" "difference total" (DT), upper half of the table, is defined
as the sum of the absolute difference between each type of amino

acid residue available divided by two (Cornish-Bowden, 1978).
Differences between asParagíne and asPartic acid or glutamine and

glutamic acÍd were not considered in the DT calculation. Half-
cystine and cysteine were consídered to be equivalent as were tri-
methyllysine and lysine residues. The summatíon was carried out
over the 18 different amino acids after rounding off to the near-
est integer. Values rnidway betweenthtointegers hrere not rounded
off. Smal1 differences in the lengths of the proteins were ignored'

b According ro Cornish-Bowden (1978), the DT values may be used to
predict % sequence identity as follows:

0.93L = number of differences between t\do sequences, and

l= Dr + 0.114 Dr2 + -sarÐ9--qr3
1 + 0.0531 DT + 0.0001694 DT2

The predi cted il sequence identity values
of the table. The length of the shorter
pair was used 1n ttre 7. sequence identity

are given in the lower half
citrate synthase in each
calculation.

p. aerugínosa DT values are tentative because the amino acid com-

position was assumed to include three tryptoPhan and six half-
cystine residues Per subunit.

44.gc

637,c

76%c

51.5

43. 3c

39.8

39.0

25.8

18.0

59.5

46.3c

42.8

42.0

34 .0

867"

55 .5

47 .gc

40. 8

48.0

517.

7r%

aerug.

vine.
A. anit.
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allosteric proPertíes of the citrate synthases. It should be pointed

out at thÍs time however, that only the E. coli citrate synthase amíno

acid composition is certai-n since only this protein has been sequenced

and that DT values of 17 and 8.5 were obtained for the comParisons of the

sequence composition with the compositions estimated from a chromosomal

preparation and a plasmid-specified preparation of that enzyrne' respect-

ively. DT corrections of this magnitude would have a large effect on the

predicted sequence identity. In fact Morse & Duckworth (1980) predicted

about a 90% sequence identíty for A. anitratum and E. coli citrate synthase

which I now predict to be only about 587.. Their prediction Í7as based on

the amino acid composiËion obtained by Tong & Duckworth (1975) for a

chromosomal preparation of E. colÍ citrate synthase.

N-termínal sequence results of the four bacterial cítraËe synthases

(Table 24) indícate that the three T-state enzymes, those from E. coli'

A. vinelandii and P. aeruginosa are more closely related then the above

calculations suggest. These three enzymes aPPear to start at the same

place, the first amino acid being an alanine residue while the A. anítratum

enzyme appears to have an N-Èerminal extension. The four bacterial citrate

synthase N-terminal sequences are highly homologous with four of the first

eleven residues being conserved. T\"¡o oÈher residues of the first eleven

are conserved in the three T-state enzymes and one residue is conserved

in all but the E. coli sequence. The A. vinelandii and P' aeruginosa

sequences differ only in the assignment of an amide rather than an acid

at the tenth position. The limited N-terminal sequence information

appears to support the hypothesis that the T-state enzymes are more homo-

logous with one another than with the R-state enzyme from A. anitratum.
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Table 24: N-Terminal Sequences of

"olib'c

Citrate Synthasesa

DT

xA :'ll:l::FqrV

E.

t.
A.

ï
E

HI

V

1
V

V

I

rlrl n

.1.1,

, IJ,

SEAT

1TÏ
ASAAT

caerug.

.dv1ne.

A. anit. cr€

+
PBM'

cuh

o
PH"

ATAATN

ASSTN

ADT

ADK

ADK

GK

TL

II

II

HL
1

J

j
BG

1

I

i

.l
RIK TFRG

N- terminal sequences of the bacterial citrate synthases have been
aligned to best emphasize the símilaritíes. Homologous residues in
the bacterial citrate synthases are enclosed by boxes. The sequences
of t.he PBM, CH and PH enzymes are highly homologous and have been
placed to emphasize the similarity with the A. anitratum enz)¡me.
These similaríties are indicated by the arrov7s. The dashes (-) indi-
cate gaps that have been introduced. An x índicates that the amino
acid in this position was not posiÈive1y identífied in the sequence
analysis. Usual single letter abbreviations have been used.

b Fro* Table 6.

" Fro* Bhayana & Duckworth (unpublÍshed).

d ,ro* Table 11.

t Fro* Buchannon & Duckworth (unpublished).

f Frorn Be1l & Duckworth (unpublished).

I Fro* Bloxham et al. (1981).

h Fro* Beeckmans & Kanarek (1983).

l
LIPK

DTIPxB-

DLIPKE_QA
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STRUCTURAL SIMILARITIES OF ALLOSTERIC AND NON-ALLOSTERIC CITRATE SYNT}IASE

Allosteric, NADH sensitive citrate synthases are found in Gram-

negative bacteria while Gram-positive bacteria and eukaryoÈes have non-

allosteric, NADH insensitive citrate synthases (lleítzman, 1966b; lüeÍtzman

& Jones, 1968; Harford & InJeitzman, I975; l.Jeitzman & Danson, 1976). The

distinction between citrate synthases on the basis of NADH inhibition is

also correlated to the molecular size of the native enzymes. Allosteric

citrate synthases are large (apparently greater than 250,0.00 g/mo1) and

non-allosteric citrate synthases are small (apparently less than 100,000

g/mol) (Weitzman & Dunmore, 1969). It has become increasingly aPparent

that the allosteric, large citrate synÈhases are composed of a single

síze of subunit (I,tright & Sanwal , I97L; Tong & Duckworth, 1975; Weitzman

& Danson, 1976; Morse & Duckworth, 1980) and in Ëhe case of E. coli the

subunit size is about 47,000 g/mol (tong & Duckworth, \975). Non-allosteric

citrate synthases also have a single size of subunit which is 45'000 -

50,O0O g/rnol (Singh et al., 1970; Srere, 1972; l'Ieitzman & Danson, 1976),

about the same size as the subunit of an allosteric citrate synthase.

The best studied alfosteric citrate synthase, from E. coli, has a subunit

of 47,930 g/mol (Bhayana & Duckworth, unpublished) and the best studied

non-allosteric citrate synthase, from pig heart, has a subunit of- 481969

g/mo1 (Bloxham et a1., 1981). A hexameric structure for native E. coli

citrate synthase has been proposed (Tong & Duckworth, L975) and the dimeric

structure of the pig heart enzyme has been verified by x-ray crystallo-

graphy (I^liegand et a1. , 1979; Remington et 41. ' 1982).

It seems possible that the difference in the allosteric properties

of citrate synthase may be a consequence of the details of subunit inter-

actions rather than an intrinsic difference in the subunits. Additional
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subunlt interactfons present fn the larger, NADH sensitive enz)rmes would

allow the existence of a T or inactive conformatíonal state. The amíno

acid composÍtions of E. coli and pig heart cítrate synthase (Table 22)

are not very simÍlar (Table 23) unless one categorízes the amino acíds

into six groups as follows: acids and amides; sma11 neuËral (41a, G1y

and Pro); mildly polar (Cys, Ser and Thr); aromatic; basic; and hydro-

phobic (IIe, Leu, Met and Va1). In this case the two citrate synÈhases

appear to be similar since the comparative values are 78 and 80; 80 and

84; 60 and 56t 42 and 40; 62 and 58; and 100 and 115 for the E. coli and

pig heart amino acid compositions, respectively. The small difference

in the lengths of the two enzymes (Table 22) has not been taken into

account. One possible alignment of the N-terminal sequences of E. coli

and pig heart citrate synthase, in which seven N-terminal cítrate synÈhase

sequences have been used as a guide shows very little sequence homology

(2 identities out of the first 24 residues, Table 24) whíle another

alÍgnment ís not that much better (5 identíties out of the fírst 24

residues, Table 26). Structural similarities and convincing sequence

homologies are evident, however, from the results of Partial proteolysis

of the Ëwo enz)rmes.

The processes of proteolytic inactivation of E. coli and pig heart

citrate synthase share many cornmon features. Inactivation of either

citrate synthase by subtilisin is accompanied by cleavage of the intact

subunits into tl.Io large polypeptide fragments. In both cases the larger

of the two fragments corresponds to roughly the N-termÍnal two-thirds of

the protein, and the principal cleavage site between Ala-321 and YaL-322

in the pig heart enzyme (Bloxham et al., 1980; 1981) aPPears to be homo-

logous wirh an Arg-Val bond in the E. coli enzyne (Fíg. 15). Subtilísin
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cleavage also occurs, but to a lesser extent, on the N-terminal side of

the Al-a residue and the C-Èerminal side of the Val residue in pig heart

citrate synthase (Bloxham et al., 1980) and 3 and 5 residues ro the N-

Èerminal size of the Arg-val bond in the E. coli enzyme (Figure 15).

These three sites in E. coli citrate synthase wÍll be referred to as the

13.5 K sítes since cleavage generates polypeptide fragments that are

about 13.5 K g/mo1. The amino aeid sequences in the vicínity of these

subtilisin cleavage sites of E. col-i and pig heart citrate synthase are

recognizably homologous n¡íth 9 identities out of the 18 residues positive-

ly identified (FÍgure 15). E. coli citrate synthase has a second set of

subtilisin cleavage sites which are not observed until after a significant

amount of cleavage at the 13.5 K sites has occurred (Figure 11). An

equÍvalent site in pig heart ciÈrate synthase was not observed possibly

because cleavage conditions were chosen to keep the products as simple

as possible (Bloxham et al-., 19BO). cleavage at this second set of sub-

tilisÍn cleavage sítes in E. coli cÍtrate synthase generates polypeptide

fragments that are about 7.5 K g/mol and thus these sites will be referred

to as the 7.5 K sites. The amino acid sequence near the 7.5 K sites has

been aligned with an apparently homologous region in the sequence of the

pig heart enzyme with 7 identities out of the 17 residues positívely

ídentified (Fígure 15).

An explanation for the proteolytic inactivation of pig heart citrate

synthase is easí1y found by referring to the three-dimensÍonal structure

of that enzyme. The three-dimensional structure of píg heart citrate

synthase has been determined by x-ray crystallography (l^liegand et al.,

1979; Remington et al. , I9B2) and the illusÈration of one subunit in

Figure 244 has been dravm ¡vith reference to the schematic diagram,



Figure 24: The structure of the pig heart citrate synthase subunit.
This scheroatic representation has been drawn with reference to Figure
2 of Renington et al. (f982). A: The subunit structure. The approx-
ir¡ate position of the o-carbon atoms are indlcated: by open boxes (O)

in the regions of random coil (-); by curved lines 1'çsn) in the
regions of the helical (æ-) structures; and by shaded areas in the ß-
sheet Cf:rùl structures. In assigning the s-carbon positions, the
length of the structure in the diagraru was equally divided to accorxmodate
the specified nrmber of positions. Every fifth posítion is indicated by
a fLag and a few of the positions are ntmbered. The N and C tenuini are
indicated by bold letters while the 20 helices designated A through T

are labelled in normal print. The inset represenËs about a two-fold
magnification of the R-helix region. B: The approxímate positions of
the subtilisin cleavage sites. The homologous cleavage site of E. coli
and pig heart citrate synthase is indicated. Other subtilisin cleavage
sites of pig heart and E. colt citrate synthase are índicaÈed by open
arro\"rs ei ãnd closea a?rows (1), respectively. The 13.5 K and 7.5 K

sites of E. coli citrate synÈhase are indicated. Shaded areas indicate
the approxr'rnâte positions of the q-carbon atoms of residues involved Ín
caralysis (Table 25). The hatched areas indicate the positíons of the
residues froro this subunit whích are part of the active site located
roainly on the other subunit (see text). The approximate positions of the
three residues implicated in catalysis, tl.lo histidines (H) and one
aspartate (D) residues (see Schene 1) , are indicated.
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Figure 2 of Remington et a1. (1982). Figure 248 shows the subtilisin

cleavage siÈes and the residues which are involved ín substrate bindíng

or catalysis (Table 25). It is apparent that cleavage at any of the

three subtilísÍn sites in pig heart citrate synthase would dísturb Èhe

structural relationship of the. active site resÍdues. The three key

residues in catalysis, Asp-375, His-274 and His-320 (Remington et a1.,

1982) clearly label the actíve site in Figure 248, and it can be seen

that the principal subtilisin cleavage site is on top of the subunit

right above Èhe catalytic site, further emphasizing the structural impor-

tance of the polypeptide backbone in this regíon of pig heart citrate

synthase. The bulk of the acetyl-CoA binding site is situated toviards

the top of the subunit Ín Figure 248 while the OAA binding site is below

the catalytic site, located in the central region of the subunit (Figure

248).

The strong homology of the amino acid sequence near the 13.5 K

subÈilisin sites in E. coli citrate synthase with the sequence around the

subtilisin sites of pig heart citrate synthase irnplies that these regions

of the proteíns serve the same function in catalysis. This statement is

substantiated by the facts that 4 of the 5 residues in this sequence

which are involved in substrate binding or catalysis have been conserved

and the other , Ãrg-324, has been replaced by a Lys residue (Tab1e 25)

which probably serves a homologous function. Five other residues in

these sequences are conserved (Figure 15) emphasizing the structural

similarities of the two proteins near these subtilisin cleavage sites.

Thus, subtilisin cleavage at any of the 13.5 K sites ín E. coli citrate

synthase would be expected to disturb the structural- relationship of the

active síte residues and ínactivate the enz)¡me since two of the sites,
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Table 25: Amino Acid Residues Associated r{íEh Citrate Synthase Activity.

Funct ion

Residue in Pig

Heart Cit.rate
Synthasea

Hornologous Resídue

in E. coli
Citrate Synthase

Citrate
Bindíng

Arg 329

Arg 401

Arg 42I'b
His 235

His 238

Hís 27 4c

His 32Oc

Asp 375c

Leu 419'd

Asp 327d

Asn 373d

Arg 3L4

Arg 387

Arg 407

His 226

Hj-s 229

His 264

Hís 305

Asp 362

I1e 405

Asp 312

Asn 360

CoA Binding

Arg 164'b
1-

Ãrg 46'"
Arg 324

Trirnethyl-Lys 368d

Va1 314e

Va1 315e

Pro 316e

Gly 317e

Tyr 318e

G1y 319e

Arg L64

Lys 37

Lys 309

Lys 356

Leu 300

Met 301

Gly 302

Phe 303

G1y 304

aResidues identified by Rernington et .a1. (1982).
bProvided for the actíve site by the second subunit.
cluplicated in catalysis Renington et a1. (1982).
dResidues which 1íne the acÈive sÍte (see text).
ePeptÍde backbone involved in binding of adenine portion of AcCoA

(Renington eÈ al. , L982).
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I and II (Figure 15), are predicted to be in part of the acetyl-CoA

binding site (Figure 248) and the other site, III, appears Ëo be homo-

logous with Lhe principal cleavage site in the píg heart enzyme.

It appears that subtilisin cleavage aÈ the 7.5 K sites in E. coli

citrate synthase occurs only after cleavage at one or more of the 13.5 K

sites (Figure 11). The initial cleavage of E. co1Í citrate synthase may

uncover the 7.5 K sites or allorr movement of the polypeptide backbone

such that the 7.5 K sites become exposed. N-terminal sequence analysis

of the 7.5 K fragments revealed that this portion of E. coli citrate

synthase is highly homologous r¡ith residues 369 - 386 in the pig heart

sequence (Figure 15). One of the residues, Asp-375, which has been

implicated in catalysis (Remington et a1., 1982) has been conserved in

the E. coli sequence and another, Asn-373, which lines part of the citrate

binding site (Figure 15a of Remington et aI., 1982) has also been con-

served. The fact that five other residues have been conserved in this

region (Figure 15) implies that the sÈructures are probably homologous.

Thus the segment of proteÍn near the 7.5 K sítes of E. coli citrate

synthase appears to be functionally equivalent to the homologous region

in pig heart citrate synthase. Considering Ëhe possible juxtaposition

of the 13.5 K and 7.5 K subtilisin sites (Fígure 248) it is not unreason-

able to speculate that primary cleavage at one of the 13.5 K sites allows

for exposure of the 7.5 K sites.

The subtí1isin cleavage sites in pig heart citrate synthase are on

the surface of the subunit in a non-he1ica1 loop (Figure 248). Recog-

nition of these cleavage sítes appears to be very specific as indicated

by the limited number of cleavage products observed for pig heart citrate

synthase under rnild conditíons (Bloxham et a1., 1980). This specificíty
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of subtilisin and the probable folding similarities between E. colÍ and

pig heart citrat.e synthase are reflected in the cleavage products of Èhe

E. coli enzyme. Primary cleavage occurs at a set of sites which appear

to be homologous in structure to the area of the subtilisín sites Ín

pig heart citrate synthase and the secondary cleavage sítes observed

in E. co1Í are probably a consequence of the primary cleavage. It seems

not only that the catalytically important residues of the active site of

citrate synthase are conserved in the E. coli and pig heart enzymes, but

thaË there is a structural similaríty in the folding pattern of the two

enzymes as evidenced in the principal subtilisin cleavage sites. Thus

it seems quite likely that the allosteric properties of E. coli citrate

synthase are a consequence of the details of the subunÍt interactions

and that the folding patterns of the allosteric and non-allosteric sub-

units are símil-ar.

STRUCTURE OF THE ESCHERICHIA COLI CITRATE SYNTHASE SUBUNIT

The availability of the complete amino acid sequences of Escherichia

coli (Bhayana & Duckworrh, unpublished) and pig heart (Bloxham et al.,

1981) citrate synthase allows for the comparison of the tvro enzymes Èo

see if the postulated structural hornology of the subunits is substantÍated

in the sequences. one alígnment is presented in Table 26. This align-

ment maximizes the overlap of identical residues without introducíng a

large number of gaps in either sequence. strongly conserved regions,

like the subtilisin cleavage sites of the E. coli enz)¡me, \{ere identifÍed

first and then a minimum number of gaps was introduced to optimize the

overlaps in the adjoining regions. There has been a s1íght bÍas towards

conservation of catalytically important residues (Table 25), such as Arg-

164 (pig heart numbering) wirh Arg-r57 (E. coli numbering). This Ís



Table 26: Possíble A1-igrunent of Escherichla col-i and PÍg Heart
Citrate Synthase. E. co11 cítrate synthase sequence from Bhayana
and Duckworth (unpublished) and Ner et al. (1983). Ptg heart
cl-trate synthase sequence from Bloxham et al. (1lAf; 1982). Iden-
tl-tl-es betr¡een the two sequences are enclosed and shaded whfle the
posÌ.tions which correspond to similar residues (conservatíve dfffer-
ences) are enclosed. Gaps lntroduced lnto either sequçnce are indí-
cated by dashes (-). Trirnethyllysine is indicated by K.
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probably correct since t!¡o consecutlve residues (His-Arg) become aligned,

however, Arg-155 in E. coli citrate syntþase may serve the same function

as that of A19-164 in the pig heart enzyme. Another pair of residues,

Ile-Thr (145 - 146 pig hearti I37 - 138 E. cqli) are probably structurally

homologous, but it 1s questionabLe whether the introductíon of two

gaps (one in each sequence), simply to align these residues, ís warranted.

The proposed alignrnent (Table 26) sÈresses the conservation of cataly-

tically important residues (Table 25). Of the 22 residues that have been

lmplicat.ed in catalysis in pÍg heart citrate synthase 14 identical res-

idues have been found in the E. coli enzyme, 7 others have been conser-

vatively replaced and one residue (Pro-316) is missíng from the E. coli

sequence (Table 25). It should be poÍnÈed out at this tine that the

adenine ring of acetyl-CoA Ís bound by the peptide backbone of resÍdues

314 - 320 in the píg heart enzyme (Remington et al. ' 1982) and that the

side chains of these amino acids are not directly involved in binding.

Thus it Ís not surprising that three of the síx conservative replacements

of active site residues, and the deletion, are found in this area of the

E. coli sequence. Conservation of actlve site residues as indicated by

thís aIígnment is strong evidence that the structures of the subunít

from allosteric and non-allosteríc citrate synthase are very similar.

The alignment of the two cítrate synÈhase sequences indicates not

only that the active síte residues are conserved, but that the two enzymes

display a large amount of generalized sequence homology. The strongly

conserved regions are found in approximately the same positions along the

polypeptide chaíns, but some 9 gaps and 13 insertions have been intro-

duced into the pig heart sequence to produce the alignrnent shown. If

these gaps and insertions are accepted, there are 39 resÍdues in the pig
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heart sequence which have no counterpart in the E. coli sequence, and 28

residues in the E. coli sequence with no pig heart counterpart. Of the

398 residues which are regarded as equívalent in the alignment ' 119

(about 30%) are identical and 67 (about I77") are conservative replace-

ments. The sequence homology observed, about 307", ís much higher than

that predicted on the basis of amino acid compositions (niI, Table 23)

and t.his discrepancy may be partially explaíned by the fact that gaps

and insertions have been introduced into Èhe pig heart sequence to max-

imize homology.

Comparison of the sequence hornology between the E. co1í and pig

heart citrate synthases with the structure of the pig heart subunit

indicates that the homologous regions are clustered and not randomly

dÍstributed throughout the subunit (Figure 25). The active sÍte area of

pig heart citrate synthase (Fgiure 248) has been conserved in the E. coli

sequence (Figure 25) as already noÈed. Another region r¡hich is strongly

conserved in Èhe E. coli sequence (Figure 25) corresPonds Èo the F, G, M,

L and B helices (see Figure 24A for labe11íng of the helical regions),

the ST-loop (polypeptíde connectíng the S-helix to the T-helix) and the

random coil about six residues on either side of the B-helix. According

Èo x-ray crystallography (Remington et al., 1982) these regions correspond

to the dimer contact surface in pig heart citrate synthase as shov¡n ín

Figure 26. This strong homology suggests that the ínteractions between

the subunits in Èhe dimeric structure of E. coli and pig heart citrate

synthase are simÍlar. Dimers of E. coli citrate synÈhase have been

observed under native conditions and mi1d1y denaturing conditions (Tong

& Duckworth, 7975) a fact which suggesÈs that the dimeric interactions

are also important in E. coli citrate synthase. Further evidence that



Figure 25: structural homology between Escherichía coli and píg
heartcitratesyrrthase.The1ocatio''soffiÈomsfor
the residues lshich are identical (shaded) or correspond to conser-
vative replacements (hatched), from Table 26, are shown on the sche-
matic representation of the pig heart citrate synÈhase subunit.
Deletions from the pig heart sequence, in Èhe aligrnoent (Table 26),
are indicated by arrows pointing away from the peptíde backbone.
Extensions in the E. coli sequence are indicated by arrolrs pointing
towards the structure. The size of the deletion or the insertíon
is 1 or as indicated. The three resÍdues Íoplícated in catalysis
are indlcated (see Figure 24).
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Figure 26: Pig heart citrate
approxim¡te positions of the
in subunit contact in dimeric
et a1., L9B2) are indicated.

synthase dimer contact surface. The
c-carbon atsms of the residues ínvolved
pig heart citrate synthase (Remington
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the archit.ectures of the two types of subunits are similar is found in

the sequences (Figure 25) corresponding to Èhe I and S hefices of pig

heart citrate synthase (Figure Z4^). These helices are closely assoc-

iated with helices F, G, M and L which form the bulk of the dímer inter-

face (Remington et al., 1982). The fact that the dímer contact surface'

including the foundatíons (helíces F, G, M and L), and Lhe core area

(I and S helices) of the E. coli and pig heart subunits have been signi-

ficantly conserved is further evidence thaË the structures of the subunits

of the two citrate synthases are similar-

A further test to thÍs hypothesis v¡ould be to predict Èhe secondary

structure of g. co1í citrate synthase from the amino acid sequence and

then to compare the predictions with the x-ray structure of pig heart

citrate synthase. The method of Garnier èt a1. (1978) has been chosen

for predicting the secondary structure of E. coli citrate synthase because

the method uses a numerical system which is easily prografiìmed and because

it ís not subject to arnbiguities of inËerpretation (Kabsch & Sander,1983).

The four kínds of secondary struc¡ure predicted by this method are o-helix,

ß-sheet, turn and random coil. The structures predicÈed for the E' coli

sequence are compared in Figure 27 witln the structures observed by x-ray

crystallography of pig heart citrate synthase (Remington et a1. , L9B2).

(I have not distínguished betr¡een turn and random coíl in this comparison')

About 449," of. the 398 E. coli residues, which have been aligned above wiÈh

apparently equivalent residues in the pig heart sequence' are predicted

to have the same secondary structure as their pig heart counterParts'

This correspondence is not very striking considering that the sequences

have already been alígned to maximize homologous ovellaps. However,

prediction of the secondary structure of píg heart citrate synÈhase from
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Figure 27: Secondary structure predfctions for Escherichia _ggll and pig heart
citrate synthase. Top line -- x-ray: The secondary sÈructure of plg heart
citrate synthase as determíned by x-ray crystallography (Remington et al., L982)
is presented. The secondary strucÈures: random coi1, s-helfx and ß-sheet are
lndicated by solid lines (-), open rectangles (.-----r) and boxes (æ), respec-
tively. Gaps in thls representation indicate extensions in the E. coli sequence
wiÈh respect to the píg heart sequence, accordíng to Table 26. The helices are
deslgnated A through T, as in Figure 244. Second line -- P. H.: Secondary
structure predl-ctions obtained by the method of Garnier et al. (1978) $/ere com-
pared w-ith the x-ray structures (above). Positlons correctly predicted are
shaded; incorrect predicËíons are left blank; and the open rectangles indicate
the posltions of ext.enslons in the E. coli sequence. Thírd líne -- E. co.: Ad
r"r-ith the second line but the secondary structure predictions obtained for the
E. colí are compared to the x-ray structure (of pig heart citrate synthase) via
the alignment given fn TabLe 26. The open rectangles (c=) lndicate portlons
of the píg heart sequence that do not have equlvalenÈ resl-dues in the E. coli
sequence. Every tenth posltíon is indicated and nunbering is aceordlng to
îabl^e 26.
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the sequence has about the same degree of success, as only 42% of tlne

residues r¡rere correctly predicted (see Ffgure 27 for comparison). A

recent analysis (Kabsch & Sander, 1983) of urethods of predicting second-

ary structure from amino acid sequences índicated that the method of

Garníer et al. (1978) is correct about 567" of. the time using a three

state definition (o-helix, ß-sheet and turn/random coil). I^Ihile the pig

heart citrate synthase sequence predicts the known secondary strucÈure

of the protein rather poorly, the same degree of success is obtained if

the E. coli sequence is used for the prediction. Many of the he1Íca1

regions of pig heart citrate synÈhase are not predicted by either sequence,

such as the B, C, D, J, R and T helíces, and some of Lhe helical regíons

are actually predicted better by the E. coli sequence than by the pig

heart sequence, such as the F, N and S helices (Figure 27).

Crystals of chicken heart citrate synthase are isomorphous with

crystals of pig heart citrate synthase and the subunits from these tvro

cítrate synthases have almost identical sÈructures (Rernington et aI.,

1982). (In the final calculation of the chicken heart enzyme structure

it was necessary for Remington et al. (1982) to assume some differences

in ¡mino acid sequences from the pig heart enzyme.) Coruparison of the

amino acid ccrrpositions of pig heart and chicken heart cítrate sl"nthase

(Table 23) indicates about 862 sequence identity and comparison of the

N-terro-inal sequences (Table 24) indicates a single arnino acíd extensíon

of the chicken heart enzpe and 5 dífferences in the next 15.ânino acids

(3 of whích I would classify as conservatíve replacements). These facts

indicate that small anounts of sequence difference, L47" predicted from

the emino acid compositions and up to 331l as observed in the N-terminal

sequences, are not very lmportant in influencíng the overall folding



220

pattern of these tr*o ciÈrate synÈhases.

LOCATION OF THE ALLOSTERIC SITE

Understanding the mechanism of the allosteric properties of Escherichia

coli citrate synthase requires knowledge of the quaternary structure. The

x-ray structure of the non-allosteric enz)rme provides an understanding of

the interactions and relationship of the dimeric structure. The dÍmer

appears to be the minimum size of active citrate synthase since each sub-

unit contributes (Figure 24B) Ín forming t\,ro active sites in thís structure.

Additional subunit contact surfaces, other than the dimer interface, are

required to buil-d the hexameric structure of the large allosteric enzyme.

The new contact sites are probably involved in the allosteric properties.

These contact surfaces have not been identífied and may be presenÈ ín

the regions of the E. coli citrate synthase subunit which display the

greatest structural changes from the pig heart citrate synthase subunit,

or in the regions in the E. coli subunit that are more sÈrongly hydro-

phobic than the corresponding region in the pig heart citrate synthase

subunit.

In what follor¿s it has been assumed that the alignment presented in

Table 26 ís correct, and that the E. colí subunit has the same overall

secondary and t,ertiary structure as the pig heart subunit. If these

rather large assumptions are correct, then essentíally all the E. coli

residues can be located in the pig heart subunit x-ray sÈructure, and a

detailed analysis can be performed which locates non-conserved regions,

and regions of increased hydrophilicity and hydrophobicity, in three

dimensions. The following secÈion exploíts this possíbility in an attempt

Ëo identify Iíke1y locations for the allosteric sites. A1so, for ease

in discussion the coli subunít Ís regarded as having arisen by a seríes
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changes to the pig heart subunit; this manner of speaking ís not meant

imply any evolutionary hypothesis.

According to the sequence alignment (Table 26) and the comparison of

the sequence homology wíth the x-ray structure of the pig heart citrate

synthase subunit (Figure 25) Èhe greatest structural differences between

the allosteric and the non-allosteric subunits are localized to three

general areas. The greatest structural difference apPears to be located

in the area around and including the H, S, I and A helices (Figure 24L)'

Portíons of the A-helix (C-terminal 5 residues), the l-helíx (N-terminal

7 residues) and Èhe AB-1oop (N-terminal 3 residues) have apparently been

deleted from the pig heart structure to give the E. coli structure' Also,

the H and S (C-terminal region) helices, which are closely associated

with the N-terminal region of the l-he1ix in the pig heart structure'

display a sma1l amount of sequence homology (Figure 25). Deletion of the

C-terminal portion of the A-helix and the N-terminal portion of the

AB-loop should resulË in moving the N-terminal region of the A-helix away

from Èhe focal point of the H, S and I helíces' exposing more of this area

to the solvent (this is best seen in the three-dimensÍonal structure'

see Figure 10 or Figure 11 of Remington et al., 1982). As a matter of

fact, aligning Èhe two sequences such that Èhe pÍg heart sequence extends

10 amino acids beyond Èhe N-terminal of the E. coli sequence (an alter-

naÈive alignment in this region) has the same effect. The proposed

deletion (Table 26, Figure 25) in the A-helix and AB-loop ís then replaced

by a one amino acid extension in the E. coli sequence and the net change

in sequence homology Ís negligible - the new alignment gives 4 identities

as compared with 5 identities and 2 conservative replacements (Table 26) -

The second area of the E. coli structure r^rhich displays major struc-
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Èural differences from the pig heart structure is the area whích includes

the CD-loop, the K and P helices (Figure 25). In the E. coli structure

the CD-loop is apparently 9 amino acids shorter and the K and P helices

apparently contain extensions of 7 and 3 amino acids' respectively.

The third area which also appears to be sígnificantly different in the

E. coli structure corresponds to a 5 amino acid deletion from the O-helix

and 1ow sequence honology in the C-terminal portion of the N-helix and

the NO-loop.

I have attempted to identify regions in the E. coli sequence which

display an increase in hydrophobicity relative to Èhe corresPonding region

ín the pÍg heart sequence (Figure 28). These regíons have the potential

of being nev¡ contact sítes in the hexameric structure of the aflosteric

citrate synthase. Analysis of the pig hearË sequence on the basis of

hydrophilic and hydrophobic residues is useful in demonstrating the

ínteractions in the folded pig heart sequence. Strongly hydrophilic

stretches in the pig heart sequence include the A, C, E, I (N-terminal

half), L (surprisingly since this is part of the dimer interface), O, P

and T helices, the B-sheet region and some of the loops connecting the

helical regions. These hydrophilic areas are found mainly on the surface

of the folded protein (Figure 244, see also Fígure 10 and Fígure 11 of

Remington et aI., 1982). Hydrophobic stretches in the pig heart sequence

include the D (strongly hydrophobic), F and G (mí1dly hydrophobic, anti-

cipated since this is part of the dimer interface), N (strongly) ' Q

(ni1d1y) and S (strongly, anticipated since this is part of the inner

core of the subunit) helices. These hydrophobic regions are found mainly

in Ëhe inner regions of the pig heart citrate synthase dirner. The I

(part of the inner core) and L (part of the dimer interface) helices are
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Figure 28: Relative hydrophílicity and hydrophobicity in the amino acid

""{.r.n""" 
of Escherichia coli, and pig heart citrate synthase. Scale of

hyãrophilicity-:ÇaropttoUi.ity: charged residues (Asp, G1u, His, Lys,

eig) iO; polar t."idn"" (Cys, Ser, Thr, Tyr) t4; roildly polar residues
(clr,, aå") +z; Gly +1; srnall aliphatic residues (41a, Pro) -2; large
aliphatic resídues (Va1, Ile, Leu, Met) -4; and arornatic non-polar resi-
d,res (Trp, Phe) -6. Top l-ine-x-IgJ: as per Figure 27. Second line--
P. H.: The relative hydrophiliàity-hydrophobicity at each posítion is
in-di""t.d by a histogram: hydrophilic values upwards and hydrophobic
values dor¡.nwards. Blank positions coïrespond to extensions in the E.

coli sequence. Every tenth position is indicated. Third line--E. co':
Drrr" as per P. H. above excepË blank positions corlespond to regions in
the píg heart sequence that do not have equivalent positions in the E'

coli sequence. n',r"ty tenth position is indicated. Fourth line-- À :'

Hydrophilicity and hydrophobicity difference between the Lwo sequences'

where rhey can be coroparàd. ¡. to. (third line) minus P. H. (second líne) '
Ilistograns above the no changã ffne (" ") indicate an increase in hydro-
phíliãity while hÍstograrns below Èhe no change line indicate an increase
in hydrophobicity. Gaps in this representation indicate positions in
either sequence which do not have equivalent counterparts.
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not very hydrophobic and Èhís probably reflects the fact that t'hese helices

also come to the surface of the dimer and interact with the solvent'

Similar sÈatements about hydrophilicity and hydrophobicity can be'made

about the E. coli sequence (Figure 26) but it is the increase in hydro-

phobiciry rhat is of interest. The change in hydrophobicity has been

estímated, residue by residue, in Figure 28, and areas which display

random change are indicated by oscillation above and below the no change

line. An example of random change is the stretch corresponding to

residues I4g - 162 in the pig heart numberíng (Figure 28). (These

oscillations also reflect the low sequence homology in this atea' Table

26)TheE.co].isequenceisdecidedlymorehydrophílicintheregions

corresponding to the D, E, F, Q, S (C-terminal half) and T helíces of the

pig heart strucrure (Figure 28). Regions of increased hydrophobicity

include the IJ and NO loops, the C, I (new N-terminal region), J, P

(N-terminal region), R (C-terminal region) and S (N-terminal region)

helices and the c-terminal region of the ß-sheet structure (Figure 28) '

There is a signíficant increase in hydrophobicíty associated with one of

the areas which is apparently structurally different in the E. coli

protein. This increase in hydrophobicity is located in front of and

behind the area bounded by the cD-loop, the K and P helíces in Fígure

z4A. The areas of increased hydrophobicity (Figure 28) correspond to

the C-terminal- region of the B-sheet sÈructure and the C-helix, in front

of the CD-Ioop, and the IJ-looP, J and P (N-terminal half) helices be-

hind the K and P helíces.

Two conformations of pig heart citrate

Iized.. The structures of the two f orms, the

a1ly represented throughout this thesis) and

synthase have been crystal-

tetragonal form (schematic-

the monoclínic form, have
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been determined by x-ray crystallography (Rernington et a1. , I9B2). The

tetragonal or open form, obtaÍned by crystallization in the presence of

citrate, is thought to be the product release structure and the monoclinic

or closed fom, obtained in the presence of citrate plus coA, is thought

to be the catalytÍc structure (Remington et aI. , 1982). The conformation-

al change betr.¡een the two structures can be described by a rotation of

about 18.5 degrees of the small domaÍn (the N, O, P, Q and R helices,

Figure 244) around an appropriately chosen screw-axís (Remington et al.,

1982). The open and closed forms of the pig heart citrate synthase sub-

unit superimpose well after performing the rotation noted above except

for the B, T and N helices (Remington et a1. , I?BZ). The N-helix is

closely associated with the acetyl-CoA bindÍng site and differences here

are probably related to binding of the coenz)rme derivative. Differences

ín the positions of the B and T helices relatíve to the large dornain in

the two sÈructures suggests that the subuníts associate in a different

manner in the two crystal forms (Remington et a1., L982). The B and T

helices form part of the extensively interdigítated contact surface beÈ-

r¡een the two subunits (Remington et a1. , 1982).

The di¡neric structure of pig heart citrate synthase is likely to be

conserved Ín the E. coli structure (see previous section), but there

appears to be an extension of l0 aruino acids in the loop between the

B-helix and.the ß-sheet structure (Table 26, Figure 25). This extra

piece of polypeptfde may be involved in the allosteric properties of the

E. coli enzyme. As noted above, this area of the dimerfc structure in

the pÍg heart enz)rme is subtly lnvolved in movement of the small domaÍn

relative to the large domain. PackÍng three,dimers of E. colÍ citrate

synthase (to forn the hexameric structure) such that the area bounded by
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the CD-loop, K and P helices is part of the new contact surface could

al1ow for inÈeractions - allosteric interactions - between the dimers via

the contact surface Èhrough the ß-sheet structure into the extended loop

of the E. coli sEructure. It seems quite possible that the area surround-

ing the CD-1oop, K and P hel-ices in the E. coli strucÈure may be ínvolved

in the extra subunit contacts, since this area is apparently structurally

dÍfferent from the píg heart structure and since there are increases i-n

hydrophobicity relative to the pig heart sequence in front of and behÍnd

the CD-loop, K and P helices ín Figure 244 (see above).

T}ìE SULFHYDRYL GROI]PS OF ALLOSTERIC CITRATE SYNTHASE

Modification of Escherichia coli citrate synÈhase with sulfhydryl

specific reagents has been shovm to affect the allosteric and catalytic

properties of the enz)rme. DTNB modification to the extent of 1 equiva-

lent of TNB released per subunit results in the complete desensítizatior'

of the enzyme to the ailosteric inhibitor NADH (Danson & hleitzman, L973;

Danson & l.Ieitzman, 1977; Talgoy, 1979; Talgoy et a1. , 1979; Table 18).

The DTNB modified protein spontaneously releases TNB (Fígure 198; Fígure

20) apparently by reaction with another proteín sulfhydryl group to yield

an intrasubunit disulfide (Talgoy et al. , 1979). The disulfide form of

the enzyme Ís no less active and no more sensítive to NADH than the mixed

disulfide form (Talgoy et a1., L979= Table 18). Desensitization is ex-

plained by the fact that NADH bÍnding is eliminated (Talgoy et a1. , 1979).

There have been conflicting reports about activity loss associated with

DTNB modification of E. coli cítrate synthase which I believe are a result

of the assay condiLíons used. hlhen DTNB modified enzyme is assayed in

high ionÍc strength buffer (Faloona & Srere , 1969; Talgoy , IgTg; Talgoy

et a1., 1979; Table 18) there is 1itt1e or no activity loss, but in lor^¡
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buffer, activíty loss is varíable and mayionic strength

ficant (I^Iright

1977; Table t8)

be quíte signi-

Danson & I,Ieitzman,& Sanwal, L97I; Danson & Iüeitzman, 1973;

Desensitization of E. coli citrate synthase to NADH by DTNB modifí-

cation may occur by either of tr,¡o mechanisms. The reactíve cysteine may

be located in or near the allosteric site, or modification of the cysteine

may result in a conformatíonal change in the enz)rme. The former mechanÍsm,

which physically prevenÈs NADH binding, seems preferrable since several

adenylic acíd derivatives, which do not inhibit cítrate synthase activity

but compete with NADH binding, also inhibit the DTNB modificatíon reaction

(Talgoy & Duckworth, 1979). The latter mechanísm is less like1y since

acetyl-CoA and KCI saturation profiles are stil1 cooperatÍve after DTNB

modification (Talgoy et al., L979), ÍndicaÈing that the modÍfied enzyme

is sti11 in a T or inactive conformation vrhich should favour binding of

the allosteric inhibítor.

Modification of E. co1í cítrate synthase v¡ith PDS, anofher sulfhydryl

specific reagent, results in the modification of two sulfhydryl groups

per subunit at slightly different rates (talgoy et al. , 1979). Modifi-

cation of the more reactive sulfhydryl group is associated \,rith Ínactiv-

ation (wright & sanwal, 1977; Talgoy et al. , r97g) and v¡ith rhe formarion

of an intrasubunit disulfide bond which forms apparently by reaction of

the míxed disulfide with a second protein sulfhydryl group (Talgoy et al.,

1979). The PDS induced disulfide form of E. coli citrate synthase is no

more active than the PDS mixed disulfide form and both forms faíl to bind

NADH (Talgoy et a1., 1979). The effect of modification of the second PDS

reactíve cysteine could not be assessed sínce activity and NADH bínding

are eliminated by rnodífication of the first cysteine resídue r¡ith PDS
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(Talgoy et 41. , 1979).

Recfprocal blocking experiments have shown that the DTNB and PDS

reactive cysteines are closely related (Talgoy et 41. , 1979). Modifica-

tion with DTNB to the extent of about 1 equivalent per subunit resulted

ín a decrease in the PDS reactlvity by about the same amount and prior

PDS modification indicated that the extent of reaction of the faster

reacting sulfhydryl group ís proportional to the decrease in the extent

of the DTNB reaction (Talgoy et al., 1979). These results suggest that

inactivation or desensitization of E. coli citrate synthase occurs by

modification of the same sulfhydryl group and that the effect is depend-

ent upon the reagent used. However, prior nodification with DTNB was not

effective in preventing PDS inactivation (Talgoy et a1. ' 7979> and the

exact relationship of the DTNB and PDS reactive cysteines Ís unknor¡n.

In Figure 29 are shown the approximate locations of the a-carbon

atoms of the seven cysteinyl residues in the E. coli citrate synthase

subunit, making the assumption that this subunit strongly resembles the

pig heart subunit as argued above. T\¡o of the E. coli cysteines, Cys-135

(corresponding to pig heart position I42, Table 26) and Cys-251 (pig heart

26I) are part of the dímer interface (Figure 26) and thus r¡ou1d not be

exposed for reaction with DTNB or PDS. The other five cysteinyl residues

might be located on or near the surface of the subunit and thus would

be more líkely candidates for reaction wÍth DTNB or PDS. Cys-175 (pig

heart 189) would be located near the active síte (Figure 248). Cys-206

(pig heart 222) and Cys-322 (pig heart 337) would be 1n the K and P

helices, respectively, and both these helices contaÍn residues that are

involved in substrate binding (Figure 248). Cys-86 (pig heart 93) ís in

a highly conserved portfon of the E. coli sequence (Table 26, Figure 25)
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Figure 29: Positions of the cysteine residues of Escheríchia co1Ícitrate slmthase rn the pÍg heart cftrate 
"y'ttr"ã-ã,rb=rrnfiañia,rr".Residue nr:mbers shor+n correspond to the E. coli sequence (Table 26).Approxinate positions r-n the peptide backborãJî. shosn (shaded) exceprfor cys-52 which ls apparently in a sequence unique to E. co1í citratesynthase (see text).
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and cys-52 (which is part of a 10 amino acid exÈensíon in the E. coli

sequence) appears to be i-n a portion of the citrate .synthase molecule

that is unique to the E. coli structure (Table 26). The fol-lowing pairs

of cysteinyl residues may be in proximity (see Figure 10 and 11 of Reming-

ton et al., L982) depending on the orientation of the side chains such

that there is potential for disulfide bond formation: Cys-206 and Cys-

322, cys-135 and cys-251, and cys-135 and cys-175. A1so, because of the

postulated major structural difference in the cD-loop (Table 26, Figure

25) Cys-86 may be near Cys-206. The position of Cys-52 in the three-

dimensional structure cannot be guessed, because it appears to be ín a

region that Ís unique to the E. coli proÈein (taate z6) and rhus it may

be near Cys-86 or Cys-251 (Figure 25 and see also Figure 10 and Figure 1l

of Remington et al., 1982). The proposed posit.ions of.the cysteÍ-ny1

residues in E. co1í citrate synthase are such that if a líne ís drawn

connectÍng the residues in the order 322 - 206 - 86 - 52 - 25r - 135 - r75

then all of the possible intrasubunit disulfide bonds fal1 on it.

The apparent relative posítÍons of the cysteinyl residues j-n the E.

coli subunit have not been useful in clarifying the DTNB and PDS chemistry,

but identifícation of the residues involved in the DTNB and PDS induced

disulfide bonds shoul-d prove useful in confirming the proposed subunit

structure. The bimane reagents, which irreversibly modify sulfhydryl

groups, mây be useful in identifying the primary sites of DTNB and PDS

modification and the sites of the DTNB and PDS induced dísulfide bonds.

The bimane reagents have been shown to affect the allosteric and caËaIytÍc

properties of E. coli citrate synthase by modificatíon of proteÍn sulf-

hydryl groups (tabIe 19, Figure 2I), and studi-es to identify rhe specific

cysteines involved in these properties are a natural extensíon of the
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