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ABBREVIATIONS

List of abbreviations used other than the accepted ones.

ACP - Acyl carrier protein

DSP - Dithiobis(succinimidyl propionate)
DINB - 5,5'-Dithiobis(2-nitrobenzoate)
DTT - Dithiothreitol

0AA - Oxaloacetic acid

SIS - Sodium dodecyl sulfate

El%cm - Absorbance index (1% w/v protein)
Gm - Molar extinction coefficient

2-ME ~ 2 mercaptoethanol

MDH - malate dehydrogenase (EC 1.1.1.37)
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CITRATE LYASES

Citrate lyese (citrate oxaloacetate-lyase pro-3s-
CH2000' —> acetate, (Lé 4.1.3.6)), an enzyme found only
in procaryotes, catalyses the cleavage of citrate to
oxaloacetate and acetate in the presence of divalent metals

such as Mg2+ and Mn2+ by the overall reaction shown in Eq. 1.

MZ+

Citrate™ = Oxaloacetate @

+ Acetate™" (Eq. 1)

Three other egroups of enzymes are also known to catalyse
the breakdown/synthesis of citrate by a lyase reaction
involving an equilibrium between citrate on the one hand
and oxaloacetate and an acetyl moiety on the other.
These are:
(1) ATP—citrate 1yasse (ATP: citrate oxaloacetate-lyase
(232-2§~CH2000' —> acetyl-CoA: ATP dephosphorylating),
EC 4.1.3.8). The enzyme, found in the cytosol and only in
eucaryotic cells, catalyses the overall dissimilation
reaction shown in Eq. 2.
2+
Citrate™ + CoA + ATP™4 == Acetyl-CoA + Oxaloacetate”

+ AP ]E"i'2 (BEq. 2)

2

(2) si-citrate synthase (citrate oxaloacetate-lyase (pro-
38-Ci,0007 —5 acetyl-CoA), EC 4.1.3.7) of the citric
acid cycle. This enzyme is involved in the synthesis of

citrate according to the reaction shown in Eq. 3.

3 2

Citrate™ + CoA + HY == lAcetyl-Cos + oxaloacetate”

+ H,0 (Eq. 3)

b —



(3) re-citrate synthase (citrate oxaloacetate-lyase(pro-3R-
ca2000' —3 acetyl-CoA)-EC number not assigned yet),
present in some anaerobic microorganisms. This is the only
enzyme oﬁfthe family which has the opposite stereochemistry
as compared with the other three enzymes of the group.
Citrate is a central intermediate in a number of
divergent metabolic pathways ané the involvement of several
groups of enzymes in the synthesis/dissimilation of citrate
is to be expected. Close similarities, however, exist in
the mechanism of action of most of the enzymes that catalyse
a lyase reaction leading to the cleavage or formation of
citrate. These are dealt with in greater detail in the
later section of the INTRODUCTIOW, The existence of such
resemblances between the different groups of enzymes might
sugeest divergence in evoluwtion from a common ancestral or
primordial enzyme. It has been conjectured that citrate
lyase which occurs only in the most primitive forms of 1life
and has the simplest supplementary requirement amongst this
group of enzymes might be the earliest evolutionarily
(Srere, 1968). ATP-citrate lyase, occurring only in higher
organisms and catalysing the most complex reaction involving
three substrates and a divalent metal ion probably represents

the last of the group to evolve.

I.1. CITRATE LYASE (EC 4.1.3.6)

Interest has been focussed on this enzyme in recent
years with the discovery of it's multienzymic nature. The

enzyme comwplex has been the subject of several reviews
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(Dagley, 1969; Lowenstein, 1969; Spector, 1972; Srcre,
1965; 1968; 19723 19743 1975; Srere and Singh, 1974).
The extensive literature on this enzyme is summarized briefly
in this~0hapter. Related topics of bacterial citrate
transport and the role and regulation of citrate lyase

aptivity in vivo are also discussed.

1.1 (4) OCCURRLNCE: The enzyme has been found only in

bacterial sources. Table 1 includes the sources in which
the activity has been detected till now.

TABLE 1: SO0UQCE OF CITRATE LYASE

Nature of Bacteria Reference
activity
1. Induced Klebsiella aerogenes* Dagley and Dawes
‘ (1953b)
Escherichia coli Grunberg-Manago and

Gunsalus (1953);
Dagley (1954)

Streptococcus faecalis Gillespie and
Gunsalus (1953)

Aerobacter cloacae O'Brien (1975c)
Leuconostoc citrovorum Harvey and Collins
(1961¥
Streptococcus Harvey and Collins
Tiquefaciens (1961{
Salmonella typhimurium O'Brien et al,
(1969)
Rhodopseudomonas Teckesser et al.
gelatinosa (1969); Schaab
et al. (1972)
2. Constitutive Streptococcus Harvey and Collins
diacetilactis (1961

*Known earlier as Aerobacter aeropomess &lSo known as
Klebsiella pneumoniae and Fnterobacter aerogenes.




The enzyme occurs as a substrate induced activity in

all sources except Streptococcus diacetilactis in which it

occurs constitutively. Historically the fermentation of
citrate by K. aerogenes (Deffner and Franke, 1939) and

Aerobacter indologenes (Brewer and Werkman, 1939) to

ox@loacetate and acetate was known more than 4 decades ago.
However, the first characterization of the enzyme was made
only 14 years later by Dagley and Dawes (1953a) in K.aerogenes
and E.coli and by Gunsalus and his group in E.coli
(Gillespie and Gunsalus, 1953) and S.faecalis (Grunberg-
Manago and Gunsalus, 1953).

The occurrence of citrate lyase as a constitutive

enzyme in S.diacetilactis was reported by Harvey and Collins

(1961). 1In this source activity was detected in cultures
grown on lactose without citrate; supplementation of the
medium with citrate enhancing enzyme levels in the cell.

R.gelatinosa is amongst the few phototropic bacteria
which grows readily on citrate. The presence of citrate
lyase activity in the source was first desoribed by

Weckesser et 2l. (1969)

In Clostridium sphenoides, a&n anaerobic spore former
vharscterized by it's ability to grow on citrate as the
carbon and energy source, the use of stereospecificélly
labelled 14C-citrate has suggested the possible involvement
of citrate lyase in the utilisation of citrate by this

organism (Walther et al., 1977).

N



A pathway in which citrate lyase has been postulated
as a key enzyme is the reductive carboxylic acid cycle
(Evans et al., 1966). However in the anaerobic phototrophic

bacteria gg}orobium thiosulphatophilum and Rhodospirullum

rubrum which are known to synthesize X-keto acids from
acyl-CoA esters by reductive carboxylation, no citrate lyase

activity could be detected (Beugher and Gottschalk, 1972).
7.1 (ii) PURI+ICATION Ok CITisTL LYsbES: The enzyme has

been obtained pure from K.aerogenes, S.diacetilactis,

R.gelatinosa and S.faecalis. The various procedures used
for purification of the enzyme from these sources are outlined

below.

(a) Citrate lyase from K. aerogenes: Citrate lyase was

obtained pure for the first time from this source (SivaRaman,
1961). Enzyme from the organism grown on citrate as carbon

and energy source was purified from extracts of sonicated cells
by a procedure involving preliminary removal of nucleic acids
with streptomycin sulphate, adsorption of the enzyme on alumina
Or gel followed by elution from the gel with higher
concentrations of buffer, chromatography on DLsE-cellulose
followed by ammonium sulphate precipitation. Later
modifications of the original procedure include final
filtration through Sephadex G-200 gel (Mahadik and SivaRaman,
1968), or Biogel A 1.5 m (Singh and Srere, 1971). Other
changes have been the replacement of alumina Gy gel adsorption
and DEAE-cellulose chromatography steps by salmine sulphate
treatment and Chi-cellulose chromatography (Bowen and

Mortimer, 1971). A recent modification for purification



of the enzyme which is reported to be suitable for large

scale prepzrations involves precipitation of the alumina

Cy gel eluate with polymin 4S (ethyleneimine polymer)

followed;by extraction of activity from the polymer, dialysis

and filt?ation through Sephadex G-200 (Dimroth et al., 1977b).
The homogeneity of the purified enzyme preparation

has been established through analytical ultracentrifugation

(SivaRaman, 1961) electrophoresis in free solution (Bowen

and Rogers, 1963a) and by polyacrylamide gel electrophoresis

(Singh and Srere, 1971). The purified enzyme has been

reported to have an adsorption index El%cm of 6.2 at 278 nm
and a specific activity of 73 pmol.min™ .m¢”' at pH 7.4,
28°C and 10 mM MgCl, (Singh et al., 1976).

(b) Citrate lyase of S. diacetilactis: Citrate lyase from

this source has been purified by Singh and Srere (1975)
and Kummel et al. (1975). The former authors have purified
the enzyme from supernates of centrifuged sonicates of
citrate-lactose broth grown cells of the organism by a
procedure involving protamine svlphate treatment, ammonium
sulphate fractionation, gel filtration through BioGel A -
0.5 m and DEAE-cellulose chromatoeraphy. TFinal fractions
concentrated by ultrafiltration were shown to be homogeneous
on ultracentrifugal analysis and had a specific activity of
125 pmbl.min—1.mg-1-at PH 7.2 in presence of 2 mM MgCl,.
In the procedure employed in Kummel et al. (1975),
sonicates of the organism were first treated with

cetyltrimethylammonium bromide and then with alumina Oy

gel followed by ultrafiltration of supernatant and two



successive gel-filtrations through Sepharose 6B columns
followed by chromatography on DEAE-Sephadex A-50. The
homogeneity of the final preparations was established by
analytiggl ultracentrifugation and by polyacrylamide gel
electrophoresis. The pure enzyme showed a specific activity
of 125 11m01.r111r1_1.m4:_r,—1 at pH 7.2. The preparation, however,
showed citrate lyase ligase activity. This activity was
believed at the time to be associated as a subunit of the
citrate lyase complex from this organism (Xummel et al.,
1975). However, Bowien and Gottschalk (1977) established
that the ligase activity was present as an impurity and
could be separated from the citrate lyase complex by alumina

Cy gel treatment.

(¢) R. gelatinosa citrate lyase: The enzyme was purified

from citrate-grown cells of the organism. ZExtracts of the
cells disintegrated by passing through a French press

were fractionated with protamine sulphate, chromatography
through Dksk-cellulose and two separate steps of gel-
filtration through Sepharose 6B. The preparation was
homogeneous in sedimentation equilibrium runs as well as

in polyacrylomide gel electrophoresis. A specific activity

of 139 pmol.min™', mg™' &t Ml 7.2, 30°C and in the presence

of 3 mU Mg012 was reported for this preparation.

@he enzyme from this source has been obtained
crystalline by a modified purification procedure in which
cell extracts were treated first with cetyltrimethylammonium
bromide followed by alumina Cy gel treatment and DEAE-

cellulose chromatography (Giffhorn and Gottschalk, 1978).



Active fractions from the ion-exchange chromatography step
were concentrated by ultrafiltration till the appearance

of turbidity.- The first crystals so obtained were
recrystaliised from appropriate buffer solutions by the
addition of KC1l and reconcentration by ultrafiltration.

The recrystallised enzyme had a specific activity of 360 pmol.

min_1.mp"1, approximately three times that of the homogeneous

preparation obtained earlier.

(d) S.faecalis enzyme: Citrate lyase has been obtained

pure from this organism grown in presence of citrate by
Hiremath et al. (1976). Sonicates of the cellSwere
centrifuged and the supernatant incubated with ATP ang
acetate to reactivate any deacetylated cnzyme. The
purification procedure involved removal of nucleic acids by
streptomycip sulprhate treatment, adsorption amd subsequent
elution of the activity from alumina Cy gel, ammonium
sulphate fractionation, column chromatography through DEAE-
cellulose and a final step of gel filtration through
Sepharose CL-6B. The enzyme was shown to be homogeneous both
by analytical ultracentrifugation and polyacrylamide gel
electrophoresis. The specific activity of the pure enzyme
was reported to be 90 )mrlol.miri-1.mg—1 at pH 8 and 30°C

and in the presence of 20 mM Mg504.
(e) E.poli enzyme: Enzyme from this source has only been

partially purified (Dagley and Dawes, 1955; Wheat and Ajl,
1955a; Bowen and SivaRaman, 1960).
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T.1 (iiji) PRUPERTIES OF CITRATE LY.SE

(a) Metal requirement: fhe absolute requirement for a

divalent metal ion such es Mg2t, Mn*, 2n2*, Fe2* or ot

for the gieavage of citrate catalysed by citrate lyase was
reported even in the early work (Dagley and Dawes, 1955).

It was also shown that Ca®®, srlt, Ba?*, cut ana Hg?t could

not substitute for the active metal ions in the case of enzymes

from E.coli and K.aerogenes. Further)CaZ+ was shown to be a

linear competitive inhibitor of enzyme activation by Mg2+
2+

’

Mn and other metal ions in the case of citrate lyase from

E.coli and K.aerogenes (Dagley and Dawes, 1955) and

S.diacetilactis (Harvey and Collins, 1963). These authors

concluded that citrate lyase probably acts on a metal-citrate
complex since the pH optimum of the enzymes from E.coli and
E.aerogenes was also the same as the optimum pH for the
stability of the metal-citrate complex. It was further
reported by Harvey and Collins (1963) that the enzyme from

S.diacetilactis is optimally active when citrate and Mg2+

are present in equimolar amounts, higher levels of the
metal causing inhibition of enzyme activity.

On the basis of the results obtained with various
divalent met2l ions suplementation, Dagley and Dawes (1955)
postulated that the activating metals have a restricted
ianie nédius of 0.72+0.08 A while those that fail to do so
like Ca*t ion (0.99 X) have ionic radid. outside this specific
range.

Pulsed nuclear magnetic resonance studies were made by

Ward and Srere (1965) with a partially purified enzyme
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. . ; G = 2+
preparation from S.diacetilactis in presence of Mn

Results obtained in these studies were contrary to the
earlier hypothesis and w-re indicative cf a metal-enzyme
binary cgmplex acting on free citrate. The Mn2+-enzyme
complex-had a calculated dissociation constant (Kd) value
of 4 x 10—5M. In this study further addition of citrate to
the system gave no indication of ternary enzyme-metal-
substrate complex formation. The authors concluded that
either metal-enzyme acts on citrate or a ternary complex
exists, if at all, at steady state concentrations too low
to be detected experimentally. The earlier observation
that Ca2+ competes with Mn2+ for the metal binding site on
the enzyme was confirmed in the MIR studies.

The effectiveness of divalent metal: ion activation of
citrate lyase from R.gelatinosa has been reported to be in
the following order Mg2+, Mn®* and co?* (Beuﬁher et al.,

1974). 2n2* and Wit were only slightly effective while Cu?*

and Fe2+ were without effect. Hiremath (1977) reported maximum
activation of the enzyme from §S.faecalis with Mg2+ followed
in diminishing order of effectiveness hy Mn2+, Zn2+ and Fe2+

C02+

and Cu2+ showed feeble activation and Ca2+, Ba2+, Hg2+
2+

and Ni showed none at all.

More recent studies, discussed later in this Chapter,
have established that citrate lyase is @ multienzyme complex
with two distinct enzymatic activities, one catalysing a
transferase reaction leading to the formation of a citryl-
enzyme intermcdiate and the other a lyase reaction resulting

in cleavage of the citryl-intermediate to yield oxdloacetate.



The divalent metal ion has been shown to be required
exclusively for the lyase reaction and not for the
transferase aectivity (Buckel et al., 19733 Dimroth and
Eggerer, 1975b).

(b) pH _optimum: The pH optimum for the cleavage of citrate
is around 8 for citrate lyases from E.coli (Dagley and
Dawes, 1955; Wheat and 4jl, 1955a), K.aerogenes (Wheat

and Ajl, 1955b) and S.faecalis (Hiremath et al., 1976), an
optimum pH of about 7 - 7.3 has been reported for the

citrate lyases from S.diacetilactis (Harvey and Collin,

1963) and R.gelatinosa (Beu@her et al., 1974). In the case
of the S.diacetilactis enzyme, Singh and Srere (1975) have
reported dissociation at pH values of above 8.1.

(c) Reaction kinetics: Xinetics of the reaction catalysed

by citrate lyase are complex for various reasons which are .
discussed later in detail., In outline these are:
(1) Multienzymic nature of the complex with two distinct
enzymatic activitics (Dimroth and Eggerer, 1975b);
(2) A& further complication is the phenomenon of reaction-
inactivation (Singh and Srere, 1971) presumably through
the spontaneous hydrolysis of the labile citryl-intermediate
to citrate and inactive HS-enzyme;
(3) Existence of the various forms of citrate-divalent
metal chelates as well as the presence of one of the
products namely oxaloacetate in keto and enol forms, both
again capable of chelating divalent metals.

Many of the factors were not recognised at the time

of the earlier studies on the kinetics of the enzyme

11
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catalysed reaction and these findines are of doubtful
significance. §Some of the earlicr data are mentioned here
only in their broad outline.

Thag a mol of citrate is cleaved to a mol each of
oxaloacé%éte and acetate was shown in the early stoichio-
metric studies with the enzymes from K.aerogenes (Dagley
and Dawes, 1953a and b; Darley and Dawes, 1955) and E.coli
(Dagley and Dawes, 1955, Wheat and 4jl, 1955b). THat CoA
was not required in the reaction was established by Dagley
and Dawes (1955) in experiments in which extracts from
K.aerogenes and E.coli were treated with Dowex-1 for
removal of the coenzyme and shown to retain activity which
was also not enhanced on Cof supnlementation.

Harvey and Collins (1963) showed for the first time
that the keto isomer of oxaloacetate was formed in the

reaction catalysed by the enzyme from S.diacetilactis and

the findings were later confirmed by Ward and Srere (1965).
The enzyme from K.aerogenes was also shown to yield the
keto isomer of oxaloacetate in experiments in which the
reaction was carried out at pH 7.4 and 2°C,conditions under
which the spontaneous equilibration of oxaloacetate isomers
is considerably slowed down (Tate and Datta, 1964). 1In
this respect citrate lyase resembles citrate synthase
(Englard, 1959), since both enzymes involve the keto form
of oxaloacetate in the reactions they catalyse.

The overall reaction catalysed by citrate lyase
under optimal conditions is almost exclusively in favour

of citrate cleavage. That the reaction goes virtually to



completion when the enzyme is taken in large excess has been
shown by Wheat and 4jl (1955b) in the case of the E.coli
enzyme and by Bowen and Rogers (1963b) with the K.aerogenes
enzyme. ‘fhe reversibility of the overall cleavage reaction
has been shown only through incorpor-=tion of 14C—labelled
acetate into citrate in the presence of oxaloacetate and
Mg2+ and the enzyme from §.faecalis (Gillespie and Gunsalus,
1953) or from K.aerogenes (Bowen and Rogers, 1963b),

The calculated equilibrium constant for the cleavage
of citrate to oxaloacetate and acetate is 1 M (Burton, 1955).
Several studies have been made to determine the equilibrium
constant of the citrate lyase catalysed reaction. The
early studies of Smith et al. (19%6) and of Harvey and
Colling (1963) did not take into account the exist&nce of
keto and enol forms of oxaloacetate and their complexes
with Mg2+ as well as the interaction between the metal and
phosphate buffer systems used. Tate and Datta (1965) showed
that the determination of the equilibrium constant X,
(citrate'3)/(OAA£§to). (acetate), is markedly effected by
the concentrations of the reactants and metal; a value of
3.08 + 0.72 w1 was obtained by these authors at limiting
concentrations of citrate (2 mM) in presence of excess
NgCl, at 25°C and triethanolamine HC1 buffer pH 8.4 which
has no complexing effect on Mg2+. Goynn et al. (1973)
obtained a value for K ,  of 2.22 + 0.16 M™' at pH 7.0
in 0.025 M potassium phosphate buffer at 38°C and 10~ M

free Mg2+. The value of Kobs was found to vary with Mg2+
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concentration. At (Mg

= 0 the K, was 1.00 + 0.07 M~

2+)
free bs

2+)free = 1072 the Kops W28 9. Here the problem of

OAA-inhibition was reduced by use of low concentration of

and at (Mg

substrate and the values obtained for the forward and

reverse directions were in agrcement.

(d) Sterecospecificity: Before discussing the stereospecifi-

city of the citrate enzymes in genkral and of citrate lyases
in particular, a bdbrief description of the prochiral centres
of the citrate molecule is outlined here. That eitric acid
behaves @symmetrically in reactions involving chiral
reagents like enzyme molecules was recognised@ in the classical
studies of Ogston (1948). Thus the two —CH2COOH groups of
citrate are non-equivalent and discriminated in enzyme
catalysed reactions. An extension of the standard R
(rectus)/S(sinister) convention (Cohn et al., 1966) is
conveniently used to distinguish betwecn such groups. This
mode of rcpresentation is pictorially expiained in Fig. T.
Fig. Ja.. represents citric acid as a pentane derivative

with the carbon atoms in the backbone of the structure
numbered 1-5. Here C-3 is one of the pro-chiral centres.
Depiction according to the pro R/pro $§ nomenclature is

shown 1in perspective in Fig. Ib where the central carboxyl
group is above the plane of the paper and the hydroxyl group
is below the plane and both are to the right of the backbone.
The two -CHZCOUH groups are then distinguished by the pro R
("upper" group) greater than pro S ("lower" group) convention
(Hirschmann and Hanson, 1971); the pro 3R ("uppér") -CH,COOH

group carbon atoms being numtered 1 and 2 and the pro 385
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DEPICTIONS OF CITRIC ACID

(a) As a pentgne derivative

(b) Perspecrive representation according
to (pro-R /pro -_§) nomenclature

(Adapted from Glusker and Srere, 1973)



("lower") —CHZCOOH group being numbered as 4 and 5. In

like manner the methylené groups at C-2 and C-4, which
constitutg th¢ other two pro-chiral centres of citric acid,
have theii hydrogen atoms also distinguished on the same

basis and the Hs atom on C-2 in Fig. Ib could be distinguvished
as the pro-(2S, 3R) hydrogen of the molecule.

Extensive studies have been carried out on the
stereochemical specificities of the citrate enzymes (Eggerer
et al., 1970; Retey et al., 1970; Lenz et al., 1971;
Wunderwald et al., 1971; Sreré, 1975). The conclusions are
the following:

A1l the citrate enzymes with the exception of re-citrate
synthase show gimilar stereochemistry in regard to the C-3
prochiral centre. Thus si-citrate synthase catalyses a
reaction in which the acetyl moicty of acetyl-Cok attacks
the si-face of oxaloacetate and the resulting citrate has
C-4 and C-5 derived from this acetyl moiety (Hanson and
Rose, 1963%).

Both citrate lyase and ATF-citrate lyase have been
shown to behave like si-citrate synthase ster€ochemically.
Gillespie 2and Gunsalus (1953) using a crude preparation of
citrate lyase from S.faecalis have demonstrated that the
enzyme catalyses cleavage of citrate with the elimination of
the pro 3s -CHZCOOH exolusively as acetate. The acectate
formed in this reaction is that derived by the substrate
from acetyl-CoA in the gi-citrate synthase reaction. A
similar pattern of cleavage has been demonstrated by Wheat

and 431 (1955b) using a partially purified preparation of



citrate lyase from E.coli. The findings have been extended
by Buckel et al.(1971a) to the enzyme purified from
K.aerogecnes and (5—140)(§§) citrate was shown to yield
14C—acctyi—citrate lyase and unlabelled oxaloacetate while
(1 - 14C)(zg)—citrate yields urlabelled enzyme complex

and '#C-1labelled oxaloacetate. Srere and Bhaduri (1964)
showed that the pro(3s) -CH2COOH group of citrate is
eliminated as acetyl-Col in the reaction catalysed by #TF-
citrate lyase.

re-Citrate synthese is the only citrate enzyme which
shows an opposite stereospecificity in this regard. This
enzyme, which is present in certain anaerobic bacteria,
catalyses synthesis of citrate in which the pro (3R) _CH2000H
group of citrate (C-1 and C-2) is derived exclusively
from the acetyl-moiety of acetyl-Coh (Gottschalk and Barker,
1966; Stern ard Bambers, 1966).

#ith regard to the two pro-chiral centres of citrate
involving the methylene groups om C-2 and C-4, all citrate
enzymes including re-citrate synthase show similar
sterecospecificity. Chiral acetates (R) (H, JH) acetate
and (8) (ZH, 3H) acetate have been used in these studies in
reactions catalysed by si-citrate synthase, re-citrate
synthase, citrate lyase and AT¥-citrate lyase and shown to
produce inversion of configuration at the methyl group of
the acetyl moiety (Eggerer et al., 1970; Klinman and
Rose, 1971; Retey et al., 1970; Buckel et al., 1971b),

16
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(e) €0 ia

The carliest evidence that an essential acetyl group
is involved in the reaction mecchanism of citrate lyase was
prcsentegéby éuckel €t al.(1971a). Results obtained in
their experiments were suggestive of this acetyl group being
linked covalently through a thic-ester linkage at the
catalytically active site of citrate lyase. Thus the enzymer
was found to be inactivated on deacetylation. Vhen
stercospecifically labelled (5—140)-(§§) citrafe was used
as substrate for the citrate lyase catalyse?d reaction,
the product was non-radiocactive oxaloacetate and a 140—
labelled enzyme, However, with (1—140)-(23) citrate the
products were 14C—oxaloacetate and unlabelled enzyme;
these results could be explained only on the basis of
turnover of acetate during the course of the reaction
catalysed by the enzyme, the overall reaction being the
sum total of two separate steps viz. an acyl exchangce
reaction resulting in a citryl-enzyme intermediate (Eq. 4)
followed by an acyl lyase reaction (Eq. 5) with cleavage

of the citryl moiety at the si-face of oxaloacetate

E-X-acetyl + citrate == E-X-citryl + acetate (Eq. 4)

E-X-citryl == E-X-acctyl + OAA (Eq. 5)

Additional evidence obtained by these authors for the
existence of an essential acetyl group at the active site
of thc enzyme were the following:

(1) Treatment of the active enzyme with hydroxylamine

51115 5776 8 (042)
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resulted in htoth deacetylation and inactivation, the 14C-
labelled enzyme yieldiné 14C—acetohydroxamic acid.
(2) Inactivation of '4c-1abelled enzyme on incubation with
1 mM oxq%bacéfate and 1 mM Mg012 resulted in loss of the
labelled acetyl group. Reaction of 14C-acetyl labelled
citrate lyase with cold citrate resulted in the formation
of unlabelled enzyme and 14C—acctate which could be separated
by filtration through Sephadex indicating an acyl exchange
during the course of the reaction.
(3) Kinetics of hydroxylamine inactivation of enzyme were
similar to hydroxyaminolysis of standard thioester compounds
like N=-succinyl-S-acetylcysteamine . Citrate lyase could
also be inactivated by mercaptans like DIT and DIE. These
findings were suggestive of the essential acetyl moiety
being precsent in thioester linkage in the enzyme.
(4) Citrate lyase inactivated by treatment either with
hydroxylamine or mercaptans could be chemically reactivated
on treatment with acetic anhydride. Fnzyme inactivated by
oxaloacetate in presence of Mg2+ was also recactivated
chemically with acetic anhydride (Buckel et al., 1971a).
These findings were confirmed and extended by other
groups. Srere et al. (1972) observed that enzyme
inactivated in presence of DINB either by hydroxylamine or
by reaction inactivation could be reactivated by acetie
anhydride only after preliminary incubation with DIT,
Kummel et al. (1975) showed that deacetylated citrate lyases

from several sources guch as S.diacetilactis, K.aerogenes,

R.geletinosa and Bhvgitrovorum could be chemically reactivated

)
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with Y-acetyl imidazole.

A specific enzyme thch rcactivates inactive
deacetylated ecitrate lyase in K.aerogenes has been
characfgfized by Schmellenkamp and Fggerer (1974). This
enzyme acetate: S (acyl carrier protcin) citrate lyase
ligase(sMF) was partially purified from K.aerogencs and
shown to catalyse acetylation of deacetylcitrate lyase in
presence of acetate and ATY or acetyl adenvlate. Hiremath
et al. (1976) partially purified the ligase from S.faccalis
and separated it from the citrate lyase activity. The
enzyme from this source was shown to be active towards
deacetyl citrate lyases from both S.faecalis and K.acrogenes.

Bowien and Gottschalk (1977) obtained the ligase in

electrophorctically pure state from S.diacetilactis and

showed thet the emszyme was @pccific for the lyase from
this source, having no action on the deacetylated enzyme
either from R.gelatinosa or K.aerogenes.

Buckel et al. (1973) demonstrated that while deacetyl
citrate lyase can be reactivated with acetic anhydride,
the carboxymethylated derivative of the enzyme obtained hy
treatment of the deacetylated enzymc with iodoacetate
cannot be reactivated chemically. An intereeting finding
was that while deacetylated lyase and its carboxymethylated
derivatives were inactive towards citrate, both were
catalytically active in presence of acyl-ColA derivatives
like acetyl-CoA or citryl-CoA. Thus citrate is cleaved
to acetate and oxaloacetate in presence of acetyl-CoA

while (3S)-citryl Cod is stercospecifically cleaved to
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acetyl-CoA and oxaloacetate under these conditions. The

use of '4C-1abelled citfate established that the acctyl
group .of acetyl-CoA is liberated as acetate and the pro(3s)-
CHZCOOH group of citrate is transformed to acetyl-CoA in

the course of the acetyl-CoA dependent clravage of citrate.
Kinetic data was suggestive of the formation of a citryl-
intermediate and this was established by isolation of citryl
-CoA which accumulated in presence of EDTA, These results
were the first evidence for the multienzymic nature of
citrate lyase involving an acyl exchange reaction which is
not Mgzt dependent and a lyase reaction which is Mg2+-
dependent in which the citryl-intermediate is cleaved.
Buckcl et al. (1973) rightly concluded that both acetyl-CoA
dependent cleavage of citrate by the deacetyl enzyme as well
as the cleavage of citratc hy native citrate lyase requires
acetylated acyl group carriers, acetyl-CoA in the case of
deacetyl enzyme and acetyl enzyme in the case of the

native enzyme. Buckel et al. (1973) further checked the
ability of several acyl-CoA derivatives to substitute

for acetyl CoA in the cleavage reaction catalysed@ by HS-
citrate lpese. Halonyl Coh,(R, §/\-ma1yl-CoA as well as
acetyl thioesters like N, S-diacetyl cysteamine, N-succinyl
~S-acetyl cysteamine were inactive. Acetyl-dephospho CoA
and propionyl-CoA, however, were active; +the reaction

sequence in the lattcr case being

Propionyl-CoA + citrate §z== citryl-CoA + propionate(Eq. 6)

Citryl-Cosd == acctyl-Cod + Oh4 (Eq. 7)



Butyryl-CoA and valeryl-Coh, however, were inactive and also
not inhibitory (Buckel et al., 1973).

Evidence has been obtained to show that all citrate
lyases qptaiﬁed t1i11 now from other sources such as

S.diacetilactis (Singh and Srere, 1975), R.gelatinosa

(Kummel et al., 1975), S.faecalis (Hiremath et al., 1976)
and L.citrovorum (Kummel et al., 1975) are also acetyl

enzymes.

(f) Product inhibition by oxaloacetate:

Inhibition of citrate lyases from E.coli and K.aerogenes

by oxaloacetate, a product of the reaction was first shown
by Dagley and Dawes (1955). Neither acetate nor pyruvate
was found to have any inhibitory effect. Bowen and Rogers
(1963a) observed that inhibition by oxaloacetate was time
and concentration dependent and that the native and
inactivated enzymes had similar adsorption spectra and
sedimentation behaviour. These authors also reported that
malate, like oxaloacetate, irreversibly inactivated the
enzyme while oxalate, succinate, oxaloglutarate, tartrate,
oxalosuccinate and isocitrate were without effect.

The conditions under which oxaloacetate exerts
inhibitory effect on the enzyme were investigated by
Eisenthal et al.,(1966). Inhibition of the enzyme from
g.aerbgengg by oxaloacetate and its analogues was shown to
require the presence of ' divalent metal-ions like Mg2+ and
inhibition could not be reversed by malate dehydrogenase
in presence of NADH, The profile of the pH dependence

of oxaloacetate inhibition was indicative of the
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involvement of the enolic form of oxaloacetate and the
authors suggested that pfobably two different Mg2+—enolic
oxaloacetate ¢omplexes are involved. In support of this
hypothesis was their finding that amongst the oxaloacetate
analogues tested, only «,y-dimethyloxaloacetate which
cannot enolise and ketomalonate failed to be inhibitory in
presence of Mg2+,while derivatives of the two acids which
could give &nolic forms were inhibitory. The structural
requirement for inhibition was observed to be a C4 straight
chain, 1;4ydicarboxylic acid with an ionisable % -hydroxyl
group. Oxaloacetate inhibition was also found to be
dependent on the nature of the divalent metal. Thus
inhibition in presence of Co°’ was more severe than that
with Mg2+, while Ca2+ was less effective than Mg2+.

The mechanism of oxaloacetate inactivation was shown
by Buckel et al. (1971a) to be through the loss of the
essential acetyl group of the enzyme to give inactive
deacetyl citrate lyase.

(g) Reaction inactivation:

Citrate lyase undergoes irreversible inactivation
in vitro during the course of the reaction it catalyses.
The reaction-inactivation is rapid in the case of the
enzyme from K.aerogenes and the phenomenon has been classed
as enzyme "suicide" (Singh and Srere, 1971).

In earlier work on partially purified citrate lyase
from E.coli Wheat and Ajl (1955b) had observed that the
reaction rate drops rapidly and the cleavage ceases during

the course of the reaction. It was believed at that time



that the inhibition was due to the oxaloacetate formed as

a product of the cleavagel It was much later that Singh
and Srere (1971) recognized that the rapid irreversible
reaction—%pactivation could not be due to oxaloacetate.

It was observed that addition of oxaloacetate (both keto-
and enol-forms) at levels more than one thousand-fold in
excess of that produced during the cleavage reaction failed
to inactivate the enzyme completely. Further, these authors
observed that continuous removal of the oxaloacetate

formed by coupling the reaction with malate dehydrogenase
and NADd had no effect on the rate of inactivation or the
extent of citrate cleavage. The study of the kinetics of
the reaction-inactivation showed this to be a simple first
order process. The rate of reaction-inactivation was also
found to depend on the nature of the divalent metal cofactor.
Zn2+ was found to give the slowest rate amongst several
metals tested (Singh and Srere, 1971; Singh and Srere,
1975). Although the mechanism of reaction-inactivation

is not fully understood, this is known to be through a
process of deacetylation of the enzyme to HS-citrate lyase
since the reaction-inactivated enzyme is reactivated
chemically with acetic anhydride (Srere et ai., 1972). The
mechanism coutd poussibly be explained on the basis of the
labile nature of the citryl-intermediate from andlogy with
the spontaneous hydrolysis of citryl-CoA at an alkaline pH
(Buckel et al., 1973). Another possible mechanism

suggested by Dimroth and Eggerer (1975b) is that the

hydrolysis of the citryl-intermediate to citrate and
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dv-enzyme is catalysed by the « subunit of the citrate lyase
complex (transferase subunit) since the isolated subunit

has been shown to have such an effect on the citryl-4CF
subunit.

In their reaction-inactivation behaviour, citrate
lyases from various sources fall under two distinct groups;
types that undergo severe reaction.inactivation such as
the enzymes from K.aerogenes (Singh and Srere, 1971) and
R.gelatinosa (Kummel et al., 1975) and those that show
only a weak reaction-inactivation like the enzymes from

S.diacetilactis (Singh and Srere, 1975), L.citrovorum

(Kummel et al., 1975) and S.faecalis (Hiremath et al., 1976).
The values of the rate constants (K) for reaction-

inactivation of the enzymes from K.aerogenes,.S.diacetilactis

(Singh and Srere, 1975), S.faecalis (Hiremath, 1977) with

Mg at 25°C were determined to be 1.21, 0.06, 0.07 min

respectively. The corresponding values for the K.aerogenes

and §.diacetilactis enzymes with zn°" .

0.014 min'1, respectively.

were 0.17 min~ ' and

Kummel et al. (1975) suggested that the weak reaction-

inactivation observed with enzymes from S.diacetilactis

e

and L.citrovorum may be due to the association of a
dS-citrate lyase acetylating activity as a component of
the enzyme complex. Such activity was detected in

preparations of citrate lyase obtained from $S.diacetilactis

and L.citrovorum and not in enzymes isolated from
K.aerogenes and R.gelatinosa. That this was not the case

in the enzyme from S.faecalis was established by



diremath et al. (1976) since the enzyme from this source
has no associated 1igase.activity although it undergoes only
a weak reaction-inactivation. ZLater work by Bowien and

Gottschalk (1977) confirmed that even in the S.diacetilactis

enzyme the ligase activity detected earlier was present as
an impurity and the ligase couvld be separated from the
citrate lyase complex bty including an alumina C1 gel
adsorption step.

(h) Subsirate and iphibitor activities of hydroxvcitrates

and other citrate an2logues:

A11 the four possible isomers of hydroxycitrate have
been studied by Sullivan et al.(1977) and Stallings et al.
(1979) for their substrate and inhibitor activities on
citrate enzymes (Sullivan et al., 1977) and interesting
speculations on the geometry of the active sites of these
enzymes have been put forward based on the correlation
between the conformational structures of the hydroxycitrates
and their effects on the enzymes (Stallings et al., 1979).
The results are briefly summarised below:

In the case of bacterial citrate lyase, (2R, 38)-2-
hydroxycitrate is the only isomer which is not a substrate.
The other isomers show varying substrate activities towards
this enzyme. (2R, 38)-2-hydroxycitrate showed the highest
reaction rates. The relative rates of cleavage with the
(2R, 23)- and the (28, 3R)- isomers of 2-hydroxycitrate
were approximately 25 and 10%, respectively, of the reaction
rates observed with the (2R, 3S)-isomer. In presence of

excess enzyme, complete cleavage was obtained with the
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active substrates. In these studies the cleavage renction
was followed by NsaDd oxidation with the malate dehydrogenase
coupled system, The products probably were oxaloacetate

and glyoxalafe in the case of the (2R, 3S)- and the (28, 3S)-
2-hydroxycitrate and acetate a2nd hydroxvoxaloacetate in

the case of the (2R, 3R)-isomer, hydroxyoxaloacetate
presumably being a substrate for the malate dehydrogenase
reaction as indicated in earlier work by Englard and

Seigel (1969).

As 1n the case of citrate, 2-hydroxycitrates caused
"reaction~-inactivation” through deacetvlation of the active
enzyme in studies in which 14C-acetyl labelled citrate
lyases were incubated in the presence of the 2-hydroxycitrate
and a divalent metel like Mg°' or zn°t. As with citrate,
the hydroxycitrates under suitable conditions also caused
complete deacetylation of the enzyme to give free-labelled
acetate and the deacetylated-enzyme. This was confirmed by
the ability of citrate lyase ligase to reactivate the
inactivated enzyme in the presence of acetate and ATP,

In studies in which tricarballyvlate was used in place of
the hydroxycitrate isomers, only partial deacetylation
was observed. A1l four isomers of hydroxycitrate were
shown to act 2s lincar competitive inhibitors for citrate

in the cleavage reaction catalvsed by citrate lyases from

S.diacetilactis anc¢ K.aerogenes some differences being
observed in the behaviour of the enzvmes from the two

sources.
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None of the hydroxycitratcs was shown to act as a
substrate for si-citrate synthase and in general the isomers
were only verv weak inhibitors of this enzyme. However,
atleast one of the analogous flvorocitrate is known to
function as a substrate of citrate synthase (Brady, 1955).

In the case of ATP-citrate lyase, (28, 23);2—hydroxycitrate
did not serve as subst-ate while the other three isomers
of hydroxycitrate exhibited substrate activities.

It was proposed on the basis of the observed biochemical
activities of the hydroxycitrafes and the postulated confor-
mation of the metal chelates of hydroxycitrates that
different modes of binding might result in the interaction
with the citrete enzymes. One of these modes in the case of
hydroxycitrate is apparently in the same manner as citrate
itself. In the alternate modes of binding some might
compete with or replace the citrate-like binding mode
resulting in inhibition without cleavage of the hydroxycitrate.
An interesting finding with far reaching application in human
nutrition is the behaviour of (2S5, 3R)-2-hydroxycitrate, which
occurs in rinds of fruits of Carcinia species (Lewis and
Neelakantan, 1965), as one of the most potent linear
competitive inhihitors of ATP-citrate lyase (Watson et al.,
1969) resulting in an inhibition of triglycericde and
cholesterol synthesis in vivo (Sullivan et al., 1977).

(i) Molecular weight:

Citrate lyase from K.aerogenes has been shown to have a

(]
820 w Value of about 16 - 17.6S (SivaRaman, 1961; Bowen
’



and Mortimer, 1971) and a molecular weight of 534 000 -
575 000 (Mah2dik and Siv:Raman, 1968; Bowen and Mortimer,
1971; Carpenter et al., 1975; Singh et al., 1976).
Citrate lyases purified from other sources have been shown

to resemble the K.aerogenes enzyme in their molecular

weights. The S.diacetilactis enzyme has a S§O,w value of
16.85 and a molecular weight of 585 000 (Singh and Srere,
1975). The R.gelatinosa enzyme has been reported to have
a molecular weight of 530 000 - 560 000 (Beuscher et al.,
1974). The enzyme from S.faecalis has a sgo,w value of
17.18 and a molecular weight of 600 000 (Hiremath et al.,
1976; Hircmath, 1977). The enzyme from K.aerogenes has
been shown to dissociate reversibly in buffers of low ionic
strength and in the absence of divalent metal ions,
Complete dissociation to a half molecule of 10.3S and
273 000 daltons was observed in 2 mM EDTA + 1 mM potassium
phosphate buffer, pH 7.4 while a further component
sedimenting =t 6.3 S was observed in the presence of 1 mM
LDIs « 7 mM potassium phosphote buffer, pH 7.4 (Mahadik
and SivaRaman, 1968). The dissociation to species of lower
molecular weights was completely reversed with Mg2+ at
2 mM concentration or buffers of higher concentration
(50 mM). These observations have been confirmed by Bowen
and Mortimer (1971) and Dimroth et al.(1973).

Tho onzyme frum 5.¥aecalis has been reported not to
dissociate in buffers of low ionic strength even in the

absence of divalent metal ions (Hiremath, 1977).
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(j) Subunit structure:

Citrate lyases obtained hitherto from various bacterial
sources have been shown to be complexes of three non-
identical: subunits of about 55 000 («); 30 000 (B) and
10 000 (Y ) Adaltonss. The subunit composition and function
have been studie? extensively in the enzyme from X.aerogenes.
The presence of the 10 000 daltons (T) subunit which functions
as an acyl carrier protein (4Ct) was first reported by
Dimroth et al.(1973) in the enzyme complex from K.aerogenes.
The prescnce of two further sﬁbunits (<X ana B) was detected
by Singh et al. (1974) in K.aerogenes enzyme complex by
electrophoretic separation in “Io-polyacrvlamide gel. The
molecular weights of the three subunits were characterized
by Carpenter et al. (1975) by several precise analytical
approaches inclwding sedimentation equilibrium in 6 M
guenidinium hydrochloride, SDS-polyacrylamide gel electro-
phoresis and filtration through 6% agarose beads in presence
of 6 M guanidipe HC1 and values of 54 000 (X), 32 000 (B)
and 11 000 (¥) were obtained for the three subunits for the
enzyme from this source, Values in close agreement to
thesec were obtained by Dimroth and Eggerer (1975a). More
recently the precise molecular weight of the I= subunit
(4CP) hae been characterized by its amino acid sequence
analysis and 2 value of 9 378 has been reported (Beyreuther
et al., 1978).

Subunits of citrate lyases from other sources have also
been found by SI®-polyacrylamide gel electrophoresis to

resemble those of the erzyme from K.aerogenes in their



molecular sizes. In the case of the ¢rizyme from

S.diacetilactis, an organism in which the activity is

constitutive, the molecular weights of the three subunits
have been shown to be 54 000, 32 000 and 12 000 (Singh and
Srere, 1975). Subunits of the enzyme from S.faecalis have
been shown to be of 54 000 daltons, 37 ON0 daltons and 14 000
daltons (Hiremath et al., 1976). The enzyme from R.gelatinosa
which was earlier regarded as being built up of only two
non-identical subunits (Beuscher et al., 1974), has been
shown in later work to dissociate into subunits of 55 600,

31 600 and 11 400 daltons when treated with 2% SIE (instead
of 1% which was tried earlier). 1In the enzyme complexes

from all these sources the subunit with the smallest size

has been shown to contain the covalently hound prosthetic
group and to function as #CF,

(k) Subunit stoicheiometry:

The determination of the precise stoicheiometric
proportions of the three subunits in citrate lyase complexes
has been beset with some intrinsic difficulties, mainly on
account of the low molecular weight of the Y-gsubunit (4Cp) .
Earlier attempts to determine the subunit composition
through scanning of Coomassie blue stained bands obtained
after electrophoretic separation of the component subunits
in ®IB-polyacrylamide gels showed equimolar amounts of
« andf subunits in the enzyme from K.aerogenes calculated
as 6 copies of each in 2 mole of the complex while the
estimates of theY -subunit® indicated only around 4 copies

in the complex (Dimroth and Fggerer, 1975a; Carpenter

J



et al., 1975). It was realised in these studies that

the lower value for Y-subunit was probably due to
diffusional losses of the small Y-chains from the gel

into the_@estaining medium. A novel amino acid sequence
techniqué'was used by Singh et al. (1976) to establish

the presence of a total of 6 copies of the Y-subunit in
the -holo enzyme from K.aerogenes. In their studies the
separated indivigual subunits were preliminarily sequencegd
to ten residues from the amino terminal. This was
followed by a sequence analysis of the intaet holo enzyme
and estimation of the ratios of amino acids released at
various positions. The knowledge of the amino acid sequence
of the individ@ual subunits enabled them to determine the
ratio of the three subunits present in the holo enzyme.
The ratio of amino acids released at various positions on
quantitation was shown to be 1:1:1 indicating a similar
molecular ratio of the three subunits in the complex.

Subunit stoicheiometry of citrate lyase from S.faecalis
was determined by gel scanning of Coomassie blue stained
components after electrophoretic separation on SIS~
polyacrylamide gels and molar ratio of <, B - andY —subunits
was found to be 1:1:0.7, as in the case of the K.aerogenes
enzyme (Hiremath, 1977),

Preliminary electron microscopic studies have becn carried
out with the enzyme from R.gelatinosa by Beuscher et al.
(1974) and a model proposed from the molecular profiles.

Two distinctive projections were evident, one having the

appearance of a ring-shaped doughnvt-like structure



and the other a sandwich pattern consistine of two paralel
rows of density. Results obtained in analysis using the
rotation technique of Markham et al. (1963) were suggestive
of an arrangement of three large ellipses (aibg of 58 K

and 49 X) and three smaller spheres (diameter 43 X) in
alternate sequence in the ring structure. Based on the
assumption that the ring-like structures ivere face-on views
of the holo enzyme molecule and the sandwich pattern that
of a side-on view, the authors proposed a hexameric
structure with alternate dimers of the large and small
subunits at the corners of hexagon in which the two rings are
stacked one above the other. The enzyme from R.gelatinosa
wag thought at the time this model was proposed to consist
of only two types of subunits. It is likely that the
€lliptical shaped subunit consists of the largest («)
together with the smallest (Y ) subunit: present side by
side. The profiles obtained with the enzyme complex from
K.aerogenes in electronmicrographs have been reported to
resemble the R.gelatinosa enzyme in its gross structural

. features (Dimroth and Eggerer, 1975a).

(1) Amino acid composition:

(1) Holo enzyme: Bowen and Rogers (1965) determined the

amino acid composition of citrate lyase from K.aerogenes

as Cu2+—comp1exes of the components separated after

acid hydrolysis followed by high voltage paper electrophoresis.
The more reliable procedure of automatic amino acid

analysis by ion-exchange chromatoeraphy was used by

Singh et al. (1976) to determine the amino acid composition
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of the enzyme from the same source and the reported values
for several residues weré at variance with the earlier data.
The latter authbrs also demonstrated that methiomine was
the only residue at the amino terminus of the three subtunit
componenté contrary to the earlier finding of Bowen and
Wortimer (1971) that lysine was the only amino terminal
residue.

Hiremath (1977) reported the amino acid composition of
the holo enzyme from S.faecalis and showed marked
differences in the composition of the enzyme from this
source as compared to that from X.aerogenes.

(2) Subunits: Amino acid composition of thee(-(Mr = 54 000)
and § -(Mr = 32 000) subunits of the K.aerogenes enzyme were
determined by Singh et al. (1976). Thesec authors separated
the subunits after dissociation in 6 M guanidinium
hydrochloride by filtration through 2 column of agarose
beads. The partial amino acid sequence of all the three
component subunits upto 10 residues from the amino terminus
was also determined by them. An interesting report was

the micro-heterogeneity observed in the B -subunit sequence
at position four from the amino-end, equal amounts of
prolinme @nd arginine being present here.

Dimroth et al. (1973) established the presence of
one cysteine and one cysteamine residue in the Y -(ACP)
subunit chain of the K.aerogenes enzyme by amino acid
analysis of the separated subunit. These authors also
showed qualitatively that the cysteine and cysteamine

residues in the ACP subunit were both acylated. The



strategy used was treatment of the ACF subunit first with
cold iodoacetate followed by deacylation with hydroxylamine
and subsequent treatment with iodo-(2-14c)-acetate. The
labelled ﬁCP wag finally submitted to acid hydrolysis and
the 14C—labelled carboxymethylated residues were separated
and characterized as S-carboxymethyl-cysteine and S-carboxy-
methyl-cysteamine. Evidence that the cysteamine residue

of the prosthetic group and not the cysteine residue of the
ACP carries the biologically essential acetyl group was
obtained by the specific alkylation of the prosthetic
cysteamine and not of cysteine in the deacetyl enzyme by
affinity labelling with a low concentration of iodoacetate
in the presence of excess DIT (Dimroth and Eggerer, 1975a).
The cysteamine S-carboxymethyl-deacetyl citrate lyase so
obtained could not be reactivated by treatment with acetic
anhydride.

The complete amino acid composition of the ACF subunit
of citrate lyase from K.aerogenes was reported by Dimroth
et al.(1975). The analysis showed the prescnce of one
residue each of cysteamine and P_alanine contributed
by a single prosthetic group. The complete amino acid
sequence of the subunit has been reported by Beyreuther
et al. (1978) using automated sequential Edman
degredations. The ACP was shown to be composed of 78
residues and its amino acid composition was marked by the
absence of both Tyr and. His residues. A high degree of
« -helical content in the ACP structure was indicated in-

circular dichroism studies.



Although the ACP of citrate lyase from K.aerogenes
and of fatty synthetase .from E.coli resemble each other
in both functioh and molecular weight (Dimroth et al., 1973;
Vagelos, 1973), these differ markedly in their amino acid
composition as well as in their prosthetic groups. The
prosthetic group of the fatty acid synthetase (4CP) consists
of 4'-phosphopantetheine while the citrate lyase ACP contains
in addition to 4'-phosphopantetheine also adenine,
phosphate and sugar residues. The isolated deacetylated
ACP of citrate lyase cannot substitute for the ACP of E.coli
fatty acid synthetase (Dimroth et al., 1973) in the malonyl-
CoL/CO2 exchange reaction. However a crude extract of
K.aerogenes sonicate could replace the ACP of fatty acid
synthetase system. It was concluded therefore that atleast
two distinct acyl carrier proteins are present in K.aerogenes,
one in the citrate lyase complex and the other in the fatty
acid synthetase system. That the ACP of citrate lyase from
K.aerogenes is distinct from the fatty acid synthetase
from E.coli was further established by fingerprint analysis,
no common peptides being observed in their tryptic
digests (Dimroth, 1975; Bayer and Eggerer,1978).

Differences in the amino acid compositionsof the
separate&subunits of enzymes from S.faecalis and K.aerogenes
have been reported by Hiremath (1977). Marked differences
in the amino acid contents of all three component subunits
were observed, one of the features of differences being
the presence of four histidine residues in the ACF subunit

of S.faecalis enzyme while that from K.aerogenes has none.



The ACP of the S.faecalis enzyme however resembles the

K.acrogenes enzyme in containing a single cysteine residue

as an S-acylated residue.

(m) Prosthetic group of citrate lyase:

Eviéence to show that citrate lyase from K.aerogenes
contains a covalently attached pantothenate moiety was
reported for the first time by sSrcrc et al. (1972)

Alkaline hydrolysates of the enzyme preliminarily treated
with alkaline phosphatase were shown to contain bound
pentbthenate microbiologically. Since pantothenate could

be assayed only after alkaline phosphatase treatment, it was
concluded from analogy with the fatty acid synthetase system,
that citrate lyase also contains a covalently bound
4-phosphopantetheine moiety. Since earlier work of

Buckel et al. (1971a) had established the presence of an
essential acetyl group in thioester linkage in the enzyme

it was assumed that the 4-phosphopantetheine carried this
biologically active acyl residue. The evidence for the
presence of the prosthetic group on the 10 000 dalton

Y -subunit in K.aerogenes enzyme was provided by Dimroth

et al., (1973), thus establishing the ACF nature of this
subunit.

Subsequent work indicated that the proéthetic group
of citrate lyase is more complex than the 4-phosphopantetheine
of the fatty acid synthetase system. Dimroth (1975; 1976)
found the presence of adenine, phosphate, sugar, cysteamine,
g -alanine and pantoic acid as components of the citrate

lyase prosthetic group. Robinson et al. (1976)obtained

(&2 |
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evidence from analyses of chemical and enzymic degradation
products in support of the structure 3'(or 2') — 20
(5"~phosphoribosyl)dephospho-CoA for the prosthetic group.
NMMR and Mass spectrometry data have been presented more
recently by Oppenheimer et al. (1979) in support of the
structure (1" —> 2')-(5"-phosphoribosyl)dephospho-CoA
(Fig. 2).

The prosthetic group of citrate lyase from K.aerogenes
has been shown to be linked through the 5"-phosphoryl moiety
to serine - 14 of the Y- (ACP) subunit from characterization
of the products obtained after B-elimination of the
prosthetic group in 0.1 N NaOH at 65< and subsequent
NaB3H4 reduction of the dehydroalanine in the apo-ACP
to (°4)-elanine (Beyreuther et al., 1978).

An interesting observation has been that the citrate
lyase prosthetic group could substitute for CoA in the
citrate si-synthase reaction 2s well as in the ATP-citrate
lyase catalysed reaction (Robinson et al., 1976), In these
studies the prosthetic group was obtained after pronase
digestion of citrate lyase from K.aerogenes and was used
as a substrate for the other two citrate enzymes. The
isolated prosthetic group was also shown to act as a
substrate for acetate: HS-citrate lyase ligase (AMP) from
K.aerogenes. The isolated prosthetic grovp is the only
compound reported hitherto to substitute for CoA in the
si-citrate synthease and ATP-citrate lyase catalysed
reactions. That acetyl-CoA and citryl-CoA could substitute

for its prosthetic group in reactions catalysed by citrate
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lyase has been established both with deacetyl-holo enzyme
from K.aerogenes (Buckel et al., 197A§ as well as the
separated component <~ and g -subunits (Dimroth et al.,
1977b). These findings collectively establish the striking
similarity in the mechanism of action of the three groups
of enzymes that catalyse the formation and cleavage of
citrate by a lyase reaction and the possible divergent
evolution from a common ancestral enzyme.

Citramalate lyase from Clostridium tetanomorphum

which has been shown to have a structural organization

and mechanism of action closely resembling those of citrate
lyase (Buckel and Bobi, 1976) has been shown to have a
prosthetic group which is similar to that of citrate lyase
from K.aerogenes (Dimroth and Loyal, 1977).

(n) Immunological behayiour of citrate lyases from

different sources:

Citrate lyases from S.diacetilactis, K.aerogenes and

E.coli have been shown to be immunologically distinct

Singh and Srere, 1975). The enzymes from S.diacetilactis

and E.coli have been reported not to cross-react in double
diffusion studies with rabbit antisera against the purified

citrate lyase from K.aerogenes. Precipitin bands were

obtained with rabbit antisera against purified S.diacetilactis

enzyme only with its own antigen.
(o) Multienzvme nature of citrate lyage:

It was recognized after the discovery of the two step
enzyme mechanism which involves an acyl transfer and a

citrate lyase reaction (Buckel et al., 1971a) and the
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detection of three non-identical subunits in the complex
(Singh et al., 1974) one of which functions as an ACP
(Dimroth et al., 1973} Srere and Singh, 1974; Buckel

et al., 1973). that the system might represent a built-in
multienzyme complex. Conclusive evidence for the multi-
enzymic nature of citrate lyase from K.aerogenes was provided
by Dimroth and Fgrerer (1975b) by the isolation of the

three constituent subunits in pure and catalytically active
states (Dimroth and Eggerer, 1975b). The isolated 54 000
dalton X-subunit was shown to catalyse the formation of
(1,5-14C)~citry1 4CP and acetate from (1,5-140)—citrate

and the 10 000 dalton acetyl #CP Y -subunit. This established
the function of the¥~subunit as an acyl transferase, a
reaction which was shown not to require the presence of
divalent metals such as Mg2+. It was also shown in these
studies that the catalytically active form was a inmer of

the «~subunit. The lyase function of the 32 000 dalton (B )
subunit was demonstrated by its catalysing the cleavage of
(1,5-140)—citry1 ACF in presence of the divalent metal

ions to acetyl-ACP and (4-140) oxaloacetate. It was also
demonstrated that active citrate lyase could be reconstituted
from its isolated X, - and Y -subunits. Citrate cleavage
occurred only in the presence of all three subunits and

the reconstituted enzyme was identical in its sedimentation
behaviour and specific activity to the native enzyme complex.
These experiments unequivocally confirm the multienzyme
nature of the citrate lyase complex with a built-in

acyl carrier protein and two distinct enzymes, an acyl



transferase and a lyase; the overall mechanism of action
of the enzyme involving conseQutive reactions of acyl

exchange (Eq. 8) and acyl cleavage (Eq. 9).

- subunit
Acetyl-ACEF + citrate ==—==== Citryl-ACP + Acetate (Eq. 8)

~ B-subunit + Mg®? ‘
Citryl-ACP & === Acetyl-ACP + 0AA (Bq. 9)

Such a mechanism of action requires the oscillation of the
acyl function on the #CP component between the active
sites on the transferase and lyase subunits during the
course of the citrate cleavage reaction (Srere and Singh,
1974; Dimroth and Eggerer, 1975b).

A closely related built-in enzyme complex is the

citramalate lyase of C.tetamomorphum. The similarity in

molecular weight, subunit composition and function and
mechanism of action between the two enzyme complexes from
the two distinct microorganisms have been established by
Buckel and Bobi (1976). Even more striking is the cross-
reaction reported between the isolated subunits of the two
enzyme complexes (Dimroth et al., 1977a). Thus the
formation of an active hybrid enzyme complex has heen
reported with acetyl transferase (%) and the lyase (B )
subunits contributed by citrate lyase of K.aerogenes and
the ACP contributed by the citramalate lyase of

C.tetranomorphum (Dimroth et al., 1977a). Other hybrid

combinations of heterologous subunits were without

catalytic activity.
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The mechanism of action of the isolated
acyl transferase (< ) subunit from K.aerogenes citrate lyase
has been studied by Dimroth et al. (1977b). The isolated
subunit h@s been shown to function as an acetyl CoA-citrate
CoA tranéferase. The subunit further catalyses the
exchange of acetyl residues between acetyl-4CP or acetyl-CoA
and acetate in a citrate-independent reaction. The isolated
subunit resembled the deacetyl-holo-enzyme in catalysing
the formation of ~3S-citryl Co4 from acetyl CoA and citrate.
Kinetic data supported the hypothesis that an anhydride
intermediate is generated on the transferase subunit of
citrate lyase, the anhydride probably being citric-acetic
anhydride in the citrate dependent acyl-exchange reaction
and acetic anhydride in the acetate reaction in the absence
of citrate., While in these respects the transferase subunit
of citrate lyase resembles classical CoA transferases like
succinyl-CoA: 3-oxo acid CoA-transferase (Jencks, 1973),
the CoA transfer from acetyl-CoA to citrate catalysed by
the isolated transferasec subunitzgitrate lyase apparently
does not involve an enzyme-CoA intermediate (Dimroth et al.,
1977b).
I.2 BsCTErIAL CITRATE TRANSPORT:

Since the resulte obtained in the present studies
throW;A light on the regulation of bacterial citrate
metabolism in vivo citrate transport and the regulation of
citrate metabolism are reviewed here.

Indirect evidence has been obtained by various investi-

gators that citrate transport into bacterial systems occurs



probably through the mediation of membrane~bound oxaloacetate
decarboxylase.

That citrate transport'is induced only in the presence
of the substrate was suggested by Davis (1956) on the basis
of the eé;lier observation that a marked lag period precedes
utilisation of citrate by both K.aerogenes and E.coli
(Dagley and Dawes, 1953a, b}. Villarreal-Moguel and Ruiz-
Herrara (1969) investigated the mediated citrate transport
system in K.aerogenes (mutants obtained from strain 1143).
Evidence was obtained for the -induced carrier activity
being associated with the cell membrane and bheing dependent
upon protein synthesis. The carrier system was demonstrated
to act specifically for citrate, related compounds such as
isocitrate and cis-aconitate not being transported.
N-gthylmaleimide, dinitrofluorobenzene, uranylnitrate and
cyanide blocked transport. Further evidence for the
membrane associated nature of the carrier system was the
finding of Wilkerson and Eagon (1972) that citrate uptake
activity was lowered in osmotically-shocked, citrate-grown
cells of K.aerogenes; uptaeke activity being restored on
continued incubation with citrate in the medium but not
when chloramphenicol was also present.

The uptake of citrate into washed citrate grown cells
of K.aerogenes NCIC 418 was shown by Stern and Sachan
(1970)fo require Na’ specifically. These authors have
proposed a model for citrate transport in the organism wherein
citrate transport across the membrane is mediated through

the membrane-bound Na+—requiring oxaloacetate decarboxylase
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functioning as a carrier (Sachan and Stern, 1971a).
Evidences for this were the specific Na*t requirement for
citrate uptake and the ability of citrate to bind to
oxaloacet@}e decarboxylase and to competitively inhibit the
decarboxylase reaction. Membrane vesicles prepared from
K.aerogenes NCIC 418 have been used to study transport of
citrate by Johnson et 2l.(1975). Vesicles of cells grown
anaerobically on citrate contained no citrate lyase activity
and permitted study of citrate uptake without appreciable
citrate catabolism subsequently. Studies with such vesicles
which were shown to contain the Na+—requiring oxaloacetate
decarboxylase confirmed the earlier findingq that citrate
transport was Na+-dependent. Citrate uptake was also shown
to be inhibited by cyanide, azide,; dinitrophenol, hydroxy-
citrate, fluorocitrate and sulphydryl reagents.

Differences have been observed in the citrate transport
phenomenon in some strains of K.aerogenes. In the case of
K.aerogenes strains UGa-I and #CTC 12658, Na' has been shown
to actually inhibit the uptake, while in strain FRI-R3, Na®*
had no effect on citrate uptake (Wilkerson and Eagon, 1974).
Earlier work of Eagon and Wikerson (1972) had shown that
citrate transport into K.aerogenes UGa-I is K'-dependent.

The uptake of citrate by S.faecalis has also been
postuléted to be mediated by oxaloacetate decarboxylase,

both uptake and decarboxylation requiring Ca2+ and biotin

(Ssachan and Stern, 1971b). Citrate uptake by S.diacetilactis
an organism in which citrate lyase activity is constitutive,

has been shown to be through a transport system induced in



the presence of the substrate and by a process which is
energy-requiring (Harvey and Collins, 1962). The appearance

of spontaneous mutants of S.diacetilactis which had lost

the abil&%y to ferment citrate was reported by Collins and
Harvey (1968). These were found to be cryptic cit=mutants
which had lost the ability to transport citrate while
retaining citrate lyase activity. Evidence has recently
been presented to support the hypothesis that citrate
transport in this microorganism is probably plasmid-linked
(Kempler and McKay, 1979). Treatment of the organism with
acridine orange resulted amongst other mutants to some
which had lost the ability to utilise citrate. These cit=
mutants when examined for plasmid profiles were found to
have lost a 5.5 mega dalton plasmid. Cell-free extracts of
the cit-mutants as well as cit-cells treated with toluene
to destroy the permeability barrier showed the presence of
citrate lyase activity though lower than in the parent strain.
These results were suggestive of citrate transport being
piasmid-dependent. However one of the mutants (DRC1-X)

was cit  while retaining the 5.5 mega dalton plasmid. This
mutant was presumed to have undergone a point mutation on
the plasmid. E.coli is generally characterized by its
inability to grow on citrate as the sole carbon source.
Dagleﬁ and Dawes (1953a,b) observed that E.coli NCTC 5928
utilises citrate when cells are actively dividing in a
medium which also includes glucose, while the utilisation of
citrate by resting cells with induced citrate lyase activity

is negligible despite high levels of citrate lyase activity



in the cytogol. It has, therefore, been suggested that

the organism has -no active carrier for citrate transport
(Gunsalus, 1958; Davis, 1956)., More recently evidence has
been preaénted that citrate transport could occur in F.coli
as a plasmid-dependent activity (Sato et al., 1978; Ishiguro
et al., 1979; Ishiguro and Satdw, 1980). Several strains of

E.coli have been isolated from pigeons and farm animals,

which have the ability to grow on Simmons citrate agar.
Citrate-utilising ability in the cit™ strain waa _ transmissible
to recipient E.coli strains through conjugation. Trans-
conjugants had citrate-utilizing activity generally

associated with drug resistance. In a few instances citt
R™-transconjugants were obtained. Snmith ct al. (1978)

had reported the transmisbibility of thermosensitive plasmids
from strains of chloramphemicol-resistant Salmonelila
typhimuruim to a prototrophic E.coli K 12 strain. The
transformed E.coli utilised citrate as sole energy source.

Pseudomonas aeruginosa (Fagon and Asbell, 1966) and

an aconitase-mutant of B.subtilis (Willecke and Pardee,
1971), organismsthat lack citrate lyase activity, have

both been shown to transport citrate though substrate
induced carrier systems. Citrate transport in S.typhimurium
(Imai et ali, 1973; Kay and Cameron, 1978) and in Proteus
microbilis (Imai, 1978) is through complex systems, threce
distinct routes bheing induced by citrate and its analogues

for the transport of tricarboxylic acids.



3, METABOLIC ROLE AND REGULATION OF CITRATE LYASE _ 4t)

(i)Role in citrate metabolism:

Citrate lyase initiates the anaerobic metabolism of
citrate in several bacteria. The oxaloacetate formed in the
lyase rquiion is then converted to pyruvate through the
action of oxaloacetate decarboxylase. The sequence of
reactions catalysed by these two enzymes has been termed the
citrate fermentation pathway (Dagley andé Dawes, 1953a;
O'Brien and Stern, 1969).

l Since the simultaneous functioning of the fermentation
pathway and the citric acid cycle would lead to futile
cycles of antagonistic reactions, diverse regulatory
mechanisms operate in such microorganisms capable of
synthesising both citrate lyase and citrate synthase.

(ii)(a)Regulation in K.aerogenes:

Under anaerobic conditions, the growth of K.aerogenes
WCTC 418 on citrate as sole energy source specifically
requires the presence of Na+,a requirement essential for
oxaloacetate decarboxylasec activity in the organism (Stern,
1967; O'Brien and Stern, 1969). Under such anaerobic
growth conditions, the citric acid cycle is turned off
because of the repression of «£-ketoglutarate dehydrogenase
activity. Citrate break down then proceeds only through
the fermentation pathway. However, under aerobic growth
conditions on citrate, Nat is not required by this organism
and cells grown with or without vat utilise citrate through
the citric acid cycle with all enzymes of this pathway
becoming operative under the aerobic conditions. Antagonism by

by the fermentative pathway is prevented as citrate lyase
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and oxaloacetate decarboxylase are not synthesised under

the aerobic environment (O'Brien, 1975a; Wilkerson and Eagonﬁ
1972). Under controlled aerated conditions wherein no

oxygen te§sion is detected in the cultures, metabolism of

citrate ﬁéoceeds through the citric acid cycle in the

absence of Na+, but mainly through the fermentation pathway

in the presence of Na® (0'Brien et al., 1969).

The gross regulation under such growth conditions is
through the control of the synthesis of constituent enzymes
of the two divergent pathways, However, a mode of
regulation recognised more recently is through the
conversion of citrate lyase itself from an active acetyl
enzyme to an inactive deacetylated form (Buckel et al.,
1971a). Under in vitro conditions, the enzyme from
K.aerogenes rapidly undergoes inactivation through such
deacetylation during the course of the reaction it
catalyses (Singh and Srere, 1971; Srere et al., 1972),

The organism contains no citrate lyase deacetylase that
could inactivate the enzyme (Kulla and Gottschalk, 1977).
The microorganism however contains a distinct deacetyl
citrate lyase ligase which catalyses the reactivation

of the deacetyl enzyme to the active acetyl form in the
presence of acetate and ATP (Schmellenkamp and Eggerer,
1974) ..

Kulla and Gottschalk (1977) carried out several growth
shift experiments to study the mode of regulation of citrate
lyase and citrate synthase activities in K.aerogenes grown

in continuous culture. In cells grown anaerobically on
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citrate, citrate lyase activity appeared after an initial
lag period and increased uﬁtil the end of growth phase (12 h).
The enzyme was present mainly in the active acetyl form
with 1itt1€;or no deacetyl enzyme being present under the
in vivo conditions in the initial growth phase. The inactive
form was detected after 15 h period and considerable
proportions were apparent only after 24 h of incubation.
The growth shift experiments were carried out in continuous
cultures with ammonia as the growth limiting substrate
and changes in citrate lyase and citrate synthase activities
were monitored following growth shifts from anaerobic
growth on citrate to aerobic growth on citrate, aerobic
growth on glucose to anaerobic growth on glucose + nitrate.
Cultures shifted from "anaerobic citrate" to "aerobic

“+motell ghowed very low rates of synthesis of citrate
lyase and slow inactivation of the active enzyme while the
synthesis of citrate synthase was induced. Citrate lyase
was inactivated rapidly on shift from "anaerobic citrate"
to "aerobic glucose'", while citrate synthase formation
was induced but to levels significantly lower than in
aerobic growth on citrate. Growth difficulties were observed
during shift from "anaerobic citrate"™ to "anaerobic glucose"
with a marked but transient drop in cell population. This
was apparently caused by the persistence of citrate lyase
activity during induction of citrate synthase activity
after the shift leading to antagonistic and futile cycles
between the fermentation and citric acid pathways. An

evident cause for the stress was the depletion of glutamate
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since theyocultures after the shift showed a less marked
decrease in cell counts on supplementation with « -keto-
glutarate.

In these studies, citrate lyase inactivation was
observed to occur only under aerobic conditions. No
detectable citrate lyase deacetylase was present even in
cells grown aerobically on citrate. Oxygen was also found
to play no role in the inactivation phenomenon since cells
grown anaerohically on glucose in presence of nitrate also
showed marked citrate lyase inactivation. In batch cultures,
cells initially grown anaerobically on citrate when shifted
to aerobic glucose conditions showed complete inactivation
of citrate lyase activity in 90 min. This inactivation
was completely prevented by 2,4-dinitrophenol and delayed
by chloramphenicol. The results indicated that the
inactivation was dependent on electron transport processes
in the membrane and was energy dependent as observed in
the case of other enzymes e.g. nitrate reductases of

K.aerogenes, Proteus mirabilis and E.coli (do Groot and

Stouthamer, 1969; 1970a, b, c¢; Oltmenn et al., 19763
Showe and De Moss, 1968, van' T Riet et al., 1968) and
asparatate transcarbhamylase of B.subtilis (Waindle and
Switzer, 1973).

Regulétion in R.gelatinosa:

Regulation of the two antagonistic pathways in

R.gelatinosa follows a pattern distinctly different from

that in K.aerogenes. R.gelatinosa which unlike many

other phototropic bacteria, readily utilises citrate and



the regulation of citrate lyase activity in this bacterium is
through covalent modifications. A citrate lyase deacetylase
is present in this organism (Giffhorn et al., 1972). The
deacetylas¢ is activated only aftérf citrate is depleted from
the cultdgé medium and at this point Jdeacetylase inactivates
the citrate lyase to a deacetyl form. The deacetylase is
specific for R.gelatinosa citrate lyase and has no action

on the K.aerogenes and S.diacetilactis enzymes. L-Glutamate

strongly inhibits the R.geldtinosa deacetylase and in this
manner the glutamate pool is involved in regulation of
citrate lyase activity in the microorganism (Giffhorn and
Gottschalk, 1975b). Glutamate levels in turn are directly
related to the levels of its precursor, citrate, in the
medium. The depletion of citrate from the medium leads to

a drop in glutamate levels and the  deacetylase is activated
in the absence of its inhibition by L-glutamate. Citrate
lyase thus is inactivated only after depletion of citrate
from the growth medium. A citrate lyase ldgase required for
the activation of the deacetyl citrate lyase is also present
in the bacteriam, The ligase is active only in the presence
of citrate, light and anaerobic conditions (Giffhorn and
Gottschalk, 1975a). This ligase is rapidly inactivated after
the depletion of citrate from the medium (Antranikian

et al., 1978). The regulation of citrate lyase in the
organiém is thus through the chemical modifications brought
about by the two enzymes, citrste lyase deacetylase and
citrate lyase ligase, the deacetylase being rendered

inactive during citrate utilisation by the L-glutamate

0



derived from the substrate and the ligase being inactivated
after the depletion of citrate.

(e¢) Regulation in other bacteria:

The lactic bacteria g.diacetilactis and L.citrovorum

contain no citrate synthase activity and citrate is metabolised
only through the fermentation pathway (Giffhorn and
Gottschalk, 1975a). No mechanism for regulation is therefore
required in these microorganisms. In the case of Aerobacter
cloacée, citrate utilisation under both aerobic and
anaerobic conditions is unaffected either by the presence
or by the absence of Na+. Na® does not cause repression
of «{-ketoglutarate dehydrogenase as in the case of K.aerogenes
(0O'Brien and Geisler, 1974). Under anaerobic conditions of
growth however the synthesis of*'-ketoglutarate dehydrogenase
is repressed and citrate metabolism proceeds through the
fermentation pathway. Aerobic conditions result in
induction of « -ketoglutarate dehydrogenase and repression of
citrate lyase. Under conditions of controlled aeration
wherein oxygen tension in the medium is zero, citrate lyase
activily ic induced but oxaloacetate decarboxylase activity
is low rendering the fermentation pathway unoperative
beyond the initial cleavage reaction. Under suck cemtrolled
aeration conditions the organism was apparently under
stress:and showed low growth yields, obyiously. due to
energy loss through the futile cycles.

S.typhimurium specifically requires vat for aerobic

growth on citrate and the cells contain enzymes of both the



fermentation and citric acid pathways. The mode of
regulation in this instanée is not understood (O'Brien

et al., 1969).
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PRESENT INVESTIGATION

INTRODUCTION

Bacterial citrate lyase (EC 4.1.3.6) catalyses the
cleavage offcitrate to oxaloacetate and acetate in the

presence of divalent metal ions such as Mg2+ and Mn2+.

The
enzyme has been shown to be present only in procaryotes and

has been obtained pure from Klebsiella aerogenes (SivaRaman,

1961), Rhodopseudomonas gelatinosa (Beuscher, et al., 1974).

Streptococcus diacetilactis (Singh and Srere, 1975): ]

Kummel et al., 1975) and Streptoccccus faecalis (Hiremath

et al., 1976). The enzymes from these sources have been
shown to be complexes of three nonidentical subunits. The
enzyme complex from K.aerogenes, which has been investigated
the most, has equimolar amounts of three subunit polypeptide
chains of about 54 000, 32 000 and 10 000 daltons (Carpenter
et al., 1975; Dimroth et al., 1973; Singh et al., 1976).
The smallest subunit functions as an acyl carrier protein
and carries an essential acetyl moiety in thioester linkage
with a CoA-like prosthetic eroup (Dimroth, 1975; Oppenheimer
et al., 1979). The 54 000 daltons subunit functions as an
acyl transferase involved in citryl-ACF formation with
release of acetate; and the 32 000 dalton subunit catalyses
the subsequent cleavage of the citryl-ACP intermediate with
liberation of oxaloacetate and regeneration of acetyl-ACP
(Dimroth and Eggerer, 197% . Acetyl-CoA also serves as
substrate for the transferase and lyase activities (Buckel

et al., 1973; Dimroth et al., 197%.



The enzyme undergoes irreversible reaction inactivation
in the course of the reaction it catalyses presumably
through the loss of acyl group from the unstable citryl--ACP
intermediémé to the inactive deacetylated form.

Twe distinct types of citrate lyases are known
dependent on their reaction-inactivation behaviour. The
enzyme complexes from sources such as K.serogenes (Singh
and Srere, 1971) and R.gelatinosa (Kummel et al., 1975)
undergé severe reaction-inactivation while those from

S.diacetilactis (Singh and Srere, 1975) Leuconostoc

citrovorum (Kummel et al., 1975) and S.faecalis (Hiremath
et al., 1976) show only a weak reaction-inactivation with

rate constants lower by more than an order of magnitude.

GENERAL SUMMsARY OF PRESENT INVESTIGATION

The present studies add new knowledge to the structure
and mechanism of action of this enzyme system. Comparative
studies have also been carried out on the immunological
behaviour and on the structural differences between enzymes
representative of the class that undergoes severe reaction-
inactivation and the one that shows only weak reaction-
inactivation.

The salient features and significant results of the
present:investigations are summarised under the following

relevant sections.

I. Metal Binding studies on citrate lyase from K.aerogenes:

Although extensive studies have been reported on the subunit

composition of the citrate lyase multienzyme complex,
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relatively 1little is known about the nature of the interaction
between the enzyme and divalent metal cofactors. 1In
K.aerggenes the acyl exchange reaction involved in the
formépﬁon of a citryl-CoA or of the citryl-enzvme inter-
mediz2te has been shown to occur in the presence of LDTA, the
subsequent lyase reaction leading to the cleavage of the
citryl-intermediate requires the presence of a metal
co-factor such as Mg2+.
‘ In the present investigations the Aivalent metal binding
properties of pure citrate lyase from K.aerogenes h=zve been
studied by equilibrium dialysis assays using radioactive
54Mn012. The data obtained in these studies show for the
first time the cooperative binding of divalent metal
cofactor by citrate lyase. The enzyme complex from

2+—binding sites/mol

K.aerogenes has been shown to have 18 Mn
enzyme, the sites showing total positive cooperativity.
Binding of the divalent metal evidently involves a
conformational change in the enzyme complex, probably to a
form which is catalytically active in the cleavage reaction.
The allosteric behaviour of the enzyme could be a regulatory
mechanism of biological significance.
IT. Comparative studies on citrate lyases from K.aerogenes
and S.faecalis:
The enzymes from these two sources represent distinctive
classes of citrate lyases; the enzyme from the former
source undergoing severe reaction-inactivation and that from
the latter only a weak inactivation during the course of

the cleavage reaction it catalyses.
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The present studies were designed to investigate other
differences in the béhaviour and structure of these
dist;nctive.types of the enzyme. Inzymes from both sources
wcrégébtained pure by known procedures and the purity of the
preparation established by ultracentrifugal as well as
polyacrylamide gel clectrophoretic analysis.

(i) Imnunological behaviour

The immunological behaviour of the purified enzymes
indicated cross-reactions. Rabbit anti-sera against purified
K.aerogenes enzyme cross-reacts with S.faecalis enzyme in
double diffusion studies. Similar experiments carried out

with enzymes from X.aerogencs, S.diacetilactis and E.coli

have been reported to show no cross-reactions between these
three enzymes (Singh and Srere, 1975).

(ii) Kinetic behaviour:

Reaction-inactivation of citrate lyase has been shown
to be caused hy a deacetylation process leading to the
formation of the deacetylated Sil-citrate lyase (Srere et al.,
1972). The wezk reaction-inactivation observed in the case

of S.diacetilactis and L.citrovorum was attributed to the

association of a Si-citrate lyase acetvlating activity with
an enzyme complex (Kummel et al., 1975). However this was
shown not to be the case in the enzyme from S.faecalis

siﬁce the enzyme from this source has no associated SH-
citrate lyase acetylating activity and still undergoes only
a weak reaction-inactivation (Hiremath et al., 1976). TLater

work showed that even in S.diacetilactis the acetylating

activity was present as a contaminant (Bowim and
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Gottschalk, 1977). In the present study the kinetic
behaviour of the enzymes from K.aerogenes and §.faecalis

were studied. to deterﬁine whether the relative rates of
transigrasg and lyase activities could throw any light on

the &t}ferences in the reaction-inactivation behaviour

of thé two enzymes., The rates of the individual enzymic
reactions were determinecd using the deacetylated enzymes and
determining the rates of citryl-CoA formation and citryl-CoA
cleavage using acetyl-CoA to substitute for the corresponding
aéyl carrier protein derivatives. These studies indicated
that the relative rate of the lyase to transferase reaction
was actually Deper in the S.faecalis complex than in the
K.aerogenes enzyme-. This would indicate that the accumulation
of the unstable citryl intermediate which is known to
hydrolyse spontaneously is not the cause for the rapid
reaction-inactivation behaviour of the K.aerogenes enzyme.

(iii) Comparative studies on the chemical composition of

citrate lyases from K.aerogenes and S.faecalis:

Structural differences in the primary structure of
the non-identical subunits of citrate lyases from K.aerogenes
and S.faecalis were studied by fingerprint analysis.
Interesting differences were observed in fingerprints
of all three subunits separated from the two sources.
Thp corresponding subunits also show several homologous
péptide fragments. Subunit homologous relationships
in the tryptic peptide maps would suggest evolutionary
relatedness. This would indicate subunit divergence from

an ¢ angestral gene leading to present day bacteria.
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Definitive proof however must await the detemmination of the
c¢ntire ‘amino acid sequences in subunits of citrate lyase
from different sources.

,TQC pﬁeScnt studiecs are the first reports on such
dctaif?ﬁ comparative stufies between citrate lyases from

different sources.
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PART I
STUDIES ON INTLRACTION BETWEEN CITRATE LYASE FROM KLiBSIELLA

ABEROGENES AND DIVALENT METAL COF&4CTOR:

SULIMARY

Pure citrate lyase isolated from Klebsiella aerogenes

was preliminarily obtained Mg2+—free by extensive dialysis
against EDTA containing buffer solutions. The absence of
the metal was established by atomic adsorption spectro-
photometry. The enzyme complex was also shown to retain
its quaternary structure in 0.05 M Tris-HC1l buffer even
in the absence of the . dgalent metal.

The Mg2+-free enzyme was used for studies on Mn2+-
binding by equilibrium dialysis technique using radioactive

Mn2+ as probe. These studies have indicated for the first

time the cooperative binding of Mn2+ to the pure enzyme.

The enzyme has been shown to have 18 Mn2

+—binding sites, per
mol enzyme, the sites showing total positive cooperativity
with a Hill coeffi:cient of 2.27 + 0.05 and a dissociation
constant of 4.5 x 10771 at (Mn)free —> 9. These are

the first reports of the allosteric behaviour of the enzyme.

The biological significance of such behaviour in the

regulation of citrate lyase activity in vivo is discussed.



I.1.INTRODUCTION

It will be apparent from the foregoing survey of the
literature that little is known about the nature of the
interactidg&between citrate lyase and divalent metal
cofactor. Aspects dealt with in greater detail in the
GLNErAL INTXODUCTION but relevant to the present Chapter
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on metal-binding studies on citrate lyase are briefly summarised

here.

Bacterial citrate lyase (EC 4,1.3.6) catalyses the
cleavage of citrate to oxaloacetate and acetate in the
presence of divalent metal ions, such as Mg2+ and Mn2+
(Dagley and Dawes, 1955).

The enzyme has been obtained pure from several sources
(sivaRaman, 1961; Singh and Srere, 1975; Hiremath et al.,
1976; Giffhorn and Gottschalk, 1978) and shown in all
cases to be a complex of three non-identical subunits
of about 55 000 (<), 30 000 (B) and 10 000 (Y) daltons.

The subunit composition and function have been studied

extensively in the enzyme from K.aerogenes (Carpenter et al.,

1975; Dimroth et al., 1973; Singh et al., 1976). The
Y-subunit acts as an acyl carrier protein (ACP) and carries
an essential acetyl moiety (Dimroth et al., 1973). The

« -gubunit functions as an acyl transferase involved in
citryl-ACP formation with release of acetate and the
g-subunit catalyses the cleavage of the citryl-ACP
intermediate to oxaloacetate and acetyl-ACP (Dimroth and
Eggerer, 1975b)., Acetyl-CoA also serves as substrate for

the transferase and lyase activities (Buckel et al., 1973;
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Dimroth et al., 1977 . The transferase reaction proceeds
in the presence of EDPA, while the lyase reaction requires
thé presencé'of Mg2+ (Dimroth and Eggerer, 1975b; Buckel
et gl.é\1973). While extensive studies have been reported
on théTquaternary structure and the mode of action of the
citrate lyase complex, relatively little is known about the
nature of the interaction between the enzyme and divalent
metal cofactors. The formation of a binary Mn2+—protein
complex has been suggested from pulsed NMR gtudies on

partially purified citrate lyase from Streptoccoccus

diacetilactis (Ward and Srere, 1965l although the impure

nature of the preparation precludes unambigdous conclusions.

1.2, MATERIALS AND METHODS

MATERIALS:

Carrier-free 54Mn012 was obtained from the Bhabha
Atomic Research Centre, India. Streptomycin sulfate was
obtained from Hindustan Antibiotics Ltd., Poona. Acrylamide
and N-N'methylene biscrylamide were of electrophoresis
grade and were obtained from Eastman Organic Chemicals, USA.
Adenosine 5'-triphosphate (disodium s2lt) from Equine
muscle, Malate dehydrogenase from pig heart (specific

1.mg'1), NADH from yeast (disodium

activity 945 umol.min”
salt—BHZO grade III), crystalline bovine serum albumin and
primary standard grade Tris were obtained from Sigma
Chemicals Co., USA, A1l other chemicals were of analytical

grade.
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I.2 (i) Buffers:

A1l the buffers used in purification were prepared in
glass-distilied water by mixing and diluting 1 M stock
solut%én of dipotassium hydrogen phosphate and potassium
dihydrogen phosphate in the given proportion (Green and
Hughes, 1955). A1l the buffers excepting the 30 mM
potassium phosphate buffer, pH 7.0 used in the extraction
of the enzyme from sonicated cells, contained 1.6 mM Mg504.

The tris-HCl buffer was prepared from Trizma base.

1.2 (ii) Alumina gY gel:

The gel (Graée 4) was obtained aged from Calbiochem.,
USA and had a solid content of 3.25%. The gel was also
prepared according to the method of Willstater and Kraut
(1923) and aged at least 3 months before use.
1.2 (iii) D%fE-cellulose:

The anion exchanger DE-52 was obtained from Whatman Ltd.,
England, and could be used several times after washing with
0.5 M potassium phosphate buffer, pH 7.5. The exchanger was
first washed with water and then equilibrated by washing
three times with 100 ml lots each of 0.5 M potassium
phosphate buffer, pH 7.5 containing 1.6 mM MgSO4. This is
followed by washing three times with 200 ml lots each of
0.01 M potassium phosphate buffer, pH 7.5 containing 1.6 nM
Mg394. The exchanger was packed in a column (30 cm x 1.5 cm)
and the packing of the column was done under pressure. The
¢column was equilibrated by passing the buffer with the lower
molarity overnight through the column. When in use the

column was run under pressure at flow rates of 18-20 ml/h.
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I.2 (iv) Sepharose CL-6B:

The gel was obtained from Pharmacia Fine Chemicals,
Uppsala, Sweden. The sodium azide which is used as a
preseryative is washed off with water, and the gel is then
thorddﬁhly washed + "*° ~ with 0.05M potassium phosphate
buffer. The Sepharose CL-6B is packed into a column
(110 em x 2.5 cm) under gravitational pressure. The column

flow rates were 14-16 ml/h.

T.2 (v) Ammonium sulfate fractiohation:

In the early steps of the purification procedure,
powdered ammonium sulfate was used. The quantities of solid
ammonium sulfate required for the fractionation was read off
a nomogram where the concentrations are expressed in terms
of saturation at 0-32C, After the DEAE-cellulose and
Sepharose chromatography steps nuetralised, cold saturated
ammonium sulfate solution was used for precipitating the
enzyme.

I.2 (vi) BEquilibrium dialysis cells:

Cells used for equilibrating with 54Mn2+—containing
buffer were of the type descibed by Myer and Schellman
(1962) and were fabricated from lucite rods. Fach assembly
was constructed containing two separate sets of cells for
economy of space as shown schematically in Fig. I,1. Each
set of cells consisted of two eylindrical cavities (A, B)
separated by a circular Visking membrane (M) which was cut
with the precision cutting tool used generally for Beckman
ultracentrifuge cells. The cell size was designed to

accept such cut membranes and the compartments were sealed
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by compression, the capacity of each compartment was 1 ml.
Fitting of the cell compartments and sampling were through
capjjlaries (C) sealed during the equilibration with
polyetnylene washers (W) held in position by screws made
from Hﬁgh density polyethylene (S). The assembled cells
were clamped in a stainless steel.frame and agitated by
gentle rocking at 4°C, The cells were completely free from
leakage and no protein could be detected at the end of the
equilibration process in compartments in which only buffer

solutions were taken initially.

METHO IS

I.2 (vii) Growth and extraction of citrate lyase from

K.aerogenes cells:

Organism:

Klebsiella aerogenes (HCIC 418) was maintained routinely

on nutrient agar slants and subcultured every month. Before
subculturing into the citrate growth medium the organism
was inoculated into nutrient broth containing beef extract
(0.3%), NaCl (0.5%) and peptone (0.5%) adjusted to pH 7.0
with NaOH. DNutrient agar slants contained 2% agar.

Cultures were grown at 30°C for 16-18 h.

Growth of K.aerogenes cells:

- K.aerogenes NCIC 418 was grown without aeration
for 16 h at 30°C in 10 L flasks filled to the neck with the
medium. The medium in which the cells were grown was that
of Dagley and Dawes (1953a) and consisted of tri-sodium

citrate. 2H,0, 90 g; KH,PO,, 20 g3 (NH4)2304, 10 g;



Mg504.7H20, 4 g, pH adjusted to 7 with 40 ml of 2 N NaOH.
The latter two chemicals namely (NH4)2SO4 and Mg504.7H20
were autocléﬁed separate’y in 1.5 L of cistilled water and
then mixed with the rest of the medium, Cells were
preliﬁinarily adapted to the citrate medium by two
successive subcultures. Inoculum size was 10% of the final
volume. Cells were grown for 16 h after which they were
harvested in a Model A-12 Sharples supercentrifuge at

12 000 g. Each 10 L of medium yielded about 18-20 g of

wet cells. Wet cells could be stored about a week at -20°C,

without loss of enzyme activity.

Extraction of cells:

The enzyme was purified from batches of 110 - 120 g
of cells. All operations were carried out at O - 4°C.
Thawed cells were suspended in 0.03 M potassium phosphate
buffer, pH 7 in the proportion of 1 g wet weight of cells
to 4 ml1l of buffer and disintegrated in a Biosonik III
sonicator (Brownwill Scientifiec Co., USA). Sonications
were done twice at 20 Kc (300 W) for three minutes each time.
Cell debris was removed by spinning the suspension in the
Model L Spinco ultracentrifuge at 50 000 x g for 60 min,
the clear supernate “was adjusted to a protein concentration
of 0.5% with the buffer used in the sonication step.

I.2:(viii) Purification of K.aerogenes citrate lyase:

The enzyme was purified by a modification of the
procedure of Mahadik and SivaRaman (1968). The modification
involved treatment of crude sonicate extracts with ATP

and acetate for reactivation of any HS- citrate 1yase
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present in the extracts.

The enzyme was purified without storage, all buffers
contained 1;6 mM Mg304 to stabilise the enzyme. Batches
of Qodéml of crude enzyme were processed at one time. An
outli;; of the purification steps 75 described below.
A1l steps were carried out at 0 - 4°C.

aTP anAd acetate treatment:

The cruvde, sonicate extract was adjusted to a protein
concentration of 0.5% and was treated with ATP and acetate
to give a final concentration of 0,5 mM and 1 mM of ATP
and acetate, respectively. The extract was kept stirred for
15 min. This step is necessary to reactivate any HS-citrate
lyase which may be present in the sonicate.

Streptomycin sulfate treatment:

1.4% streptomycin sulfate was added to the enzyme
from the previous step to precipitate out nucleic acids.
The solution is kept stirred for another 30 min after which
it is left aside for one h. The solution is then spun for
40 min at 50 000 x g and the precié%te is discarded.

Adsorption on alumina CY gel:

First gel treatment: 8 ml of alumina C gel (4.7% solids)

is added to the above supernatant with constant and gentle
stirring. This treatment absorbs about 5% of the enzyme
activity. The solution was then spun at 3 000 x g for

20 ﬁin and the gel was discarded.

Second gel treatment: The supernatant from the first gel

treatment is now treated with 92 ml of the same

concentration of alumina Cr gel as used above. The gel is
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added with gentle stirring and after addition, the solution
is stirred for another 30 min. About 90 - 95% of the
remaining enzyme acti&ity was absorbed on the gel in this
manner. The. solution was again spun at 3 000 x g for 20 min
and the supernatant is discarded.

Elutién of the enzyme from alumina Cy gel: The buffer used

was 0.05 M potassium phosphate buffer, pH 7. The gel was
homogenised with 200 ml of this buffer for 15 min, after
which the suspension was again spun at 3 000 x g for 20 min.
The gel was discarded and the supernatant subjected to
ammonium sulfate precipitation.

Ammonium sulfate fraction: The eluate was treated with

ammonium sulfate to 0.2 saturation (20 g/200 ml). After

addition, the solution is spun at 50 000 x g for 30 min

and the precipitate was discarded. The supernatant was

again treated with ammonium sulfate to 0.5 saturation
eriginal vol.)

(38 g/200 m1/ and after addition, the solution was kept

gstirred for a further 15 min period. The solution was

then centrifuged at 50 000 x g for 30 min and the supernatant

discarded.

The precipitate was dissoived in 0.05 M potassium
phosphate buffer, pH 7.5 (about 5 ml) and left for dialysis
overnight against 0.01 M potassium phosphate buffer, pd 7.5.
DEAE-cellulose chromatography: The dialysed solution

(about 7 m1) is centrifuged at 10 000 x g for 5 min to
remove any turbidity and the clear solution is loaded on a
DEAE-cellulose column (30 x 1.5 cm) which is previously

equilibrated with 0.01 M potassium phosphate, pd 7.5.
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The enzyme was obtained by ion-exchange chromatography with
the help of a continuous gradient with increasing lonic
strength of potassium phosphate buffer in the range of
0.01'ﬁ£to 0.3 M. This concentration gradient was achieved

by ad;ing 200 m1 of 0.01 M potassium phosphate buffer, pH 7.5
to the lower chamber attached to column and addition of 0.5 M
potassium phosphate buffer, pH 7.5 to this buffer solution

at the same rate as it is flowing into the column, Fractions
of 3 ml were collected on an automatic fraction collector

and enzyme activity was detected by withdrawing a drop

of the fraction and testing for enzyme activity. The enzyme
usually eluted out between 90 - 120 ml. Fractions with the
highest enzyme activity were pooled (25 - 30 ml) and
precipitated with the continuous addition under stirring of
an equal volume of cold saturated ammonium sulfate solution
previously neutralized with aqueous ammonia to pH 7.0.

After 15 min, precipitate was collected by centrifugation

at 50 000 x g for 30 min. The supernatant was discarded

and the precipitate dissolved in the minimum volume of

0.05 M potassium phosphate buffer, pH 7.5 (1 - 2 ml).

Sepharose CL-6B gel filtration: The enzyme solution from

the previous step was loaded on a Sepharose CL-6B column
(110 em x 2.5 cm) equilibrated with 0.05 M potassium
phosphate buffer, pH 7.5, and eluted with the 0.05 M buffer.
Fractions of 2 ml were collected on an automatic fraction
collector and analysed for enzyme activity by withdrawing

a drop as sample from each fraction. The enzyme eluted

around 180 ml eluate volume and fractions with high enzyme
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activity were pooled and the volume reduced from about 20 ml
to 2-3 ml by ultrafiltration through an Amicon Diaflo PM10

membrane,

I.2 (i%) Equilibrium dialysis:

Princfiie: Tris-HC1 buffer, 0.05 M (pH 7.4) was used in
the equilibrium dialysis experiments. Tris under these
conditions has been shown to have no detectable interaction

with Mn2*

in EPR and MMR studies (Mildvan and Cohn, 1963).
The protocol used for the preliminary preparation of

samples for equilibrium dialysis involved the following

steps:

(1) Obtaining Mg2+—free enzyme by dialysis against 2 mM

£DTA + 50 mM potassium phosphate buffer, pH 7.5.

(2) Removal of the phosphate buffer by dialysis against

- Tris-HC1
2 mM EDTA 4+ 50 mM/buffer, pH 7.5. This is required to

prevent precipitation of Mn2+

in the presence of the
phosphate buffer, pH 7.5, when subsequent equilibrétion

is done directly against.Mn2+—containing Tris-HC1 buffer,
pH 7.5.

(3) Exhaustive dialysis of Mg2+-free enzyme in Tris-HC1
buffer, pH 7.5, against Tris-HC1l buffer, pH 7.5, containing
non-radioactive Mn012 of the desired concentration of free

2+ 2+

Mn~ . This adjusts the Mn® -free concentration inside the

enzyme solution to that of the dialysing buffer.
(4) Equitdbrium dialysis was carried out in analytical
dialysis cells using on one side of the membrane enzyme

2

solutions adjusted previously to known Mn *_free

concentration by thc exhaustive dialysis procedure outlined



in step (3) above and the final Mn2+-containing buffer used
for exhaustive dialysis treated with carrier-free 54MnCl2
on the otppr sid; of the membrane. The volume of carrier-
free 54Mn652 taken was negligible and dilution corrections
were insignificantly low and made no difference to the
deteﬂzned values. Because of prior equilibration to the
desired free—Mn2+ concentration, no volume change was
observed in the protein solutions through electrokinetic
transport of water (Myer and Schellman, 1962).

Experimental procedures: All dialyses were done at 0-4°C.

Preparation of Mg2+-free citrate lyase: Enzyme solutions
(4-8 mg/ml) were dialysed 24 h against 50 mM potassium
nhosphate-2mM LDIA (Ph 7.5) with 3 changes 250 vol. each.
BEquilibrium dialysis: Mg?+—free enzyme solution, prepared as
abtove, was dialysed 16 h against 500 vol. 50 mM Tris-2mM

EDTA (pH 7.5), then equilibriatédi by dialysis for 36 h
against 50 mM Tris (pH 7.5) containing non-radioactive

1J312 at desired concentration, with % changes, 250 vol.
each.

Of the final buffer against which the enzyme solution
had been equilibrated, 20 ml was treated 0.01 ml carrier-free
54Mn012 solution. The concentration of the buffer was
adequate to neutralise the HC1 present in the ~MnCl, with
a resuiting pH change of £ 0.1 unit. Addition of the small
volume of 54MnCl2 was assumed not to alter the total Mn2+
concentration in the buffer, being carrier-free. The trace
quantities of non-radioactive 54Cr, the decay product of

54Mn, was assumed not to compete with Mn2+ binding.
Dialysis cells were of the type described by Myer and
Schellman (1962) with 1 ml capacity compartments. Dialysis
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membranes were cut from Visking dialysis tubing pretreated
by boiling successively with 100 ml volume of 100 mM

NaHCOz - 10 mM EDTA and 100 ml volume of 100 mM acetic acid
and then again with the previous solution: the tubing

is thégirinsed with several changes of water double-
distilled in glass and finally with the equilibration

buffer before use. Cell compartments were filled with the
enzyme solution on one side and an equal volume of the
equilibration buffer with added 54MnCl2 on the other. The
cell-assembly was gently rocked for 24 h at O - 4°C until
equilibrium is reached as determined from preliminary trials.
Samples were withdrawn separately from the compartments for
both 54Mn and protein determinations. The ﬁ‘ee-Mn2+
concentration i.e. (Mn2+)f was taken to be that in the
buffer against which the enzyme had been dialysed

2+

extensively. The concentration of bound Mn“" i.e. (Mn2+)

b
was caloulated from the difference in radioactivity counts
between the enzyme solution and the corresponding equilibration
buffer. The stoichiometry of binding was calculated for
molecular weight 575 000 of the enzyme (Mahadik and SivaRaman,
1968).

Protein determinations: The method used for the determina-
tion of the protein during purification of the enzyme was

of Lowry et al. (1951). The procedure was standardised
against pure citrate lyase from K.aerogenes. Samples
containing streptomycin sulfate were first dialysed
exhaustively against water to remove the streptomycin

sulfate before protein estimation as the antibiotic



interferes with the estimation. The color was read either
at 500 nm or 750 nm depending on the color intensity and
protein was read off standard curves. Pure protein samples
werelglso estimated by the method of Singh et al. (1976)
using%ihe absorbance index El%cm of 6.2 at 278 nm. The
values obtained by both procedures were completely in

agreement.

Enzyme assay: Two different methods were used for estimating

the enzyme activity, the one routinely used in the
preliminary steps of fractionation was that described by
Mahadik and SivaRaman (1968). The test system (3 ml)
containing sodium citrate, 100 mM; Mg504, 10 mM, Tris-HCl
buffer, 50 mM, pH 8. The reaction was initiated with an
aliquot containing an equivalent of 5 - 10 pg of the enzyme.
The temperature at which the reaction was carried out was
28°C. The keto acid formed was estimated by the method of
Friedmanpand Haugen (1943) after stopping the reaction
with addition of 3 ml of 10# trichloroacetic acid. Initial
rates of the reaction were determined by values obtained at
15 secs.

The second procedure used for pure enzyme samples was
a slight variation of the coupled assay method described
by Singh and Srere (1971). The oxaloacetate produced in
the:citrate lyase reaction was assayed with malate
dehydrogenase in the presence of NAD, The change in
optical density was recorded at 340 nm. The test system
contained@ in 1 ml final volume, sodium citrate, 100 pmol;

Mg564, 10 pmol; Tris-HCl. buffer . (pH 8), 50 Mqmol; excess



of malate dehydrogenase (approximately 151pg); .-+ NADH,
0.1 - 0.2 pmol; 0.1 = 0.5 pg citrate lyase contained in
0.01 ml to ihitiate the reaction which was carried out in
a1 mi??apdcity cuvette of 10 mM light path. The temperature
of- tﬁg reaction was maintained at 28°C., A decrease of
6.22 in the optical density corresponded to 0.1 umol of
keto acid formed.
1 U of the enzyme is defined as the amount of enzyme
required for catalysing cleavage of 1 aamol of citrate per

min under assay conditions.

Optical density: Beckman DU or "odel 26 spectrophotometer
was used for taking all ontical density measurements. All
estimations by the coupled ascay method were carried out
on the Beckman Model 26 spectrophotometer equipped with
strip chart recorder.

pH measurements: All pH measurements were carried out on

a Phillips precision pH meter Model P.H. 9405 with a
combination‘glass electrode.
1.2 (x) Apalvtical ult trd fueation:

Analytical ultracentrifugal runs were carried out
o & Spinco Madel E ultracentrifuge equippeé with a
phase plate schlieren optical system and a rotor temperature
control device. A standard cell of 12 mm light path and
with: 4 °~-sector duralium centrepiece was used together with
a counterbalance with the usual drilled reference holes to
obtain reference points for the determination of ratdial.
distances from the axgs of rotation. .All determinations

were made at 2 - 5°C. Corrections for the stretching of
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the AnD analytical rotor at 59780 rpm was 0.02 cm determined
according to the procédure of Kegeles and Gutter (1951).
Photographicbplates of sedimentation profiles were read on a
model;érZOéO microcomparator of Gaertner Scientific
Corporation, USA,

Sedimentation coefficients were calculated in the usual
manner from the plots of the logarithm of distance of
sedimenting boundary from the axis of rotation versus time
(Schachman, 1957). The observed sedimentation coefficient
(sobs) were normalised to water at 20° (sgo’w) after
applying density and viscosity corrections according to

the equation:

Uy 5 1T -V Pw
= —_— _._+ ———— e et
820,% = Sobs (r}ea ) Sr)o - 1 - v.(’t )

where ny/n,, is the viscosity of water at t° relative to that
at 20°C: (n/go) is the relative viscosity of the solvent

to that of water; p20,w is the density of water at 20° and the
p; the density of solvent at t°., The term pi was calculated
from the relationship p, = (p/po) Pt ,w where (p/po) is the
relative density of solvent at any temperature 2and pt,w

the density of water at t°. The partial specific volume

(V) of citrate lyase from K.aerogenes has been computed

to ﬁe 0.737 ml.g—1 by Singh and Srere (1976) from amino acid
composition data, and this value was used in the

calculations.
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(1)

I.2.(xi) Pol lamid 1 elect l b s
The method used was that of Davis (1964).
Concentration of gel used was 5% and polymerisation was
achie;éd with 0.07% ammonium persulfate; the sample and
stackﬁhg gels were omitted. Buffer used with the separating
gel was that of Davis containing Tris-HC1 buffer, pH 8.3.
Unreacted ammonium persulfate was removed by a preliminary
electrophoresis of 90 min. About 50 mg: of protein
saturated with 30% sucrose was carefully layered on the
top of the gels in a volume of about 200 m1 and then the
Tris-glycine electrode buffer, pH 8.3 was carefully layered
on top. Bromophenol blue was used as the tracking dye.
Electrophoretic run was carried out at 4°C and 4 mA/tube
for about 6 h. After the run was complete, the gels were
stained overnight with 0.25% CoomasgieBrilliant Blue
prepared in water containing 45.4% methanol and 9.2% glacial
acetic acid. Destaining was achieved by diffusion in a
solution containing 7.5% glacial acetic acid and 5%

methanol in water.

e Ve V-

I.24§xii) Ultrafiltration:

The enzyme was concentrated to the desired volume

in a Amicon ultrafiltration cell of 10 ml capacity using

PM-10 membrane.



1.2 (xiii) Metal determinations

Manganese in stock solutions of MnG1, (200 mM) was
deternined chemically (Cook, 1941). >4)n was determined
by W—rayﬂpbectrometry using a model SC 603 Instrument
of the Eléctronics Corporation of India, Magnesium was
determined by atomic absorption spectrophotometry using
a Perkin Elmer iModel 303 instrument.

Wagnesium was determined after wet combustion of
lvophilized protein samples with concentrated HCl/HNOB,
3:1 (v/v).

~3

<.



I.3. RESULIS

I.3 (i) Purification of citrate lyase from K.aerogenes:

«.The results obtained in a representative batch for
the#pﬁrification of citrate lyase from K.aerogenes are
summérized in Table I.1. It will be seen from Table I.1
that the inclusion of the activation step with acetate and
ATP results in approximately 25% enhancement of the citrate
lyase activity in the cell free extracts of the organism.
This increase would indicate the presence of some inactive
deacetylated enzyme in the sonicate. The presence of the
enzyme acetate: ©SH (acyl carrier protein) citrate lyase
ligase (AMP) in K.aerogenes has been established earlier
(Sschmellenkamp and Eggerer, 1974) and the reactivation
observed in the present procedure would be through the
action of this enzyme. The inclusion of this step resulted
in a final enzyme preparation with uniformly high specific
activity in the range of 70 - 90 U per mg of protein, The
tinal recovery of about 2g# of initial activity compares
with the yields of about 28% reported originally by Mahadik
and SivaRaman (1968),

The final enzyme preparation was homogeneous both
ultracentrifugally and electrophoretically. The
sedimentation profile of a representative preparation is
shown in Fig. I.2. The enzyme sediments as a single
symeetrical peak characteristic of a homogeneous
preparation, Polyacrylamide gel electrophoretic pattern
of the stained protein is shown in Fig. I.3. A single

band confirms the homogeneity of the preparation.



TABLE I, 1

Purification of gitrate lyése from Klebsiella aerogenes

Wet weight of célls: 120 g

T
M Volume

Fraction nl

Protein Total Specific Yield
activity activity
meg/ml U U/mg %

Cell-free extrzct 437

Cell-free extract 43%6
+ acetate + ATP

Streptomycin sulfate 430
treatment followed

bty centrifugation to
remove precipitated
nucleic acids.

0.05 M buffer 200
eluate of second
alumina CY gel

Ammonium suvlfate 5
fraction (0.2 -

0.5 Sat.) dissolved

in 0.05 ¥ buffer,

pH 7.5.

DEsl-cellulose 2
fraction poocled
and fractionated
with sggurated
T
(NL4)2 2 and

the precipitate
dissolved in
0.05 M buffer,
pH 7.5

Sepharose CL-63 g
fractions after
concentration over
ril-10 membrane by
ultrafiltration

5.0 3822 1.75 -
5.0 4796 2.2 100

3.8 4085 2.5 85

2.52 2520 5.0 52.5

30.0 2280 15.2 47.5

14.5 2009 69.0 41.8

6.9 1242 90.0 26.







FIG. I, 2 SEDIMENTATION PROFILE

OF CITRATE LYASE

FROM K.&aerogenes

Protein concentration
Buffer

Speed
Temperature
Phase plate
Time

3.5 mg/ml

- 0.05 M potassium
phosphate buffer,
pH 7.5 with 1.6 mM
Mg304.

- 59 780 rpm

- 5°C

- 60°

- 40 pin,






FIG, I.3 POLYACRYLAMIDE GEL ELECTROPHORESIS OF
NATIVEL CITRATE LYASE FROM K.sEROGLNES
5% gel; Tris-glycine buffer, pH 8.3;
4 mA/tube 3 h.
Protein loaded 30 ug.
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L3 (ii).P £ £ 2+-E itrate ] .
Enzyme solution which had been exhaustively dialysed
against demM potassium phosphate - 2 mM EDTA (pH 7.5)

weréiwet‘combusted and assayed for Mg2+-contant by atomic

~

atsorption spectrophotometry as described under MATERIALS

AND METH0DS, The results are summarized in Table I.2.

TABLL 1,2

K.aerogenes citrate lyase solutions (4 - 8 mg/ml) were
dialysed 24 h at O - 4°C against 50 mM potassium phosphate
- 2 mM EDTA (pH 7.5), with 3 changes, 250 vol. each.
Samples containing about 10 mg protein were wet combusted

and analysed for Mg2+ by atomic alisorption spectrophotometry.

Conditions /Mngi/mol enzyme

50 m¥ petassium phosphate - 2 mif 0.0
EDTA (pH 7.5)

At i 2+

citrate lyase from K.aerogenes:

For the unequivocal interpretation of protein~ligand
binding data it becomes necessary to determine whether the
macromolecule retains its state of aggregation or not in the
piesence of the ligand species. In the present study this
was examined by determining the cedimentation coefficient
which in turn is an indicatdon of theé molecular size, shape

and density of the protein. The sedimentation behaviour



1 ]
) &

of citrate lyase from X.aerogenes was therefore determined
both in the absence and presence of Mg2+ and under conditions
where Mg2+ is replaced by Mn2+. The sedimentation

beﬁgyiour of the enzyme in the absence and in the presence
of‘ﬁé2+ is described in Fig. I.4 and Fig. I. 5 respectively

and the results are summarized in Table I.3.

TABLE 1.3

Sedimentation behaviour of citrate lyase from K.aerogenes.

Speed 59 780 rev;/min; temp. 2.2 - 4.5°C.

Enzyme Buffer solution sS
(PH 7.4 - 7.5) 20,w
(s)
Mg®* - free 2 mM EDTA-50 mM Tris-HC1 17.6
Native 2 mM MgSO4—SO mM Tris-HC1 17.8
Mn?* 2 mM MnCl,-50 mM Tris-HCl (30'4% = 16.7)
2 20,w

It will be seen from Table I.3 that the Mg2+—free
enzyme and the enzyme in the presence of the metal have
almost similar 350 w Values of 17.6 S and 17.8 S,

3

regpectively. The sedimentation value of the Mn2+—enzvme

2+—free enzyme with 2 mM

obtained by equilibrating the Mg
MnCl,-50 mM Tris HC1 (pH 7.4) was 16.7 at 4 mg/ml protein
concentration which is similar to that of corresponding
concentration of the enzyme in presence of Mg2+. The
absence of Mg2+ as well as tre replacement of Mg2+ with
Mn2+ evidently causes no cha@nge in the ~quartermary

structure of the enzyme under the conditions used.
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FIG.I:4 DETERMINATION OF szo,wVALUE OF Mg -FREE CITRATE
: LYASE COMPLEX FROM K. AEROGENES.
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I.3 (iv) Manganese binding:

2+

The saturation curve of Mn binding is presented

in Fig. I,é.

" $aturation of binding sites is reached at free-Mn*

conggntrations greater than ~ 1 x 10-3M where 13 g atoms

of the metal are bound to 1 mol enzyme. The sigmoidal

plot is diagnostic of positive cooperativity. The interacting
site behaviour is more apparent in the HWill (Koshland, 1970)
and Scatchard (1949) plots shown in Fig. I.7 and Fig. 1.8,
respectively.

The Hill plot (Fig. I.7) shows linearity over the
entire ligand concentrstion range used. The Hill coefficient,
Ny1s calculated from the slope of the Hill plot has a value
of 2.27 + 0.05, indicating a significant extent of positive
cooperativity in metal binding. The presence of a maximum
in the Scatchard plot (Fig. I.8) is allso characteristic of
positively cooperative ligand binding (Schreier and
Schimmel, 1974), particularly since the ultracentrifuge
data rule out any metal-dependent dissociation-association
effects. The Scatchard plot has an intercept which passes
through the origin at (Mn)free—-} 0 , which would rule out
the presence of any independent, non-interacting sites
(Schreier and Schimmel, 1974; Danchin, 1972). The total
number of Mn2+-binding sites/mol enzyme is 18 from the
eitrapolated value of the intercept of the Scatchard plot
with the abscissa axis at (Mn)free-é @.

The microscopic dissociation constand K % of the

a,
Mn2+-citrate lyase complex for the last binding step was
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FIG I:7. HILL PLOT OF Mn2* CITRATE LYASE BINDING DATA .

Y IS THE FRACTIONAL SATURATION OF THE ENZYME
WITH Mn%} ASSUMING 18 BINDING SITES/ MOL ENZYME
UNDER SATURATING CONDITIONS _

DATA POINTS PLOTTED ARE FOR Y VALUES IN THE RANGE
0:02 —0-98

THE STRAIGHT LINE IS THE LEAST SQUARES FIT OF
EXPERIMENTAL DATA.
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calculated from the 1limiting slope of the Scatchard plot

at (Mn)free —> @0 (Bartholmes et al. 1976), using the

5

relationsﬁip, slope = —1/Kd n A value of 4.5 x 10 "M was
. ’

obtgined‘for saturating conditions of divalent metal

.\ }.\
concentration from the approximately linear region covering
the last 3 points of the Scatchard plot with values in the

2

range 17 - 18 Mn“*-binding sites/mol enzyme.

DISCUSSION

Citrate lyase is strictly dependent on the presence of

divalent metal ions for its cleavage activity. Mgt, un°Y,

Zn2+, F92+ 2

and Co°" have been shown to be effective for the
enzyme from K.aerogenes and E.coli (Dacley and Dawes, 1955).
Ward and Srere (1965) have shown the probable formation of

a binary Mn2+—protein complex with a partially purified

preparation of citrate lyase from S.diacetilactis in pulsed

nuclear magnetic resomance studies. The impure nature of
the enzyme preparation, however, precludes unequivocal
interpretation, Ward anéd Srere (1965) could show no
ternary complex formation with substrate and concluded that
the metal-enzyme complex probably acts upon free citrate.
The present studies show for the first time the
cooperative binding of a divalent metal cofactor by citrate
lyase. The enzyme complex from K.aerogenes has been shown

to- have 18 Mn*

binding sites/mol enzyme, the sites showing
total positive cooperativity. Binding of the divalent metal
evidently involves a conformational change in the enzyme

complex, probably to a form which is catalytically active



in the cleavage reaction.

This finding haé been confirmed in recent data obtained
in tgis Laboratory by an entirely different approach
(Tikéﬁe, }979). In these confirmatory studies, cross-linking
expefiments were carried out using the reactive bifunctional
reagent, dithiobis-(succinimidyl propionate) (DSP), a reagent
first described by Lomant and Fairbanks (1976) which has an
extended span of 12 A (Brage and Hou, 1976). Such
bifunctional reagents are useful for the study of subunit
spatial arrangement. in oiigomeric and multicomponent
proteins (Davis and Stark, 1970). The use of the bifunctional
reactive ester, ISPy with citrate lyase from K.aerogenes
in the presencé of Mng yielded a cross-linked species of
178 000 daltons, This molecular weight corresponds to
a dimer of cross-linked £ - and A -subunits which was
confirmed after cleavage of the cross-links. However,
rrooo-linking with DSP in the absence of the divalent metal
yielded significantly lower amounts of the 178 000 daltons
aggregate together.with almost equal amounts of a 200 000
dalton species, probably corresponding to a <% Bo Y2
cross-linked aggregate. These results confirm directly the
present finding that divalent metal cofactor binding fo
citrate lyase leads to a conformational change in the
enzyme complex. The slight difference in sedimentation

coefficient SSO w Values of 17.6 for the Mg2+—free enzyme
’

2

and 17.8 for the Mg o enzyme Might also probably be due to

conformationally distinct states of the enzyme complex.
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The present observations contribute the first
evidence for the allosteric behaviour of the citrate lyase
complex. Allosteric modulations play an important role
in the regulation of metabolic activity at the enzyme
levéi: The mechanism of action of citrate lyase from
K.aerogenes is known to involve two consegqutive reactions.
The initial acyl transferase reaction is catalysed by the
54 000 dalton «-=subunit resulting in the formation of
citryl-ACF (citryl Y -subunit) intermediate in presence
of the substrate with displacement of the essential acetyl
group on the enzyme as acetate. The subsequent cleavage
of the citryl-intermediate is catalysed by the 32 000
dalton lyase (8-) subunit with formation of oxaloacetate
and the receneration of acetyl-4CP (Dimroth and Eggerer,
1975b). The former reaction proceeds even in the presence
of EDTA in excess, while the latter requires the presence
of divalent metal ions as cofactor. The mechanism of
actinon of the citrate lyase complex requires the oscillation
of the acyl function on the ACP f;ksubunit) compongnt
between the active sites on the transferase (K-) subunit
and the lyase (g-) subunit during the course of the citrate
cleavage reaction (Srere and Singh, 1974; Dimroth and
Eggerer, 1975b). A model of subunit interaction suggested
for the coupled reaction by Srere and Singh (1974) is
represented in Fig. I.9 (i), The evidence obtained in
the present study establishes that the binding of metal

cofactor to the enzyme leads to a conformational change
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in the structure of the complex. The conformation of the
divalent me}al cofacfor-enzyme complex is a prerequisite
for FQF cleavage (lyase) reaction, In the absence of the
metai#%ofactor, only the transferase reaction proceeds with
accumulation of the labile citryl-ACP intermediate. &
speculative model in which the conformation of the lyase
(=) subunit is presumed to be modulated by metal cofactor
binding is shown in Fig. I.9 (ii).

The allosteric behaviour of the enzyme could be a
regulatory mechanism of biological significance. Citrate
lyase from K.aerogenes undergoes rapid inactivation in vitro
during the course of the reaction it catalyses through a
process of deacetylation (Singh and Srere, 1971; Singh
and Srere, 1975). However such reaction-inactivation has
been shown to piay no role in citrate lyase regulation in
viyo (Kulla and Gottschalk, 1977). The inactivation in vivo
has been shown to be energy.dependent (Kulla and Gottschalk,
1977). Conformational mofulations in citrate lyase complex
coulé be a possible mechanism of regulation, if the
requirement 6f energy is assumed to be for the formation
or utilization of métabolite(s) acting either directly as

2+

modulator(s) or indirectly through complexing of Mg“' . The

earlier speculation (Blair et al., 1967) that a mechanism

for repulation of citrate lyase activity in the cell could
be through the ability of ATP to chelate metal ions, could
indeed Be so through modulation in the conformation of

citrate lyase when Mg2+ is abstracted from the complex.
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(i1) Without M

FIG.1.9. SPECULATIVE MODEL OF METAL COFACTOR

INTERACTION WITH CITRATE LYASE FROM
K. aerogenes,

(Dimensions from Bewuscher ?al. 1974 Syere & S{;y{, 1974)
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Several key enzymes of metabolic pathways, such as

nitrate reductases of K.aerogenes, P.mirahilis and E.coli

(de_Groot and Stouthamer, 1969; 1970a,b,c; Oltmamn et al.,
19?%% Showe and De Moss, 1968; van'T Riet et al., 1968)
ané?asparatate transcarbamylase of B.subtilis (Waindle and
Switzer, 1973) have also been shown to be inactivated

in vivo only in the presence of an energy source. Although

in these instances the regulation has been assumed to be
- through the energy-dependent generation or utilization
of metabtolites, which function as modulators, the

mechanism of control is not understood.
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PART II

COMPARATIVE STUDIES BETWEEN CITRATE LYASES FROM
K. aerogenes and S. feecelis




COMPARATIVE STUDIES BETWEEN CITRATE LYASES FROM K
END 5. faecalis

SUMMARY

Comparative studics on citrate lyase complexes from the

two sources, K.aerogenes and S.faecalis have been carried out.

ERb

The enzyggg’from these sources are representative of the
two classés of citrate lyases, ones that undergo severe
reaction-inzactivation and ones that show markedly weaker
reaction-inactivation behaviour,

The enzyme complexes from K.aerogenes and $.faecalis
have been shown to cross-react immunologically. Enzymes
from other snurces have hitherto been shown to be
immunologically distinct.

The steady-state concentrations of citryl-Cod, the
intermediate in the acetyl-CoA dependent cleavage of
citrate in presence of deacetylated citrate lyases from
X.aerogencs and S.faecalis have been estimated. 1In the
reaction catalysed by the enzyme from K.aerogenes the
concentration has been shown to be markedly lower than in
the reaction catalysed by the S.faecalis enzyme. These
results are indirect evidence against the hypothesis that
reaction-inactivation behaviour is determined solely by
the spontaneous degradation of a labile citryl-intermediate.

Homologous relationships were detected in the tryptic
peptide maps of corresponding subunits of citrate lyase
complefes from K.aerogenes and S.faecalis. These are the
first reports on the detailed structural similarities
hetween citrate lyases from diverse sources. The data
might indicate divergent evolution from a common

ancestral protein.

84
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11,1 INTXODUCTION

Considerahle intereét has teen focussed on the citrate
lyase comglex\bn-account of its unusual multienzymic nature
with a Buflt—in acyl carrier protein (ACP) which contains
a 'covaleﬁtly attached CoA-like prosthetic group. The
enzyme from K.aerogenes which has been studied the most has
been shown to contain three non-identical subunits of
54 000 (), 32 000 (8) and 10 000 (Y) daltons; with
equimolar amounts of each viz. 6 copies of each type
(Singh et al., 1974; Carpenter et al., 1975; Dimroth
and Eggerer, 1975a). The smallest subunit carries an
essential acetyl group and functions as an 4CF (Dimroth
et al., 1973). The 54 000 dalton (%) subunit functions as
an acyl transferase and catalyses the first of a two step
reaction in presence of citrate leading to the formation
of citryl-ACP with elimination of the essential acetyl
group as acetate. The subsequent cleavage of the citryl-
ACP intermediate is catalysed by the 32 000 dalton ()
subunit which functions as a lyase to regenerate acetyl-#CP
with release of oxaloacetate (Dimroth and Eggerer, 1975b).
The enzyme undergoes severe reaction-inactivation with
loss of essential acetyl residues to give the deacetyl
enzyme in the course of the reaction it catalyses (Singh
and Srere, 1971; Singh and Srere, 1975).

Citrate lyases obtained pure from diverse bacterial

sources such as Streptococcus diacetilactis (Singh and

Srere, 1975; Kummel et al., 1975), Rhodopseudomonas
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gelatinosa (Giffhorn and Gottschalk, 1978), Streptococcus

faecalis (Hiremath et al., 1976) have all been shown to be
closely pg}ated in subunit structure and stoichiametry

as well a#}in subunit function to the enzyme from
g.aerogegég. 411 the enzymes also undergo reaction-
inzctivation with the loss of essential acetyl residues.
Howevey, some like the enzymes from K.aerogenes and
R.gelatdnosa undergo severe reaction-inactivation while

those from S.diacetilactis and S.faecalis are inactivated

at markedly slower rates with fate constants for reaction-
inactivation 10 - 20 fold lower than of the former group
(Singh and Srere, 1975; Hiremath, 1977). The weak
reaction-inactivation in the latter group of ' : enzymes

was believed to he cdue to the association of a HS-citrate
lyase acetylating activity with the native citrate lyase
complex (Kummel et al., 1975). This was shown not to be so
by Hiremath et al. (1976) and later by Bowien and Gottschalk
(1977), the ligase activity reported earlier (Kummel et al.,
1975) being due to a contaminating ligase activity which
could be separated from the citrate lyase complex.

Despite the striking similarities in the quaternary
structures and sutunit functions of citrate lyases from
various sources, the enzymes from difference sources have
hitherto been shown to be immunologically distinct. 1In a

comparative study of the immunological behaviour of citrate

lyases from K.aerogenes, S.diacetilactis and E.coli.
Singh and Srere (1975) showed that the enzymes from

S.diacetilactis and E.coli do not cross react with the




rabbit sera against pure citrate lyase from K.2erogenes
in double Adiffusion experiments. Likewise, rabbit
antisera against purified S.diacetilactis enzyme was shown

to gi&e precipitin ban?s only with the antisera against
o

enzyme from the same source.

The present study was mainly directed towards under-
standing of the structural homologies between citrate lyases
from the two sources, K.aerogenes and §.faecalis. Studies
on the immunological tehaviour of the enzyme from the
two sources showed that citrate lyase from S.faecalis
cross-reacts with rabbit antisera against pure citrate
lyase from K.aerogenes. In similar studies the immunological

difference~ between the K.aerogenes and S.diacetilactis

enzymeswas confirmed.

As pointed out earlier, citrate lyase from K.aerogenes
and from S.faecalis represent two distinct types in so
far as reaction-inactivation behaviour is concerned; the
former undergoing severe re=ction-inactivation and the
latter only weakly so. The differences observed in the
reaction-inactivation behaviour of these two distinct
types of citrate lyase complexes could he attributed either
to an enhanced stability of the citryl-intermediate towards
hydrolytic cleavage or to inherent differences in the relative
rates of formation of the citryl-intermediate and its
subsequent cleavage. The latter aspect was studied in the
present investigation using deacetylated enzymes from
K.aerogenes and S.faecalis and determining the comparative

rate constants of the formation of the intermediate
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citryl-Co& in presence of acetyl-CoA and of the subsequent
cleavage of the citryl-Col to yield acetyl-CoA and oxaloacctate.
Thesg.estimates were made from kinetic analysis of the
traégﬁenf phase an? the steady-state of the reaction.
“hile citrate lyases from different sources have
been shown tc contain three non-identical suhunits of
approximately similar sizes, no information is available
on subunit homology. Citrate lyase functions as a key
énzyme in the anaerobic metaholism of citrate. The first
anaerobic bacteria to evolve under the primitive atmosphere
presumatly developed vrimordeal citrate fermentation
ability. From such a beginning it is 1likely that other
lyase activities towards citrate, such as citrate 'synthase
and 8TF-citrate-1yase developed evolutionarily
(Srere, 1968).
As a first step towards the studv of evolutionary
relatedness between citratc lyases from different
bacterial sources, K.aerogenes and J.faecalis homologous
relationships were studied in their tryptic peptide maps
of the separated subunits of the pure enzymes from the two

sources.

I1,2 MATERIALS AND eTHODS

MATEAIALS :

A11 chemicals used were of the highest purity
available. Sodium dodecyl sulfate (SIS) was a preparation
of Hico Produvcts,Pvt. Itd., Bombkay. Analytical grade

hydroxylamine hydrochloride (NHZOH.HCI) was obtained from



BDH Ttd., and a neutralised hydroxylamine solution, pH 7.0
equal volumes of 28%

was prepared by.mixing/14% NaOH and /NH,0H.HC1 (stadtman,
1957). Fegsh 501ut10ns were prepared just before use.
5,5'—Ditﬁiébis(2—nitrobenzoate) (DINB) was from Calbiochem,
USs; Trizma base and acetyl-Cof were obtained from Sigma
Chemical Co., USA. Dithiothreitol (DTT) was also from
Sigma Chemical Co., USA. Urea was of analytical grade
(BDH)‘chemical. It was recrystallised from fzqueous
methanol and the crystals stored dry over P205 in vacqum.
Solutions of about 10 M conceﬁtrations were made fresh
just before use and passed through a column of Amberlite
monobed resin MB-1 prior to use to remove any cyanate
ions (Freedman, Slobin, Robbins and Sela, 1966). Trypsin
(type XII, 2 x crystallised) was obtained from Sigma
Chemical Co., USA2- Mercaptoethanol was from Fluka AG.
Buchs. SG. Citrate synthase was from Sigma Chemical Co.

(specific activity 1557umol.min™ '.mg~'). Agar used
for double diffusion and for immuno&lectrophoresis was
Noble agar of Difco Chemical Co., USA. BsCTO ADJUVANT
COMPLETE FREUND (containing paraffin and 4ycobacterium
butyricum) was from Difco Laboratories. These chemicals
are besides those described in Part I of this thesis.

All solvents used in papcr electrophoresis and
chromatography were freshly distilled analytical grade

reagents.

Buffers and all other reagents used in the purification

steps were similar to those in Part I.
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HELIODS

11,2 (i) Growth 2nd extraction of citrate lvase from

K.aerogene§ cells:

ﬁﬁ?hg ehé"mc from g.acrogenig_wus prepared as described
in Tﬁ%t I of this thesis. The enzyme was aseayed as
described earlier (Part I of this thesis). Enzyme uscd
had a specific activity of 30 ~ 90 U/mg and was
ultracentrifugally and electrophoretically pure.
I1.2 (ii) G ) i tracti ¢ citrate lyase f

S.faecalis cells:

Organism:

Streptococcus faecalis 10CI was a gift from Professor

T.C. Gunsalus, University of Illinois, USA. The organism
was maintained routinely on nutrient agar slants. Before
subculturing it was inoculated into the following enrichment
mediumt 100 ml of the medium contained glucose, 0.5 g;
lactose, 0.5 g; liver extract, 0.6 g; yeast extract, 0.5 g;
sodium acetate, 0.6 g; and the usual minerals, pH 7.6.
Organism was grown for 24 h at 37°C and subcultured every
2 - 3 weeks.

w S . faecalld 1ls:

S.faecalis 10CI was grown without aeration in 10 L
flask filled till the neck with the medium. The growth
medium had the following composition: Na3—citrate.2H20,
100 g; KH,PO, , 20 g; (NH4)2504, 10 g; Mgbo4.7H20, 4 g;
yeast extract, 50 g; peptone powder, 50 g and water to
make upto 10 L after the pH had been adjusted to 7.2 with

2 N NaOH. Mg504.7320 and (NH4)2504 were autoclaved
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separately in 1.5 L of water and then added to the rest
of the medium to avoid precipitation. An inoculum of 10%

final volume comprising of cells adapted to growth on citrate

Ty

is ffgélly\added to the medium and the flasks incubated at
37°C for 24 - 30 h., The cells were harvested in a
Sharples Model A-12 supercentrifuge and washed once on the
centrifuge with 2 L of 0.03 M potassium phosphate buffer,
pH 7. Each 10 L batch of medium yieclded abouvt 10 - 20 g
of cells. The cells were not very stable to storage and
were stored frozen for not »more than a week.

The enzyme was purified by the method described by
Hiremath et al. (1976).

Extraction of cells:

The enzyme was purified from tatches of 80 - 100 g
of cells. Temperature of sonication was maintained at
0-4°C. The cells were suspended in 0.03 M potassium
phosphate buffer, pH 7, to a cell concentration of 1 g/3.5 ml
buffer. The sonication was carried out at 20 Ke (300 ¥) for
3 min in :the Biosonik III (Bronwill Scientific Co., USA).
sonicator. The sonicate extract was centrifuged at 50 000 x g
for 45 min at 4°C and the cell debris was discarded. The
supernatant was adjusted to a protein concentration of 0.5%
with the same buffer as that used for sonication.

I1.2 (iii) Purification of S.faecalis citratc lyase:

As the crude enzyme is unstable on storage, all the
purification steps were carried out continuously. A1ll
operations were carried out at 0 - 4°C and all buffers used-

included 1.6 mM MgSO,. Batches of 300 ml were run at a time.
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ATP and acetate treatment:

The enzyme solution containing 0.5% protein was kept
stirred and’treated with acetate and ATk to give final
conceﬁﬁ%étions of 1 mM and 0.5 mM respectively. This step
was dohe to ensure that all the citrate lyase is in the
active form. The solution was kept stirred for about half
an hour,

Streptomycin sulfate treatment:

The crude extract was then treated with streptomycin
sulfate (1.4%) which was added gradually and with vigorous
stirring. The solution was kept stirred for a further
period of one hour after which it was spun at 50 000 x g for
45 min. This step was to remove the nucleic acids which
are precivitated out with the antibiotic.

Alumina G gel:

First gel treatment: Alumina G, gel (4.7% solids) wes

added to the supernate from the streptomycin sulfate step
till arout 5-8% of the activity was absorhed (5-8 ml gel).
The gel was added with stirring after which it was spun off
at 2 000 x g for 10 min anéd the supernatant sutjected to

a second gel absorption step.

Second gel treatment: 92 ml of alumina Oy gel (4.7% solids)

was noW added to the first gel supernate fraction till 95%

of. the enzyme activity is absorbed. The solution was kept
stirred for another half an hcur and then spun at 2 000 x g
for 20 min. The gel was processed further and the supernav: .

was discarded,
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Washing of the gel: The gel was washed with 0.01 M potassium

phosphate buffer, pH 7 in a homogenizer. The suspension
was spun at'é 000 x g for 20 min and the éupernatant
discarded.’

\1\3.\

Elutidn of activity from the gel: The washed gel was now

homogenized for 15 min with 0.05 M potassium phosphate
buffer, pd 7. The suspension was spun at 2 000 x g for
20 min, the gel discarded and the eluate processed further.

Ammonium sulfate fractionation: The eluate from the

previous step was kept stirred and powdered ammonium
sulfate added to a 0.5 saturation (29 g/100 ml). The
fraction was spun at 5 000 x g for 10 min and the precipitate
discarded. The supernatant was then treated further with
original vol.)
powdered ammonium sulfate to a 0.8 saturation (23 g/100 m1)
and was kept stirred for a further 15 min, after which it
was spun at 50 000 x g for 20 min. The supernatant was
disearded and the precipitate was dissolved in 0.05 M
potassium phosphate buffer, pi 7.5 (2 - 3 ml) and dialysed
against the same buffer for 16 h.

Ditl-cellulose chromatography: The dialysed enzyme solution

was spun at 10 000 x g for 5 - 10 min to remove the faint
turbidity. The clear solution was applied to a DEAE-
cellulose column (30 x 1.5 cm) which has been previously
equilibrated with 0.05 I potassium phosphate buffer,

PH 7.5. The enzyme was eluted out of the column .by means
of a gradual increase in the ionic strength of the buffers
over a range 0.05 - 0.5 M, This is achieved by placing
the lower strength buffer namely 0.05 M in the chamber
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attached to the column and dropwise addition of 1 M
potassium phosphate tuffer at the rate of flow of buffer
out gf the€-column. Fractions (3 ml) arc collectcd on an
aut&m&tic fraction collector and tested for enzyme activity
by withdrawing a drop from ezch tube. The enzyme elutes

at a 0.34 " concentration of the huffcr. The fractions
having maximum activity were pooled together (30 ml) and
treated with powdered ammonium sulfate to 0.8 saturation
(15.6 g) with stirring. The solution was spun at 50 000 x g
for 20 min, the supernatant was discarded and the
precipitate dissolved in 0.1 M potassium phosph=ate buffer,

PH 7.5 (1 ml).

Sepharose CL-6B gel filtration: The enzyme solution from

the above step was carefully layered on a Sepharose CL-6B
column (110 x 1.5 cm) which had already been equilibrated
with 0.1 M potassium phosphate buffer, pH 7.5. The column
was run with the same buffer and fractions (1 ml) were
collected on an automated fraction collector. The enzyme
usually eluted tetween 30 - 40 ml, The fractions were
tested  for activity by withdrawing a drop from each tube
and testing for the enzyme. The fractions having the
maximum anzyme activity were pooled togethecr (8-10 ml)
and treated with stirring with powdered ammonium sulfate
to 0.8 saturation. The precipitate was collected bty
spinning at 50 000 x g for 20 min and dissolved in 0,05
potassium phosphate buffer, pH 7.5.

Enzyme and protein assays were carried out as described

in Part I of this thesis.
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11.2 (iv) Growth and partial purification of citrate lyase

from S.diacetilactis:
Organism: | .

Streptococcus diacetilactis DRCI was propagated
&

e

routinely in sterile skim milk fortifiecd with 0.75% nonfat

f,

milk solids.
Growth of S.diacetilactis cclls:

S.diacetilactis DRCI was grown without aeration in
10 T, flasks filled till the neck with a citratec-lactose
medium of Harvey and Collins (1963). The medium consisted
of the following components: Bactopeptone, 100 g3
lactose, 200 g; tri-sodium citrate.2H,0, 50 g; KH2P04, 5 &3
Mg504.7H20, 2 g; sodium acetate, 20 g; yeast extract,
150 g; pH adjusted to 7 - 7.2 with 2 N NaOH. The growth
was initiated with 104 of inoculum 2nd kept at 30°C for
40 h. The cells were harvested in a Sharples Model A-12
supercentrifuge. Fach 10 L batch of medium yielded about
15 = 20 g of cells. The cclls could be stored frozen for
not more than a week.

Extrection of cells:

A11 operations were carried out at O - 4°C. Thawed
cells were suspended in 0.03 M potassium phosphate buffer,
pH 7 in the proportion of 1 g wet weight of cells to 4 ml
of buffer and disintecgrated in a Biosonik III sonicator
(ﬁrownwill Scientific Co., USA). Sonications werc done
once at 20 Ke (300 %) for three minutes. Cell debris was
removed by spinning the suspension in the Model L Spinco

ultracentrifuge at 50 000 x g for 45 min, the clear
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supernatant was adjusted to 2 protein concentration of
0.5% with the buffer used in the sonication step.
IT1. 2 (v) Purlflcatlon of S.diacetilactis citrate lyase:

_s_tmp.tmm.n_sulmuzs

1.4% streptomycin sulfate was added to the sonicate

‘)‘l4x

to precipitate out nucleic acids. The solution was kept
stirred for another 30 min after which iteae left aside
for one h, The solutionwas then spun for 40 min at

50 000 x g and the precipatewas discarded.

Ammonium sulfate fractionation: The steptomycin sulfate

fraction was treated with ammonium sulfate 0.% saturation
(38 g/100 ml) after addition the solution is stirred for
another 10 min and then spun at 50 000 x g for 30 min.
The supernatant was discarded and the precipitate was
dissolved in 0.05 M potassium phosphate buffer, pH 7.5 (
5 ml).

11.2 (vi) Prevaration of rabbit antisera against K.aerogenes

citrate lyase:

Immunisation schedule: Male adult rabbits were pre-bled

(15 - 25 ml every time) at one week's interval from the

ear vein and immunised immediately after the second bleeding
by intramuscular injection of pure citrate lyzse from
K.aerogenes emulsified with an equal volume of Complete
Freunds Adjuvant. The enzyme before use was preliminarily
dialysed exhaustively against 0.8% saline for 18-24 h at
0-4°C. 2 ml of the enzyme in 0.8% saline containing 3 mg
protein was mixed with 2 ml of the adjuvant with the help

of tWo syringes connected together through a short length
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of polythene tubing, the enzyme solution being taken in the
barrel of one syringe and the adjuvant in the other. The
solut;gns were homogenized ty vigorous passage between the
syriﬂ&f%.' Four injections of 1 ml cach of the enzyme-
adjuvaht suspension were administered into ezch of the thigh
and shoulder muscles; this was done immecdiately after

the second bleeding. The animal was again bled through

the ear vein twice at one week intervals after the first
injection. After two weeks, the animal was again prehbled
(15 - 25 ml) and a booster of the same dosage as before was
given as in the previous manner. The animals were the: bled
regularly every week from alternate ear veins (15 - 25 ml
each time), Booster doses were administered thereafter at
three and six months intervals.

Preparation of antisertm: Antisera was collected one weck

after the bhooster dose. Blood was collected in glass conical
centrifuge tubes and stood at 20 - 25°C for one to two hours
and then left at 0 - 4°C for 16 h., The clot that is formed
was cut and the straw colored serum was collected by
spinning the tube at 3 000 x g for 10 min. The serum was
decanted off and stored at 0 - 4°C with 0.08% azide as
preservative.

II.2. (vii) Ouchterlony's double diffusion technique:

:The method used was that of Ouchterlony (1949).
Microscopic slides were used and these were pretreated in
the following manner before use. The slides were boiled
in 0.1% sodium lauryl sulfate for 10 min and then

thoroughly washed with glass distilled water and dried.
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The slide was then coated with 0.3% hot agar prepared in
0.05 M potassium phosphate buffer, pi 7.5, and kept in a
slan@%ng position till completely dry. The. slide Was then
leffigﬁat\and ahout 3 - 5 ml of 1.5 hot 2gar solution was
1ayeréﬂ rapidly but with care to prcvent formation of any
air bubtles. The 2gar was allowed to set for 30 min and the
slide was then left in 2 moist atmosphcrc insicde a covered
petri dish containing filter papcr moisgewylaith glass
distilled water. The slide with the solidified agar is now
placed on a prepared pattérn of the positions of the wells
to be cut. Using a wide capillary (tip width abtout 1.5 - 2 mm)
which was attached to a water pump, thc agar was slowly
sucked out. The samples were now added with the antisera in
the central well and the enzymes in circumferential wells.
Amounts of samplc were about 0.1 ml 2dequate to just *
fill the well without spilling out on the agar,

The plates were again left in a humicd atmosphere at
arout 18°C for 16 h for the development of the precipitin
lines.

11,2 (viii) Immunoelectrophoresis:

The method used was that of Scheidegger (1955).
The microscopic slides used for immunoelectrophoresis were
pretrecated in the same way as for the Ouchterlony double
diffusion technique. They were dipped in a hot solution of
0.3% agar and left in a slanting position till completely
dry. A 3% agar solution was prepared and diluted with equal
volumes of 0.1% barbital buffer to give a final concentration

of 1.5% agar. The amount of agar used per slide was 3 ml.
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With :the help of a glass capillary (1.5 - 2 mm tip) and
water pump two holes equidistant from the edee of the slide
were pgpchqé;' these merc filled with the enzymes from

Z.aerl %nes and $.faecalis (0.1 ml each). The slide weas

then piaceﬂ between two buffer vessels containing 0.1%
barbital buffer, pH 8.5, and "hatman 3 1 paper strips soaked
in the same buffer were dipped in the troughs and aligned

on 1/2 cm. of the slide edge on ecither side. The whole
contraption was then connected to the power supply and a
current of 4 - 6 volts/cm wés applied for 180 min. At the
termination of the period, the current was disconnecte?d

and the slide removed. Then a longtitudinal slit measuring

5 — 6 cm in length and about 1 mm in width was cut in the centre
of the slide with the help of a cutter fitted with razor
blades at 1 mm spacing, and the agar was carefully removed
from the cut slit with the help of 2 narrow, steel spatula.
The trough was now filled with the antiserum against pure
citrate lyase from K.a2erogenes and the slide was left in a
moist atmosphere at 18°C for ahout 1 - 2 days.

II.2 (ix) Preparation of the HS-citrate lyase from

K.aerogenes and S,faecalis:

Pure citrate lyases from both sources were separately
deacetylated according to the procedure of Buckel et al.
(197da). The enzyme (about 13 mg) in 0.8 ml of 0.05 M
potassium phosphate buffer, pH 7.5 was treated with 0.4 ml
of neutralised hydroxylamine (2 M). The solution was
incubated at 30°C for 30 min. The deacetylated enzyme

was scparated from excess hydroxylamine by passing through
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Scphadex G=50 (40 cm x 1.5 cm) column equilibrated with
0.05 M potassium phospnate buffer, pH 7.5. Fractions wecre

tested for-protein by meosuring absorbance at 280 nm ard

: Sy

pcakﬂgubes werc pooled and tcstcd and showed complete loss
of enzymic activity towards citrate.

II.2 (x) Reactivation of Ib-citrate lyases:

0,05 ml of the inactivc enzyme solution containing
atout 0.7 mg protein was madc up to 1 ml with 0.05 M
potassium phosph=2tc buffer, pH 7.5 and treated with 0.01 ml
of DIT (4 mM) and incubated at 30°C for fifteen min. A
0.5 ml 2aliquot of this enzyme solution is then treated with
0.05 m1 of acetic anhydrice (final concentration 4.7 mi).
After thorough mixing a 0.2 ml aliquot is tested immediately
for activity. Reactivaticon was also chccked with addition
of thiolacetic acid in place of acetic anhyvArd?e (Thio--
lacetic acid diluted thus 0.01 mlto 2 ml and 0.005 ml used
for activation of 0.05 ml of enzymc,at 7 mM final concentration)
11,2 (xi) Kinetic analysis of trapnsfcrase and lyage reactions

during acetyl-CoA mediated cleavage of cktrate by HS—citrate

lyase:

The general rate equation derived by Laidler (1958)
for the steady state approach was used for calculating
reaction rate constants as suggested by Buckcl et al.(1973).
Thé outline of the basic prdnciples of this approach have
been enumerated by Buckel et 2l.(1973) and are set out
briefly telow:

An equation describing the transient and steady stete
phases of a one-substrate reaction with an enzyme through

the transient enzyme-substrate complex formation has heen
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derived by Laidler {1958) and its analogy to the cleavege of

citrate by deacetylated citrate lyase in the presence of

acetyl-Col via the intermediary formation of citryl-CoA will
2 5y

Bbe eﬁ$ﬁcnt from the corrccsponding reactions drscribed

by equations II.1 and II.2 respectively.

K+1 K2
E+ S === ES -— E+7P Eq.TI.1
L
K+1 K2
Acetyl-CoA + C === Citryl-CoA + Acetate > Acetyl-Col +
K
~1

oxaloacectate Fq.I1I.2

The outlines of the treatment of the rate equation
which describes the transient and stcady state phases are
briefly enmmerated and are taken from the earlier models
(Laidler, 1958; Buckel et al., 1973).

The experimental conditinns are set out below:

1. The concentration of citrate can be assumed to be
unchanged ‘uring the short interval of time of the experiment
(cit)>> (citryl-Cod), (0AA) and is much greater than

the Km of the inactive enzyme for citrate (Buckel et al.,
1973). Citrate becomecs saturating with respect to the

rate of formation of the intermediate citryl-ColA and
therefore the reaction hecomes independent of citrate
concentration and K+1(citrate) can be replaced by the
constant K1.

2. The concentration of acetyl-CoA is much smaller than

K, of the inactive enzyme for acetyl-CoA ((ACoA) &L Ko 5 -mt
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3. The reverse reaction “ofs not take placc;K_1 is a
bimolecular rate constant, hut the concentrations of acetate
are low dufing the initial pcriod of reaction and Km for
acetﬁ}% is presumed to be hieh (Buckel et al., 1973). The
reve;;e of the cleavage reaction docs not take place

because the oxaloacetate formed ig reduced immediately by
NADI in the presence of malate dehydrogenase. The rate
equation II1.2 then approximates to:

d(citryl-CoA) ,
B K1 ((Acetyl—CoA)O - (Citryl-Coh)) -

at
K, (Citryl-CoA) Eq.II.3

Intcgration ((Citryl-Cos) = 0, t = 0) of Eq. II.3 gives
rise to Eq. II.4.

1

Ky

'
(Citryl-CoA) = ——— (Acctyl-Cod) (1 - oKy + Kdtyp 114
K, + K
1 2
which by insertion of the rate of product formation,
d(bxaloacetate)/dt = Kz(citryl-CoA) and integration yields
ecquation II.5.

1
K1 . K2
(oxaloacetate) = — (acetyl—CoA)o
K, + X
1 2
1 '
(t + ——— (e~(Bg + KD _ 4y gql 1.5
K1 + K2

Eq. II.5 describes both the transient and steady state

phascs (Laidler, 1958). In the steady state phase at an
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adequate period of time the expenential term vanishes and
the formation of oxaloacetate becomes linear with time.
1
“K X

17 72
(oxaloacetate) = =—gm——o (acetyl-CoA)o (t = ——— ) Eq.II.6
1\\ K1 + K2 K1 + K2

et

Extrapolation of this linear part of the curve to the time
axis ((oxaloacetate) = 0) yields an intercept (Eq.II.7),
the initial lag period of the reaction.

1
fd - — Eq.II.’?
K, + K
1 2
Experimental determination ofc;alues have been shown to he
independent of acetyl-CoA concentrations and depend only

on the magnitude of the rate constants K; and K2 which in

turn take different positive values at different enzyme

concentrations., The slope Hs of oxaloacetate formation

state
under steady/conditions is dependent however on both

acetyl-Cof and enzyme concentrations.

d(oxaloacetate) K

v, = = — . (Acetyl-CoA)o Eq.TI1.8
dt K

Equation TI.8 is valid only at (Acetyl—CoA)o‘thm

I1.2 (xii) Experimental procedure:

The cleavage of citrate catalysed by inactivated citrate
lyase and acetyl-CoA was followed by the coupled enzyme
assay procedure using malate dehydrogenase and N&aDH,
Determinations were carried out at 25°C. The spectrophoto-
meter cuvette contained in a final volume of 1 ml: 100 ummol
Tris-HC1 buffer, pH 8.0; 1.6 umol Mg304; 0.3 mmol
NaDH; 10 mg of malate dehydrogenase and 1 U HS-citrate
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lvase (in terms of the active enzyme). Citrate (2umol)

was added initially followed by 0.75 umol acetvl-Coh,
Formation of oxaloacetate was measured by monitoring “ADH
oxjda%%on a£'3AO nm (as described in Part I of the thesis).

N

-
NDetermination of steady state concentration of acetyl -CoA:

Coéntl, citryl-Cofi and acetyl-Coh were all determined in a
single assay as described hy Buckel et al. (1973). The
spectrophotometer cuvette ~ontained in a final volume of
1.ml: 100 pmol Tris-HCl buffer, pH 8 and 1 wmol DIWB (5,5'-
Dithiobis(2-nitrobenzoate)) and an aliquot test samplc
(BO'pl) withdrawn from the reaction mixturc used for
determination of cleavage of citratc cat=lysed by HS-citrate
lyase and acetyl-CoA. The slicht incrense in absorbance

at 405 nm was due to free CoASi, A further increase in

A405 ol observed after addition of 10/ug citrate synthase

in 5 M1 volume was due to citryl-CoA (Srere et al., 1963).

An additional increase of A on thc final addition of

405 nm
oxalo2cctate (5/ul containing yumol) was due to acetyvl-Col
present in the sample (Srere et al., 1963). A value of
14.1 x 10 M 'em™! at 405 nm for the molar extinction
coeffecient of the 2 mercapto~ 4 nitrobenzoate was used.

II.2 (xiii) Preparation of subunits:

Pure citrate lyase (about 13 mg) in 1 ml of 0.05 M
potassium phosphate buffer, pH 7.5, was treated with urea
(reérystallised) to give a final concentration of 8 M. The
enzyme was kept at 13°C for 16 h, The treated enzyme was
then loaded on a Scpherose ~ CL-6B column (70 cm x 1.5 cm)

which was previously equilibrated with 0.05 M potassium



phosphate buffer, pH 7.5, containing 6 M urea and 10 mM 2-
mercaptoethanols The fractions were collected at 15 min
interval F% ml) and tested for protein at 280 nm; the
fractionéfgomprising the subunits (d-,A -,Y =) are pooled
separately and immediately dialysed exhaustively against

the following buffers: A -subunit was dialysed against

0.1 M Tris-HC1 “wuffer, pH 7.5; 3 -subunit was dialysed against
0.05 M potassium phosphate buffer, pH 7 containing 1 mM
Mgll, and the~-subunit was Aialysed against 0.01 M
potassium phosphate buffer, pH 7. After the dialysis

is over, the fractions arc dialyscd against glass-distilled
water, lyophilised and stored frozen.

oDo-polvacrvlamide gel electrophorgsis: SB-gel
electrophoresis wes carried out according to the proccdure of
‘eber and Osborne (1969) using 0.07% ammonium persulfate

for polymerization. Frotein samples (approx. 50 ng) were
treated with £I5 to a final concentration of 1% and

heated at 100°C for 3 min. The samples were then cooled

and loaded on 7% polyacrylamide gel prepared in 0.1 M sodium
phosphate buffer, pd 7.3 containing 0.1% SDS, After the
electrophoresis, the gels were stained with 0.25%

Coomassie Blue for 6 h and destained with methanol-acetic
acid-water mixture.

I1I.2 (xiv) Fingerprinting:

Principle: Homologous relationships between proteins which
are derived by divergent evolution from an ancestral protein
are conveniently detected in tryptic peptide maps. Trypsin

specifically cleaves peptide bonds where the carboxyl

110
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groups arc contributed either by arginine or lysinc residues.
7ith aminoethylation, the sulphydryl of cysteine rcsidues
react witﬁkkhc reagent to form S8 -aminoethyl cysteine
residues @gich on account of its structural resemblance

to lysine renders peptide bonds contributed by the carhoxyl
group of the cysteine derivative also susceptiblec to
hydrolytic clcavage by trypsin (Raftery and Conle, 1963),
Peptides obtained by tryptic digestion are conveniently
resolved by the two dimensional peptide mapping technique
using high voltage paper electrophoresis in one direction
and partition paper chromatogrz2phy in the other (Ingram,
1958).

Experimental procedures:

(1) Aminoethylation: Separated subunits (1-5 mg each)

were indivitually recduced before aminoethylation. The
subunit was treated with Tris-HC1l buffer, pH 8.6, (300 ml
of 1.5 M buffer), urea (360 mg), Naz.EDTA (30 ul of 5% solution)
and the mixture diluted with glass-distilled water (to
approx. 750‘pl). The solution was treated with 10 ml of
2-mercaptoethanol and left at room temperature for 30 min
in an - atmosphere of nitrogen. Ethgleneimine (20 al)
was then added to the solution and the mixture stood for
another 2 h.

Thé aminoethylated protein was freed from urea and other
reagents by filtration through a column of Sephadex G-25
(55 em x 1 cm) equilibrated previously with 0.2 N acetic
acid. The column was eluted with acetic acid solution

and the eluate monitored for protein by determination of



.

the protein peak were collected, pooled and lyophilised.

(2) Tryptic digestion: Salt frce trypsin (2 x crystalline)

wos useg without furthcer purification. The trypsin was
dissofﬁ?ﬂ in 1 m HC1 (1 mg/200ul) immcdiately before use.
The lyophilised subunit was dissolved in the minium amount
of distilled water with adjustment of pH to 8.1 using

50 mM WaO0H., The solution was den2tured by heating at

80°C for 7 min, cooled to 37°C in a thermostat. and treated
with trypsin solution at a substratc-enzyme ratio of

50; the pH was adjusted and maintained at 8.1 with the
alkali. The digestion was continued for %3 h by which time
alkali intake ceased. The enzyme reaction was stopped by
lowering the pH to 6.5 with 50 mM Cl.” The tryptic 2ctivity
was destroyed hy heating in a boiling water bath for one
min. The clear solution was prescrved at -20°C till

needed for fingerprint analysis.

(3) Fingerprinting: Fingcrprinting was done by two

dimensional mapping of the tryptic fragments.

The electrophoresis wes carried out essentially
as described by Ingram (1958) on Whatman No. 3 ™M paper
which had been dipped into Michl's volatile buffer
(Michd., 1951) pyridine - glacial acetic acid-water, pH
6.4, in the proportion of 10:0,4:90 by volume. TFig. II.1
shows the manner in which the paper was cut to ° T shapes
of identical size and . from a single sheet with similar
grain directions. The djmension of the paper are

described in Fig. II.1 and were 31 cm x 31 cm with a pair
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of sleecves of 13 cm length and 6 cm width. The cut paper
was dipped one at a time into Michl's volatile buffer and
the cxces§§liqqid removed carcfully by blotting tetwecn two
sheets ofgfresh filter papcr. The moist No. 3 MM paper was
immediatel& placed on a horizont2l plate of 1/4 inch
polishcd glass (68 cm x 38 cm). The tryptic digest which
was dried in vacuo. was dissolved in 30 ul of distilled water
and applied with a micro pipette at a spot 3 cm above the
edge of the paper and 23 cm from the cdge of the sleeve at
the anode end. The tryptic digcst of the corresponding
subunit was applied similarly on the second paper. A second
shect of glass plate identical in dimensionsto the first

was immedintely placed to cover the moist filter paper as a
sandwich. The sleeves on either side of the two papers

werc dipped in Michl's buffer taken in buffer vessels.

Two platinum electrodes were fixed in the buffer vessels

and after a period of 10 min the electrophoresis was run

at 1 000 V (approx. 20 V per cm) for 2 h.

Chromatography: At the end of the electrophoresis the

sleeves were cut off and the buffer was removed by drying (room
fenp.¥y in a current of air (minimum 2 h). The dried

papers were hung for two h in the air space of a chromato-
graphy chamber containing the chromatographic solvent,
pyridine-n-butanol-glacial acetic acid-water in the proportion
of 20:30:6:24 by volume respectively (Barnabus and Muller,
1962). After saturation in the vapomy,ascending chromato-
graphy was carried out for 12 h. The papeTrs were again

dried in a current of air at room temperature.



I

vt

(4) Staining of peptide maps: The peptide spots were

revealed hy dipping the paper into ninhydrin in acctone.

The reagent consisted of 2.5 g ninhydrin, 475 ml acctone,

P f

25 mnghosphete buffer (0.05 M pH 7.0 prepared by diseolving

1.98 g\Kﬂsz4 and 5.45 g NazﬂPO 2H,0 in 1 L of distilled

472

water). Paper soaked in the reagent was dried in air for
15 min followed by suspension in water vapoar-saturated
atmospherc at 80°C for 10 min for intensifying the colored

spots. Photographic records were " ¢ made immediately.

Pcptide maps were preserved after fixing with a copper reason—

of the following compositionsg Cupric nitrate, 1 g3

acetone, 100 ml; nitric acid, 20%, 0.05 uml.

II.3 RESULTS

II.3 (i) Purification of S.faecalis citrate lyase:

The results obtained in a represcntative batch are
summarized in Tabkle II.1.

Treatment of the cell-free extract with ATP and
acetate results in a 2-fold increase in the total activity
indicating that half of the total citrate ly2se originally
present in the extract is in the inactive deacetylate?

HS-citrate lyase form. A similar finding has teen reported
earlier by Hiremath et al. (1976). The reactivation is
eviﬁently through the action of the acetate: HS-citrate
lyase ligase present in the extract of the organism. The
earlier report of Hiremath et al. (1976) that the 1lyase

activity is separated from the ligase activity at the
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TABLE II, 1

Purification-of citrate lyase from S.faecalis,

Wet welght of cells 80 g.

5
A
-

Fraction Volume Protein Total Specific Yield
acti- aetivity
vity
(m1) (mg/ml) U U/mg %
Sonicate extract 300 5«5 4620 2.8 -
Sonicate + acetate 300 5.5 9240 5.6 100
+ ATP
Streptomycin 290 4,0 7420 6.4 80

sulfate fraction

0.05 M buffer 150 231 4030 12.8 44
eluate of second
alumina C gel

Ammonium sulfate 5 14.0 2740 39,0 30
fraction
DEAE-cellulose 1.5 10.5 900 57.0 10

fraction pooled
and fractionated
with ammonium
sulfate and the
precipitate
dissolved in
0.05 M buffer,
pH 7.5

Sepharose CL-6B 1.5 6.0 810 90.0 9
fraction after

concentrating over

PM-10-membrane by

ultrafiltration
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second alumina Cy step, the lyase being adsorbed on the
gel at this stage and the liease remaining in the supcrnatant,
was also confirmed in the present investigation.

fg& final step yields enzyme of specific activity 90 U/mg
corrcégbnding to the value reported earlier. The yields
are alsc approximately similar to those reported by Hiremath
et al. (1975).

The final enzyme preparation was homogeneous
ultracentrifugally and electrophoretically. Thc sedimentation
profile of the purified citrate lyase from §.faecalis
is presented in Fig. II.2. The enzyme sediments as a single
symmetrical peak. Sgéff value was 16.3 S. The 5120,w
value reported for the enzymezj7.1s (Hiremath, 1977). The
polyacrylamide gel eclectrophoretic pattern of the native
enzyme is shown in Fig. II. 3. Thc single band obtained
on staining establishes the electrophoretic homogencity
of the preparation.

I1T.3 (ii) Partial purification of S.diacetilactis citrate
Lyese:

The enzyme from this source was purified only partially

as this was required only to check its immunological
behaviour agsinst rabbit antiserum ‘obtained for citrate
lyase from K.aerogenes.

" The partial purificaetion data with a typical batch

of §.diacetilactis cells are summarized in Tahle II.2.







FIG. II, 2 SEDIMENTATION PROFILE

OF NATIVE CITRATE

LYASE FROM S.focecalis

Protein concentration
Buffer

Speed
Temperature
Phase plate
Time

2 - 3 mg/ml

0.05 M potassium
phosphate buffer,
pH 7.5 with 1.6 mM
MgSO4.

59 780 rpm
5.2°C

60°

40 min.

17
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FIG, 11.3 POLYACRYLAMIDE GEL ELECTROPHORESIS OF
NSTIVE CITRATE LYASE FROM S..faec2lis
5% gel; Tris-glycine buffer, pH 8.3;
4 mA/tube, 5 h
Protein loaded 60 ug.
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TASLE II, 2

Partial purification of S.diacetilactis citrate lyase.

Vet cells, 16 g.

Fraction Volume Protein Total Specific Yield
activity activity
(m1)  (mg/ml) (U) (U/mg) (%)
Cell-free 60 5 1.0 -
extract 300
Streptomycin 58 5 1.1 100
sulfate treat- 319

ment followed
by centrifuga-
tion to remove
precipitated
nucleic acids

Ammonium 2 25
sulfate (0.6S) 250 5.0 8
fraction

II.3.3 Tmmunological bechaviour:

The results of gel double-diffusion tests on an
Ouchterlony's plate are shown in Fig. TI.4. Tt will be
secn from Fig. II1.4 that the tests show the spur of a
cross-reaction; the enzyme from K.aerogenes showing more
antigenic sites than the heterologous enzyme from S.faecalis.
Earlier studies by Singh et 21. (1975) had shown that
specific rabbit antiserum towards K.aerogenes or

S.diacetilactis does not cross.react with the E.coli enzyme.

Similarly the specific rabbit antiserum to the K.aerogenes
has been shown to have no cross-reactions with citrate lyase

from S.diacetilactis on Ouchterlony's plates. The present

report is the first evidence for the immunological
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FIG. II,4 Ouchterlony double - immunodiffusion

of anti K. aerogenes citrate lyase (AbK)
versus the following antigen K. aerogenes

citrate lyase (I) and S.faecalis citrate
1yase (IT).
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relatedness of citrate l1yases from two different sources,
namely K.aerogenes and S.faecalis.

S.diacetilactis enzyme is shown by us not to give

&3

precigéﬁin‘lincs with the antisera from K.aerogenes. This
confirms the earlier observation of Singh et al. (1975).
The immunoelectrophoretic data with the pure citrate
lyase from K.aerogenes and S.faecalis and thc specific
rabbit serum against the former enzyme are diagrammatically
shown in Fig. II.5. The immunoelectrophoretic pattern
indicates single arcs of precipitin between the antisecrun
and antigen with both enzymes from K.aerogenes and S.faecalis.
The results establish the homogeneity of enzyme from
K.aeroggnes as checked by immunological methods in addition
to that obtained from ultracentrifugal and elcctrophoretic
analyses.
[I.3.4 Preparation of HS-citrate lyases from K.aerogenes

and S.faecalis:

The deacctylated enzyme preparations were obtained by
hydroxylaminolysis as described in MATERIALS sND MBTHODS,

The scparation of the deacetylated K.aerogenes enzyme
from hydroxylamine and acetohydrox@mate by filtration
through Sephadex G-50 is shown in Fig. II.6. The protein
eluted between 11 - 14 ml while the hydroxylamine eluted
between 22 - 33 ml. The fractions containing protein were
pooled and concentrated by ultrafiltration. The elution
profile with hydroxylamine treated citrate lyase from

S.faecalis was similar to that of the enzyme from K.aerogenes,
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Chemical reactivation: Protein frections in both cases

were completely inactive when tested with citrate alone as
substrate. Th2t preparations were HS-citrate lyases was
testefyby ¢hemica1 renctivation with acetic anhydride or
thiongétic acid. The reactivation data are presented

in Table II.3.

TABLE 11,3

Chemical reactivation of HS-citrate lyases*

dS-citrate lyase Treatment % Activity
K.aerogenes enzyme Nil 0
DIT + acetic anhydride 24
Thiolacetic acid 38
S.faec2lis enzyme Nil 0
DIT + acetic anhydride 21
Thiolacetic acid 40

*Aliquots of HS-citrate lyases (correcsponding to 1 - 5 U)
from both K.aerogenes and S.faecalis were reactivated
separately in 0.2 ml final volume of 100 mM Tris-HC1, pH 8,
with either acetic anhydride in presence of DTT (final
concentrations 4.7 mlf and 4 mM respectively) or thiolacetic
acid, CﬂBCOSH (final concentration 7 mM, without DTT or

other reducing agents). After incubating for S min at 30°C,
20 ul samples were withdrawn for activity determinations.
Activity was determine by coupled enzyme assay in 1 ml

finel volume of test system comprising; 50 umol Tris-HC1
buffer, pH 8; 100 ymol sodium citrate; 10 pmol MgSO  ;
excess malate dehydrogcnase (approx. 15 pg)and 0,1 - 6.2 ume 1l
NaDH, Temperature 25°C. Controls were carried out with
native enzyme preparations.



of acgtyl-CoA:

'gﬁe cleavage of citrate catalysed by the deacetylated
g.aerégenes citrate lyase in presence of acetyl-Cod is
shown in Fig. II.7. The corresponding reaction catalysed by
AS5-citrate lyase from S.faecalis is shown in Fig. II.8.
It will be seen from Fig. II.7 and II.8 that the rates of
citrate cleavage in the presence of acetyl-CoA increase:
initially and thereafter reach a constant value. In the
graphical representations the constant phase in rate is
characterised by tan¥ = Vg The extrapolation of the linear
regions of oxaloacetate formation to the time axis yields
the time interval™’, the lag period which characterises
the transient phase (Buckel et al., 1973; Laidler, 1958).
Determination of initial and final concentratiomsof
acetyl-CoA in the reacting systems were made in
separate experiments under identical conditions during the
initial and steady state phases. These values are shown
in Figs. II.7 and II.8. It will be seen that the acetyl-CoA
concentration remains virtually constant during the citrate
cleavage both in the transient and in the steady-state
phases.

The kinetic analysis of the reactions were done as
described in MATERIALS AND METHODS, The values of
and vy Were used for calculation of K; and K2 by the use

of the equations II.7 and I1.8 and the applied concentration
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of acetyl-CoA. The values of the terms K1 and K2 which

were compatible with the experimental observation that the

acetyl—CoQﬁconcentration during the transient and the steady-

state phdgds remain nearly constant were calculated. The

values of\these constants as well as of the steady-state

concentration of citryl-CoA in the case of enzymes from the

two sources, K.aerogenes and S.fezecalis are set out in

Table 1I.4.
TaBLE II, 4

Kinetic analysis of data on cleavage of citrate catalysed

by HS-citrate lyases in presence of acetyl-CoA.

as described in Fig. II.7 and II.8.

were in agreement.

Conditions

Analyses in triplicaté

AS-citrate (Acetyl-CoA)0 A K, K, (Citryl-CoA)
1yase at steady-
T state
mM min mM/min mM
K.aerogenes 0.78 1,30 0.0444 0.06 0.71 0.06
enzyme
S.faecalis 0.78 2,12 0.0625 0.10 0.37 0.17

engyme
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It will be seen from Table II.4 that the formation
of citryl-CodA is the rate limiting step of the overall
reaction. The values obtained in the present investigation
with K.aerogenes HS-citrate lyase are in close agreement
with fHe vdlues reported earlier by Buckel et al. (1973).
The pi‘%sent studies extend these findings further to the
HS-citrate lyase from S.faecalis, a source in which the
citrate lyase differs from the K.aerogenes enzyme in
undergoing only a weak reaction-inactivation. The values
obtained for the S.faccalis enzyme indicate that under
similar conditions the steady-state concentration of the
citryl intermediate is actually higher than that observed
with the K.aerogenes enzyme. If the kinetic behaviour
observed with acetyl-CoA-dependent cleavage of citrate
is assumed to be comparable to that of the acetyl-ACP
(Y -subunit) dependent breakdown of citrate catalysed by
the native enzymes, it would appear that the steady-state
concentration of the labile citryl-#CF is higher in the case
of citrate lyase from S.faecalis as compared to K.aerogenes
enzyme. This would indicate that the weak reaction-
inactivation of the S.faecalis enzyme is not due to any
lower concentration of the laktile citryl-intermediate.
It is surprising that despite higher steady-stzate
concentrations of the citryl intermediate, the S.faecalis
enzyme undergoes a markedly lower reaction-inactivation.
The feported rate constants for reaction-inactivation in the
case of the enzymes from K.aerogenes and S.faecalis with

2

Mg“* at 25°C are 1.21 min~" (Singh and Srere, 1975) and
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0.07 min~! (Hiremath, 1977) respectively.

i.3.6 Separation of subunits:

Theggresgnce of 3 non~identical subunits in the
citrate'l&ase complexes have beecn well established in earlier
studies. \The separation of these in SDE-polyscrylamide gel
electrophoresis in the c¢*se of the enzyme from K.aerogenes
is shown in Fig. II.9 and of the enzyme from §.faecaii§
in FPig. I1.1C. The seraration of the component subunits
by gel filtration through Sepharose CL-6B under
denaturing conditions hus also been standardized earlier
and the separated comporents shown to be homogenecus in
5l-gel electrophoresis both with the £.faecalis enzyme
(Hiremath, 1977) and with the K.aerogenes enzyme (Tikare,
1979). These procedures were used in the present study.

The separation of subunits of citrate lyase from
X.zerogenes by filtration through a Sepharese CL-6B column
in presence of 6 M urea is shown in a representative instance
in Fig. II.11 and the corresponding separation of subunits
of citrate lyase from S.faecalis in Fig. II.12. The former
Fig. II.11 indicates overlap of X~ and B-subunits when higher
lcads are used. Ir such cases the fractions on the leading
edge of theX -subunit peak and the fractions on the trailing
end of the P -subunit component alone were pocled separately.
When loads were lower as shown in Fig. II.12, the+ and B-
components were completely separated. The “Y-subunit in both
cases emerged distinct from the other gubunits. Separations
were done ir replicate smmples and corresponding subunits of

snzymes from each source were separately pooled for






FIG. II,9 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
OF CITRATE LYASk FROM K.acrogenes

7% gels; sodium phosphate buffer, pH 7.3,

- eontaining 0,1% SDS; 8 mA/tube; 28°C; 4 h_

Protein loaded 100 ug.






FIG. II,

10

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
7% gel; sodium phosphate buffer, pH 7.3;

containing 0.1% SIS, 8 mA/tube, 4 5 h
Protein loaded 100 ug, . -
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fingerprint analysis. Fractions were freed from ure2
by dialysis as described in MATEAIALS AND METHODS and
samples lybphilized.

t “

11.3.7 Fiﬁ?crprint analysis:

The two dimensional tryptic peptide maps of the Y-
(ACP) subunits from K.aerogenes (Wr = 9378; Beyreuther et al.,
1978) and from S.faecalis (M, = 14 000; Hiremath et al.,
1976) are shown in Fies. II. 13 and II1.14 respectively.

Ay

The photographs were printed alike for thesake of comparison.
Schemdtic representations of mapi’are reproduced in Figs.
IT1.13(a) and IT.14(a) respectively. Amino acid analysis
and sequence of the ACP subunit of K.aerogenes (Dimroth

and Loyal, 1977; Beyreuther et al., 1978) have shown the
presence of 7 (Lys + Arg) residues and 1 cysteine residue
per mol. The cysteine residue has been shown to be as an
S-acylated cysteine in the native enzyme (Dimroth et 21.,
19733 Tikare, 1979). The treatment with 2-mercaptoethanol
in the prcsence of 8 M urea prior to treatment with
ethyleneimine would render this residue susceptibtle to
aminoethylation. The total tryptic peptide fragments from
this subunit should therefore be 9, provided none of the
susceptible residues are at the COOH-terminus. Fig. II.13
shows the presence of 11 peptides. These are 4 nesutral
peptides, 6 basic peptides and 1 acidic peptide (possibly
containing the highly negatively charged prosthetic gr0up).
The extra peptide probably may have arisen from incomplete

(partial) or nonspecific fragmentation during processing.






FIG, II. 13 Fingerprint of ACP (¥-) subunit of
K.aerogenes. Schematic reproduction
including faint as well as yellow coloured
peptide spots not apparent in photograph
is shown in Fig. II. 13(a).

FIG, II. 14 Fingerprint of ACP (¥-) subunit of

S.faecalis. Schematic reproduction is
shown in Fig. II. 14(a)
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Such an anomaly has been observed in fingerprints of the
ACE of fatty acid synthetase from E.coli (Vanaman et al.,
1968 B&?er and Eggerc¢r, 1978) in which 7 tryptic peptides
have beeﬁébbserved where 6 are expected.

The corresponding subunit from S.faecalis shows the
rresence of 16 peptide fragments (Fig. IIs14). The amino
acid composition of the subunit has been reported by
diremath (1977) and shown to contain 14 (Lys. + Arg)
residues and 1 cysteine residue requiring a maximum of
16 peptides in the tryptic digest if none of the susceptitle
amino acids are at the COOH-terminus. A striking homology
in the two corresponding subunits are shown in 9 shaded
spots which are apparently superimposable. The homologous
relatedness is suggestive of divergent evolution from a
common ancestral gene.

The tryptic peptide maps of the B —-subunits from
K.aerogenes (Mr = 32 000; Carpenter et al., 1975) and
from S.faecalis (M, = 37 000; Hiremath et al., 1976) are
shown in Fig. II.15 and II.16 respectively., The actual
maps obtained in the fingerprintsare schematically shown
in Fig. II 15(a) and II.16(a) respectively., An approximate
estimation of the number of Lys + Arg residues in 2 mol
of the B -subunit of the K.aerogenes enzyme computed
from the Jata presented by Singh et al. (1976) and
recalculated for 100% recovery of amino acid residues
indicates a value of ahout 50 Lys + Arg residues. The
content of cysteine residues is 2 (Tikare, 1979). The

number of tryptic peptides would then be 53 agsuming the

Id
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FIG.II. 18 Fingerprint of lyase (P-) subunit of

K.aerogenes. Schematic reproduction is
shown in Fig. II. 15(a).

FIG, IT. 16 Fingerprint of lyase (p-) subunit of
S.faecalis. Schematic representation
is shown in Fig., II. 16(a).
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susceptible residues are not at the COOH-terminus, Fig. I1I.15
(a) shows the présence of 19 resolved peptides.

Theﬁ,3§ubunit of S.faecalis has an estimated 42 Lys +
Arg residuég (Hiremath, 1977) and 4 half-cysteine residues
(Hiremath, 1977) which would amount to a total of about
47 tryptic peptides. Fig. IT.16(a) shows the presence of
15 peptides in the tryptic fingerprint of the subunit.

14 peptides appear to be common to the § —subunits from the
two sources and are shown as shaded spots. As in the ACP
(=) subunit, the B -subunits from the two sources also
exnhibit apparent homology in some of the peptides from
their tryptic digests.

The fingerprints of tryptic digests of the £ -subunits
from K.acrogenes enzyme (Mr = 54 000; Dimroth and Feggerer,
1975a; Carpenter et 21., 1975) and fromthe S.faecalis
enzyme (M, = 54 000; Hiremath et al., 1976) are shown
in Fig. I1.17 and Fig, II.18, respectively and the
schematic representations in corresponding Fig. II.17(a)
and II.18(a). The estimation of total Lys + Arg residues
in 2 mol of K. aerogenes subunit had been made as
in the case of the B-subunit from this source from values
presented by Singh et al., 1976 recalculated to 100%
recovery. This estimatégzso. The €-gubunit also contains
5 cysteine residues. The total peptides expected is 56.
S.fa2ecalis contains 40 tryptic Lys + Arg residues and
1 cysteine residue (Hiremath, 1977) which would work out

to 42 tryptic peptide from the aminoethylated subunit.
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FIG. II, 17 Fingerprint of transferase (of-) subunit
of K.aerogenes. Schem2tic representation

is shown in Fig. II. 17(2).

FIG, II. 18 Fingerprint of transferase (d-) subunit
of S.faecalis. Schematic representation
is shown in Fig. II.18 (a).



{Sample

+ .
FIG.IIT-17a € —SUBUNIT (K.aerogenes)
(y) yellow spot
16
17
®<— Sample
+

FIG. IT-18a OC — SUBUNIT (S.faecalis)
(y)yellow spot > faint spor




The K.aerogenes <-subunit tryptic peptide map shows the
presence of 24 peptides and the S.faecalis « -subunit
fingerprint 17 distinct polypeptides. Approximately 11

of the peptides apparently arc homologous again establishing

rclatedness in «{-subunit structures in the two organisms.



II, 4, DISCUSSION

I1.4, (i) Immunelogical behavijour:

"k‘ g d
Earl%gr work of Singh et al. (1975) and Singh and

Srere (1975) had shown that citrate lyases from E.coli,

K.aerogenes and S.diacetilactis do not cross.react except

with homologous antiserum. This would suggest absence of
common antigenic surface determinants. In the present work,
rabbit antiserum specific towards purified K.aerogenes
enzyme complex has been shown not to react with crude enzyme

preparation from S.diacetilactis, confirming the earlier

observation. However the enzymes from K.aerogenes and
S.faecalis have been shown in the present studies to cross-
react both in double diffusion and immunoelectrophoresis.
Such immunological relatedness would be expected between
enzymes that resemble each other both structurally and
functionally. In the present work the rabbit antiserum
against K.aerogenes enzyme complex has also been used to
establish the purity of the enzyme preparations from the
two sources, K.aerogenes and S.faecalis, using immuno-
electrophoresis in which only single and well-defined arcs
were obtained with each enzyme preparation,

II.4 (ii) Reaction-inactivation behaviour:

Tﬁe present studies provide indirect evidence to support
that the difference in reaction-inactivation behaviour
of citrate lyase is not due to differences in the steady
state concentration of the citryl-intermediate which in the

case of citryl-CoA is known to be unstable at alkaline pH



values and to undergo spontaneous cleavage to citrate and
the deacetylated coenzyme (Buckel et al., 1973). The
present studies have been carried out with acetyl-CoA
mediated cleavage of citrate in presence of the deacetylated
enzyme, assuming that the behaviour of acetylated-ACP
resembles that of acetyl-CoA in catalysing citrate cleavage.
Assuming such a resemblance, the steady state concentration
of citryl-ACF would be higher in S.faecalis than in
K.aerogenes. The weak reaction-inactivation of the S.faecalis
enzyme might therefore suggest an inherent stability of the
citryl-intermediate or its slower hydrolysis catalysed

by the transferase («{-) subunit of the complex. The latter
possibility of the transferase subunit catalysed cleavage

of citrate from citryl-ACP has been shown to occur in
studies with the isolated subunits and has also been
suggested as a possible cause for the reaction-inactivation
of citrate lyase (Dimroth and Eggerer, 1971b). The possible
cause of the differences in the reaction-inactivation
behaviour maybe in the differences in the microenvironment

of the active sites of the enzymes from the two sources.

IT.4 (iii) Fringerprint analysis

The fingerprint analysis of separated subunits of
the citrate lyases from K.aerogenes and §.faecalis reveal
an apparent close homology between the corresponding
subunifs of the two enzyme complexes. While this
evidence is only circumstantial in the absence of the
complete subunit sequence data, the immunological cross-

reactions would support the hypothesis of apparent
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structural relationships between the two enzyme complexes.
The present data provides the first preliminary evidence
of homologaqus relationships between corresponding subunits

of the city@te lyase complexes from two different sources.
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1. Introduction

Bacterial citrate lyase (EC 4.1.3.6) catalyses the
cleavage of citrate to oxaloacetate and acetate in
the presence of divalent metal ions such as Mg?* and
Mn?* [1].

The enzyme has been obtained pure from several
sources [2—5] and shown to be a complex of three
non-identical subunits of ~55 000 (e), 30 000 (8)
and 10 000 (y) daltons. The subunit composition
and function has been studied extensively in the
enzyme from K. aerogenes [6—8]. The vy subunit acts
as acyl carrier protein (ACP) and carries an essential
acetyl moiety [7]. The « subunit functions as an acyl
transferase involved in citryl-ACP formation with
release of acetate; and the 8 subunit catalyses the
cleavage of the citryl-ACP intermediate to oxalo-
acetate and acetyl-ACP [9]. Acetyl-CoA also serves
as substrate for the transferase and lyase activities
[10,11]. The transferase reaction proceeds in the
presence of EDTA, while the lyase reaction requires
the presence of Mg?* [9,10].

Relatively little is known about the nature of the
interaction between the enzyme and divalent metal
cofactors. The formation of a binary Mn?*—protein
complex has been suggested from pulsed NMR studies
on partially purified citrate lyase from Streptococcus
diacetilactis [12], although the impure nature of the
preparation precludes unambiguous conclusions.

This paper reports studies on the Mn?*-binding
properties of pure citrate lyase from K. aerogenes by
equilibrium dialysis assays using *MnCl, .

Elsevier/North-Holland Biomedical Press

2. Materials and methods

Carrier-free **MnCl, was obtained from the
Bhabha Atomic Research Centre, India. Tris was
primary standard grade from Sigma Chemical Co.,
USA. All other reagents were of analytical grade.

Citrate lyase was purified from K. aerogenes
NCTC 418 as in [13} and preparations were
homogeneous in the ultracentrifuge and in poly-
acrylamide gel electrophoresis. The enzyme assayed
by coupling with malate dehydrogenase [14] had
spec. act. 70 umol .min~"! at 30°C.

Protein was determined by the method in [15]
standardised with pure enzyme.

Sedimentation profiles were recorded on a Spinco
Model E ultracentrifuge equipped with phase plate.

2.1. Metal determinations

Manganese in stock solutions of MnCl, (200 mM)
was determined chemically [16]. 5*Mn was
determined on an ECIL Model SC 603 Gamma
counter. Magnesium was determined after wet com-
bustion of lyophilized protein samples with conc.
HCI/HNO;, 3:1 (v/v) on a Perkin Elmer Model 303
atomic absorption spectrophotometer.

2.2. Preparation of Mg**-free citrate lyase

Enzyme solutions (4—8 mg/ml) were dialysed
24 h at 0—4°C against S0 mM potassium phosphate—
2 mM EDTA (pH 7.5), with 3 changes, 250 vol.
each. Enzyme solutions treated in this manner
contained no detectable Mg?*.
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2.3. Equilibrium dialysis

Tris/HCI buffer, 50 mM (pH 7.4), was used in the
equilibrium dialysis experiments. Tris under these
conditions has been shown to have no detectable
interaction with Mn?" in EPR and NMR studies
[17]. The absence of Mg?* and Mn*" as impurities in
the buffer was established by metal determinations.

All dialysis operations were carried out at 0-4°C.
Mg?*-free enzyme solution, prepared as above, was
dialysed 16 h against 500 vol. SO mM Tris--2 mM
EDTA (pH 7.5) then equilibrated by dialysis for 36 h
against 50 mM Tris (pH 7.5) containing non-radio-
active MnCl, at the desired concentration, with 3
changes, 250 vol. each.

Of the final buffer against which the enzyme
solution had been equilibrated 20 ml was treated
with 0.01 ml carrier-free *MnCl, solution. The
concentration of the buffer was adequate to neutralise
the HCI present in the **MnCl, with a resulting pH
change of <0.1 unit. Addition of the small volume
of $*MnCl, was assumed not to alter the total Mn?*
concentration in the buffer, being carrier-free. The
trace quantities of non-radioactive *Cr, the decay
product of **Mn, was assumed not to compete with
Mn?*-binding.

Dialysis cells were of the type described in [18]
with 1 ml capacity compartments. Dialysis mem-
branes were cut from Visking dialysis tubing pre-
treated by repeated boiling, successively, in 100 mM
NaHCO;—-10 mM EDTA; 100 mM acetic acid; and
several changes of water double-distilled in glass. The
membranes were rinsed in the equilibration buffer
before use. Cell compartments were filled with
enzyme solution on one side and an equal volume of
equilibration buffer with added **MnCl, on the
other. The cell-assembly was gently rocked for 24 h
at 0—4°C until equilibrium was reached, as determined
from preliminary trials. Samples were withdrawn
separately from the compartments for both **Mn and
protein determinations. The free-Mn?" concentration
was taken to be that in the buffer against which the
enzyme had been dialysed extensively. The con-
centration of bound Mn?* was calculated from the
difference in radioactivity counts between the enzyme
solution and the corresponding equilibration buffer.
The stoicheiometry of binding was calculated for
mol. wt 575 000 of the enzyme [13].
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Table 1
Sedimentation behaviour of citrate lyase from K. aerogencs

Enzyme Buffer solution 5°20,w
(pH 7.4) (S)
Mg?*-free 2mM EDTA-50 mM Tris—HCl 17.6

Native 2 mM MgSO, ~50 mM Tris—HCl 17.8

Speed §9 780 rev./min; temp., 2.2-4.5°C

3. Results

3.1. Sedimentation behaviour of metal-free and
Mn*"-citrate lyase

Table 1 describes the sedimentation behaviour of
Mg?*-free enzyme as well as that of the enzyme in
presence of 2 mM MgSO,.

The Mg?*-free enzyme and the enzyme in presence
of the metal have almost similar sso,w values of
17.6 Sand 17.8 S, respectively. The sedimentation
behaviour of the Mn?"-enzyme obtained by
equilibrating the Mg?"-free enzyme with 50 mM Tris
2 mM MnCl, (pH 7.4), was similar to that of
corresponding concentrations of the enzyme in
presence of MgSO, . The absence of Mg?* as well as
the replacement of Mg?* with Mn?* evidently causes
no change in the quaternary structure of the enzyme
under the conditions used.

3.2. Manganese binding

The saturation curve of Mn?* binding is presented
in fig.la.

20~ a

>
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o
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Fig.la. Binding of Mn?* to citrate lyase from K. aerogenes.
Equilibrium dialysis performed in S0 mM Tris('HCI buffer
(pH 7.4) containing varying concentrations ok MuCl,.
Protein, 4 - 8 mg/ml; temp. 0-4°C.
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Fig.1b. Hill plot of Mn**-citrate lyase binding data. Y is the

fractional saturation of the enzyme with Mn?*, assuming 18
binding sites/mol enzyme under saturating conditions.

Data points plotted are for Y values in the range 0.02-0.98.
The straight line is the least squares fit of experimental data.
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Fig.1c. Scatchard plot of Mn**-binding to citrate lyase. The
solid line is constructed from values calculated from the Hill
plot and overlaps approximately curve drawn by eye.
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Saturation of binding sites is reached at free-Mn?*
concentrations greater than ~1 X 107* M where 18 g
atoms of the metal are bound to 1 mol enzyme. The
sigmoidal plot is diagnostic of positive cooperativity.
The interacting site behaviour is more apparent in the
Hill [19] and Scatchard [20] plots shown in fig.1b
and fig.1c, respectively.

The Hill plot (fig.1b) shows linearity over the entire
ligand concentration range used. The Hill coefficient,
nyy, calculated from the slope of the Hill plot has a
value of 2.27 + 0.05, indicating a significant extent of
positive cooperativity in metal binding. The presence
of a maximum in the Scatchard plot (fig.1¢) is also
characteristic of positively cooperative ligand binding
[21], particularly since the ultracentrifuge data rule
out any metal-dependent dissociation—association
effects. The Scatchard plot has an intercept which
passes through the origin at (Mn)g,. _, 0, which
would rule out the presence of any independent, non-
interacting sites [21,22]. The total number of Mn?*-
binding sites/mol enzymeis 18 from the extrapolated
value of the intercept of the Scatchard plot with the
abscissa axis at (Mn) g, , .

The microscopic dissociation constant Kd,n of the
Mn?"citrate lyase complex for the last binding step
was calculated from the limiting slope of the Scatchard
plot at (Mn)ge. _, = [23], using the relationship,
slope = —1/Kg,. A value of 4.5 X 107° M was
obtained for saturating conditions of divalent metal
concentration from the approximately linear region
covering the last 3 points of the Scatchard plot with
values in the range 17—18 Mn2*-binding sites/mol
enzyme.

4. Discussion

These studies show for the first time the cooperative
binding of a divalent metal cofactor by citrate lyase.
Binding of the divalent metal evidently involves a
conformational change in the enzyme complex,
probably to a form which is catalytically active in the
cleavage reaction.

The allosteric behaviour of the enzyme could be a
regulatory mechanism of biological significance.
Citrate lyase from K. aerogenes undergoes rapid
inactivation in vitro during the course of the reaction
it catalyses through a process of deacetylation
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[14,24]. However such reaction inactivation has been
shown to play no role in citrate lyase regulation in
vivo [25]. The inactivation in vivo has been shown

to be energy dependent [25]. Conformational
modulations in citrate lyase complex could be a
possible mechanism of regulation, if the requirement
of energy is assumed to be for the formation or
utilization of metabolite(s) acting either directly as
modulator(s) or indirectly through complexing of
Mg?*. The earlier speculation [26] that a mechanism
for regulation of citrate lyase activity in the cell could
be through the ability of ATP to chelate metal ions,
could indeed be so through modulation in the con-
formation of citrate lyase when Mg?" is abstracted
from the complex.
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