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ABBREVIATIONS

List of abbreviations used other than the accepted ones.

ACP Acyl=-carrier protein

DTNB 5,5'=Dithiobis (2-nitrobenzoate)

DTT Dithigthreitol

= Molar exténction coefficient

E:’c- Absorbance index (1% w/v protein)

Hepes N-2«lydroxyethylpéperazine=N'-2-
ethanesul foniec acid

MDH Kalate dehydrogenase (EC 1.1.1.37)

OAA Oxaloacetic acid

SIS Sodium dodecyl sulphate
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CITRATE ENZYMES

Three closely related groups of enzymes catalyse the
synthesis/breakdown of citrate through a lyase reaction
involving an equilibrium between citrate and its 04
(oxaloacetate) and Cp (acetyl) moieties, The close similarity
in the stereochemistry of these reactions (Srere, 1975) and
the cross-reaction of cofactors required for the activity of
the three groups of enzymes (Robinson et al., 1976) are
suggestive of their evolution through divergence from a common
ancestral gene, These enzymes are:

1. Citrate lyase (citrate oxaloacetate-lyase pro-3§-CH,C00™
- acetate, EC 4.,1.3.6) which catalyses the cleavage of
citrate to oxaloacetate and acetate in presence of a divalent
metal ion such as Igz+ (Eq. 1).

'2+

Citrate’~ e=== Oxaloacetate~ + Acetate'™. . . (Eq.1)

The engyme has been found to occur only in procaryotes.

2. ATP-citrate lyase (ATP: citrate oxaloacetate-lyase
pro=38-CH,C00” —=p acetyl=Cok: ATP dephosphorylating,
EC 4.1.3.8) which catalyses the breakdown of citrate to
oxaloacetate and acetate in the presence of ATP, Coenzyme A
and a divalent metal ion like Mg>' (Eq. 2).

Citrate’™ + CoA + ATP4™ === Oxaloacetate’™ + Acetyl=
CoA + ADPO™ + Piz' e o (Eqe2)



The enzyme is generally present only in eucaryotes in the

eytosol. An exception is its occurrence in Chlorobium

limicola (Ivanovsky et al., 19803 Antranikian et al., 1982a).

3. gi-Citrate synthase (eitrate oxaloacetate~lyase pro-

3§-CH,C00™ —> acetyl-CoA (EC 4.1.3.7) which catalyses the
synthesis of citrate and is ubiquitous in occurrence, being
present both in procaryotes and eucaryotes, The reaction

catalysed by this enzyme is shown in Eq. 3.

Citrate’~ + CoA + H' ==== Oxaloacetate~ + Acetyl=CoA
+ Hy0 e ¢« ¢« (Eqg. 3)

Besides these three citrate enzymes, an enzyme which
has been little studied is:

re~Citrate synthase (ecitrate oxaloacetate-lyase pro-
5g,cnécoo"-o acetyl-CoA, EC number not assigned as yet)
which has been found only in anaerobic microorganisms, The
enzyme is the only one of the citrate enzymes which has an
opposite stereochemistry compared to the other three,

The formation of citrate in yivo is catalysed by the
citrate synthases while its dissimilation is catalysed by
citrate lyase and ATP-citrate lyase, Among the citrate
enzymes, citrate lyase has the simplest extraneous cofactor
requirement and occurs only in the primitive forms of life,
These observations have contributed to the postulate that

citrate lyase may be the first of the citrate enzymes to have

evolved, while ATP-citrate lyase which catalyses a more
complex reaction and is present mainly in higher organisms
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may be the most recent of the citrate enzymes (Srere, 1968).

The present study relates to the properties of citrate
lyase (EC 4.1.3.6), an enzyme on which much interest has been
focused in recent years mainly because of its multienzyme
nature., The complex contains two enzymes and an acyl carrier
protein with a covalently bound CoA like prosthetic group
which oscillates between the two types of enzyme subunits,
The rest of this Chapter reviews briefly the extensive
literature on the citrate lyase multienzyme complex, The
earlier work on this ensyme has been reviewed by Srere (1965),
Srere (1968), Dagley (1969), Lowenstein (1969), Speector (1972),
srere (1972), Srere (1974), Srere and Singh (1975).

I, CITRATE LYASE (EC 4.1.3,6

I.1 OCCURRENCE

The earliest reports on the anaerobic degradation of
citrate date back to 1939 when Defner and Franke and Brewer
and Verkman first presented evidence for oxaloacetate and
acetate being the initial products of citrate fermentation
by Klebsiella aerogenes and Aerobacter indologenes.

The enzyme which brings about the dissimilation, however,
was characterized several years later by Dagley and Dawes
(1953a)in K. aerogenes and in Escherichia coli and independently ’
by Gunsalus and his coworkers in E. coli (Gillespie and
Gunsalus, 1953) and in Streptococcus faecalis (Grunberg-
Manago and Gunsalus, 1953). The enzyme is induced in the



presence of citrate in all sources except Streptococcus
diacetilactis, where it is present constitutively, Harvey

and Collins (1961) observed that citrate lyase is present in
some strains of S, diacetilactis grown on a lactose medium,
the enzyme level being enhanced almost two-fold when citrate
is present in the medium, These authors also observed that

some strains of Leuconostoe gitrovorum and of Streptococcus
liguefacians contain citrate lyase,

Among the phototropic bacteria, citrate lyase activity
has been shown to be present in Rhodopseudomonas gelatinosa
(VWeckesser et al., 19695 Schaab et al., 1972) and in strains
of Rhodopseudomonas palustris (Ciffhorn and Kuhn, 1980), The
enzyme levels in the R. palustris strains were found to be
lower than in R, gelatinosa.

Salmonella typhimurium under aerobic conditions contained
the enzymes of the citric acid cycle as well as of the citrate
fermentation pathway (O'Brien et al., 1969). Citrate lyase
has also been found to occur in Aercbacter cloacae (O'Brien
and Geisler, 1974). Proteus rettgeri grown anaerobically on
citrate has also been shown to have citrate lyase activity
(Kroger, 1974).

Clostridium sphenoides, which is an anaerobic spore-
former, can utilize ecitrate as carbon and energy source, the
fermentation products being acetate, 002. ethanol and molecular
hydrogen (Walther gt al., 1977). Citrate lyase from this
source has been shown to strictly require glutamate for activity
(Antranikian et al., 1982),
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1.2 ROLE IN METABOLISM

Citrate lyase is the key enzyme in the anaerobic
metabolism of citrate by a number of bacteria, catalysing
the initial degradation of citrate to oxaloacetate and
acetate (Eq, 1). Further catabolism of oxaloacetate takes
place either by decarboxylation or by reduection, In
organisms such as K. aerogenes, S. faecalis and R. gelatinosa,
the oxaloacetate is decarboxylated to pyruvate by
oxaloacetate decarboxylase, an enzyme which is also induced
in these sources in the presence of citrate. The two
sequential ensymatie reactions constitute the "Citrate
fermentation pathway" (Dagley and Dawes, 1953a; O'Brien and
Stern, 1969). Subsequently, the pyruvate dehydrogenase
complex brings about the oxidative decardoxylation of
pyruvate to acetyl-CoiA, which serves as the source for the
generation of ATP and reducing power,

Organisme such as P. rettgeri (Krdger, 1974) and E. goli
(Iutgens and Gottechalk, 1980) which metabolise citrate
under anaerobic condition through the initial cleavage of
citrate by citrate lyase doc not contain oxaloacetate
decarboxylase., In these malate dehydrogenase catalyses the
conversion of the oxaloacetate formed from citrate to malate,
which in turn forme fumarate in the presence of fumarase,
Both P, rettgeri and E. goli have membrane bound fumarate
reductases, which have been shown to produce ATP during the
reduction of fumarate to suecinate (Hirsch et al., 19633
Bernhard and Gottschalk, 1978). In B. rettgeri, the reducing
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power required for succinate formation is generated by the
oxidation of a portion of the available citrate through the
tricarboxylic acid cyecle, one mol ATP being produced per mol
citrate oxidized in addition to the reducing power, In

E. goli, however, the tricarboxylic acid eycle is repressed
under anaerobic conditions (Amaransingham and Davis, 1965)
and the presence of a cosubstrate like glucose is required
for generation of reducing power§ In contrast, K. aerogenes
does not contain fumarate reductase and has to depend
completely on oulomitedo«rboxylm for production of
acetyl-CoA (Kulla, 1976).

Evans et al. (1966) proposed the reductive carboxylic
acid cyele for 002 assimilation by photosynthetic, anaerobic
bacteria with citrate lyase funectioning as a key enzyme of
the cyele., Beuscher and Gottschalk (1972), however, could
not detect the presence of eitrate lyase in any of the green
sulfur bacteria, Ivanoveky et al. (1980) and Antranikian
et al.(1982a) have reported presence of ATP-citrate lyase

activity in Chlorobium limicola.

I.3 REGULATION OF CITRATE LYASE
In mieroorganisms which can synthesize both citrate

lyase and eitrate synthase, simultaneous functioning of the
two can lead to antagonistic reactions with loss of energy
through futile cycles., Regulatory mechanisms which can
switch off either of the two enzymes become vital and these
have been detected in several microorganisms, Other modes
of ée\lbiation like covalent or conformational changes have
also been detected., The diverse regulatory mechanisms are



reviewed briefly below,

(1) Regulation in K, aerogenes: O'Brien and Stern (1969)
observed that XK. gerogenes NOTC 418 under anaerobic conditions
grows on citrate as the sole source of energy only in the
presence of Bt+. The requirement was explained on the basis
of the observation of Stern (1967) that the oxaloacetate
decarboxylase of this organism is h*-dopendent. Sachan and
Stern (1971a) have shown that the membrane-bound, Na'=
requiring oxaloacetate decarboxylase also functions as the
carrier protein for the transport of citrate, Under anaerobic
growth conditions, the oc=keto dehydrogenase of the eitric acid
eycle is repressed and citrate is catabolised only through

the fermentation pathway. Under aerobic conditions, on the
contrary, citrate lyase and oxaloacetate decarboxylase are not
synthesized while all the enzymes of the citric acid eyecle are
active and cells grown either in presence of Nat or ite absence
metabolise citrate through the citric acid ecyecle (Wilkerson
and Eagon, 19723 O'Brien, 1975a). Under aerated conditions,
where no oxygen tension is detected, citrate is degraded by
the fermentation pathway in presence of Na' ang through the
eitric acid cyele in the absence of Na' (O'Brien et al., 1969).

Another regulatory mechanism, not involving repression
of the enzymes of either the fermentation pathway or the

citric acid cycle, is by chemical modification of the
essential acetyl moiety in the citrate lyase complex (Buckel
et al., 1971a). In yitro studies by Singh and Srere (1971)
have shswn that the enzyme from K. aerogenes undergoes
reaction inactivation which was later shown by Srere et al.



(1972) to be as a result of deacetylation during the
reaction catalysed by the enzyme, Kulla and Gottschalk
(1977) have reported the absence of any deacetylase in K.
aerogenes, Schmellenkamp and Eggerer (1974) have shown the
presence of a distinet deacetyl citrate lyase ligase in this
organism which can bring about the reactivation of any
deacetyl enzyme in presence of ATP and acetate,

Kulla and Gottschalk (1977) studied citrate lyase
regulation in K. aerogenes by growth shift experiments., When
the organism was grown on citrate under anaerobic conditions,
the specific activity of the citrate lyase slowly increased
after an initial lag period, This increase was evident till
the end of the growth phase (12 h) after which it slowly
decreased, No deacetyl enzyme could be detected during
the initial stages of growth, The rapid reaction inactivation
of the K. aerogenes enzyme which occurs in yitro (Singh and
Srere, 1971) through a process of deacetylation (Sfere et al.,
1972), apparently plays no role in the regulation of the
ecitrate lyase activity. After 16 h of incubation, however,

a small increase in the amount of deacetyl enzyme was observed,
while after 24 h the increase was considerably more, To

study the inactivation of the ensyme under aerobic and
anaerobic conditions as well as with various substrates,
growth shift experiments were carried out ueing a continuous
culture with ammonia as the growth limiting substrate, Samples
were withdrawn from the culture medium and tested for citrate
synthase and citrate lyase activities before and after
treatment with acetic anhydride, When the culture was shifted



9

from "anaerobic citrate™ to "aerobic citrate®™, the specifie
activity of citrate lyase decreased slowly, active ecitrate
lyase was gradvally deacetylated and citrate synthase was
induced. When the shift was from "anaerobic citrate" to
"aerobic glucose", citrate lyase was rapidly inactivated
while citrate synthase was induced, The steady-state
concentration of eitrate synthase was lower than during
aerobic growth on citrate, this being attributed to the
catabolite repression of the ensymes of the citric acid eycle
by glucose (Gray et al., 19663 Magasanik, 1961), The culture
when shifted from “anaerobic citrate”™ to "anaerobic glucose"
surprisingly showed no inactivation of citrate lyase. However,
there were problems in growth, probably as a result of a
futile cycle taking place with a consequent depletion of
glutamate in the cells, sinee this could be partially overcome
by addition of 2-oxoglutarate to the culture medium. Citrate
lyase was observed to be inactivated only under aerobic
conditions. No enzyme responsible for inactivation could be
detected in such cultures, Hence it was assumed that oxygen
or the respiratory chain was involved in the inactivation,
That oxygen is not directly involved in inactivation was
shown by growth shift from "angerobie eitrate" to "anaerobic
glucose plus nitrate", wherein the enzyme was inactivated
indicating probably the involvement of the respiratory chain,
When K. aerogenes cells grown in bateh culture with citrate

under anaerobic conditions were suspended in glucose medium
and allowed to grow aerobically, citrate lyase was completely

inactivated within 90 min, Chloramphenicol delayed the
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inactivation considerably while 2,4-dinitrophencl prevented
it. The inactivation was therefore assumed to be dependent
on electron transport processes in the membrane., Citrate
lyase was thus shown to behave like some other systems which
are inactivated in presence of an energy source such as the
nitrate reductase of K. aerogenes, Proteus mirabilis and

E. c011 (de Groot and Stouthamer, 1969; 1970a,b,e; Oltwann
et al., 19763 Showe and Moss, 1968; Van'T Riet et al., 1968)
and aspartate transcarbamylase in Bacillus subtilis (Waindle
and Switzer, 1973).

SivaRaman and SivaRaman (1979) suggested that a mode of
regulation of the enzyme from K. aerogenes may be through
allosteric modifications. They reported evidence for a
conformational change in the enzyme complex on binding of a
divalent metal like Mn?*, The metal-free ensyme does not
catalyse the cleavage reaction, The energy-dependent in vivo
inactivation was essumed to be through the formation or
utilization of metabolite(s) which can directly act as
modulators or help in complexing ll32+. The abstraction of
Mgz"' from the metal-enzyme complex by ATP could result in
regulation through conformational modulation, Blair et al.
(1967) had speculated on a regulatory role of ATP from the
observed in vitro inactivation of citrate lyase by ATP,

(11) Regulation in Rhodospirillaceae: R. gelatinosa readily
utilizes citrate for growth under anaerobic conditions in the
presence of light (Schaab et al., 1972). The mechanism of
regulation of the enzyme activity in this source has been
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shown by Gottschalk and his coworkers to differ from that

of K. aerogenes and to be through covalent modifications,

A eitrate lyase deacetylase which had been shown to be
present in this organism (Giffhorn et al., 1972) has been
purified and characterised (Giffhorn et al., 1980), The
deacetylase is activated only after citrate is exhausted

from the medium (Giffhorn et al., 1972). When citrate is
present as a substrate, the citrate lyase is converted from
the inactive deacetyl form to active acetyl form by a citrate
lyase ligase which is active only under anaerobic conditions
and in presence of citrate and light (CGiffhorn and Gottschalk,
1975a). On depletion of citrate, citrate lyase ligase is
inactivated rapidly (Antranikian et al., 1978) and citrate
lyase is deacetylated by the activated deacetylase (Giffhorn
and Gottschalk, 1975a,b). The deacetylase is a small protein
(l‘, 14 300) and 1is highly specific with respect to the source
of citrate lyase, not deacetylating citrate lyases from

S. diacetilactis and K. serogenes. R. gelatinosa citrate
lyase deacetylase is synthesized along with citrate lyase.
The deacetylase is strongly inhibited by I=~glutamate and is
thus regulated by the glutamate pool in the cells (Giffhorn
and Gottschalk, 1975b). The intracellular concentration of
Le-glutamate which is dependent on the concentration of citrate
acte as the signal which determines the availability of
citrate for cleavage by the citrate lyase to oxaloacetate

and acetate at high levels through inactivation of the
deacetylase and the inactivation of the lyase by the
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deacetylase at low levels rendering the citrate available
for synthesis of ILe-glutamate via acetyl-CoA (Giffhorn et al.,
1980). The citrate lyase ligase has been purified and
erystallized along with eitrate lyase by Antranikian and
Gottschalk (1982)., This enzyme has also been shown to be
specific, acetylating the lyases only from R, gelatinosa and
the closely related R, palustris (Giffhorn and Kuhn, 1980),
Antranikian et al. (1978) have shown that cells of R. gelatinosa
which have been grown on citrate, washed, suspended in
buffer and incubated in light under anaerobic conditions contain
both inactive citrate lyase as well as citrate lyase ligase.
On addition of citrate, the ligase is rapidly activated which
in turn activates the lyase.

The regulation of citrate lyase in R. palustris has been
shown to follow the same pattern as in R, gelatinosa, viz.
acetylation by eitrate lyase ligase and deacetylation by
citrate lyase deacetylase (Giffhorn and Kuhn, 19803
Giffhorn et al., 1981).

(111) Regulation in C, sphenoides: Antranikian et 2l. (1982)
have reported that the regulation of eitrate lyase in C.
sphenoides is by changes in the intracellular concentration
of Ie-glutamate, The enzyme is active only in presence of
glutamate, While in the Rhodospirillaceae, the regulatory
action of glutamate is indirect through its effect on the

deacetylase, in the Clostridium glutamate interacts directly
with eitrate lyase. The inactive lyase is not deacetylated

in absence of glutamate but apparently is modulated
conformationally. Electron microscopy of this citrate lyase
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did indicate such an effecty; the complex being present in
undefined structures in the absence of glutamate and as star

and ring forms in presence of the ligand,
(iv) R tion P, rettgeri: Under anaerobic conditions,

citrate lyase has been observed to be induced, whereas

citrate synthase is repressed. Oxaloacetate which is formed
from eitrate in the reaction catalysed by citrate lyase is
reduced to succinate. It has been shown that oxaloacetate
decarboxylase is not formed in this organism (Kroger et al.,
1974).

(v) Regulation in other microorganisms: S. diacetilactis

and L. gitrovorum do not contain eftrate synthase,consequently
no antagonistic pathways are present and citrate lyase in
these organisms are not regulated.

Aerobacter cloacae can be grown aerobically as well as
anaerobically on citrate without the presence of Nat in the
medium (O'Brien and Geisler, 1974), Under anaerobic conditions
citrate lyase is induced, x~keto glutarate dehydrogenase being
repressed and citrate is catabolised by the fermentation
pathway, Citrate is metabolised aerobically via the citric
acid cycle as oc=keto glutarate dehydrogenase is induced and
citrate lyase but not oxaloacetate decarboxylase is repressed.
When the cells are grown under aerated conditions, only
citrate lyase and not oxaloacetate decarboxylase is induced
and hence the fermentation pathway is inoperational beyond
the initial cleavage reaction (O'Brien, 1975§. Both the
fermentation pathway as well as the citrde acid cycle is
reported to be operative simultaneously under such conditions
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causing considerable loss in energy resulting in poor cell
yields,

Fa' 1s required for the growth of S. typhimurium on
citrate under aerobic conditions (0'Brien et al., 1969).
The enzymes of the fermentation pathway as well as those
of the eitric acid cycle are present under these conditions,
It is presumed that citrate is catabolised by the two
different pathways, although the mode of regulation is not k
known yet., Kulla (1983) studied the regulatory mechanisme
in 8. typhimurium mutants. Citrate lyase could not be
removed from this organism and the isolated mutants had an
altered citrate regulatory system with the resulting
phenotype resembling E. goli. According to Kulla (1983),
citrate lyase in E., goli and §. typhimurium functions
protectively rather than serving a catabolic purpose by
probably reducing the high internal levels of citrate, which
are likely to cause problems in certain vital cell functions
by chelation of essentizl divalent catioms,

I.4 CITRATE UPTAKE IN BACTERIA

(1) K. aerogenes: Dagley and Dawes (1953a,b) observed that
in K. aerogenes, citrate was utilized after a marked lag
period, This led Davis (1956) to suggest that the transport
of citrate is induced only in the presence of the substrate,
Villarreal-lioguel and Ruiz-Herrara (1969) and Wilkerson and
Eagon (1972) showed that the induced ecarrier activity was
associated with the cell membrane and was dependent upon
protein synthesis.



Sachan and Stern (1971a) provided evidence for citrate
transport in X. aerogenes NOTC 418 being mediated by the
membrane bound, Na'erequiring oxaloacetate decarboxylase.

Na® was shown to be essential for the anaerobic growth of
the organism on citrate as sole carbon source. Strains

of K. aerogenes have shown differences in the metal ion
requirement for citrate transport. K. aerogenes UGa-I was
ghown by Eagon and Wilkerson (1972) to be k* dependent.

It was later shown by Wilkerson and Eagon (1974) that Na'
inhibited the uptake by K. aerogenes both in the UGa~I as
well as in ATCC 12658 strains, while Na+ was without effect
in strain PRI-R3 of the organism.

(11) S. faecalist In the case of S. faecalis, citrate uptake
is also apparently mediated by its oxaloacetate decarboxylase.
The decarboxylation of oxaloacetate as well as citrate
utilization have been shown to require 032"' and biotin
(sachan and Stern, 1971b).

(411) s. diacetilactis: Harvey and Collins (1962) reported
that in §. diacetilactis, in which citrate lyase is
constitutive, the transport system is induced in the

presence of the substrate and by an energy requiring process.
The anpearance of spontaneous oryptic Cit -mutants of

8. diacetilactis which had lost the ability for citrate
uptake while retaining citrate lyase activity was reported
by Celling and Harvey (1968). Kempler and McKay ('1979)
observed that citrate transport in this organism is plasmid
linked as mutants which had lost the ability for citrate
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uptake had also lost a 5.5 megadalton plasmid, One of the
mutants (mc,-x) was believed to have undergone a point
mutation as it showed the presence of the 5.5 megadalton
plasmid even though it was Cit™,

(iv) E. goli: The inability of E. coli to utilize citrate as
the sole source of carbon and energy is a c®iterion for its
classification (Koser, 1923), Iater work by Vaughn et al.
(1950) showed that under anaerobic conditions, E. ¢oli could
degrade citrate if peptone and ecarbohydrates were also present
in the medium, Under anaerobic conditions E. coli utilizes
citrate in the presence of a cosubstrate such as glucose or
lactose (Iitgens and Gottschalk, 1980), The nature and the
specific requirements of the transport system are not yet known.

The failure of E., coli to utilize citrate under aerobic
conditions has been attributed to the absence of a transport
system (Lara and Stokes, 1952), There are several recent
reports, however, of strains of E. coli isolated from a variety
of birds and mammals which utilize citrate aerobically, an
activity associated with the presence of Cit' plasmids (Sato
et al., 19783 Ishiguro et al., 19793 Ishiguro and Sato, 1980).
The posdtive aerobic citrate marker has been located within a
transposon of complex structure in the plasmid (Ishiguro et al.,
1982).,

Some thermosensitive HY plasmids from strains of
chloramphenical-resistant S, typhimurium transferred into a
prototrophic E. coli K-12 strain have the ability to utilize
citrate as sole energy source (Smith et al., 1978)., Hall
(1982) has isolated a spontaneous double mutant of E. coli
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K=12 which utilizes oitrt‘ti_ urobically as sole source of
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carbon and energy. The data on citrate utilization indicated
that the citrate uptake was not dependent on the presence

of any plasmid but was the result of a mutation in two
gpecific genes which probably constitute the citrate
transport system, |

(v) 8. typhimurium: Citrate transport in S. typhimurium has
been reported by Imai et al. (1973) and Kay and Cameron (1978)
to involve three transport systems which are induced by
citrate and its analogues. $S. typhimurium strain LT2

which is well characterized genetically resembles K. aerogenes
in its ability to utilise citrate both aerobically as well

as anaerobically, Citrate lyase could not be deleted from
mutants of the ILT2 strain and this has led to the suggestion
that the enzyme probaly serves the vital role of scavenging
citrate which might otherwise interfere with cell function

by its metal chelating eapacity (Kulla, 1983).

I.5 PURIFICATION OF CITRATE LYASE

The enzyme has been obtained pure from several sources
such as K, aerogenes, S. diagetilactis, R. gelatinosa,
S. faecalis, E. eoli and C. gphenoides.
(1) Citrate lyase from K, aerogenes: The enzyme was obtained
pure for the first time from this source (SivaRaman, 1961).
Dagley and Dawes (1955) had déscribed earlier a partial
purification of the ensyme from this source, The pure enzyme
is obtained from K. aerogenes NCTC 418 by a procedure
involving streptomyein sulphate treatment, adsorption on
alumina C gel and selective elution from the gel, DEAE-

57115 1 57 85121 (043
SUb
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cellulose chromatography and ammonium sulphate fractionation.
Some modifications of this procedure are gel filtration as an

additional step (Mahadik and SivaRaman, 19683 Singh and
Srere, 1975), treatment with salmine sulphate and CM-

cellulose in place of alumina Cy and DEAE-cellulose chromato-
graphy (Bowen and Mortimer, 1971). The preparations were
homogeneous both ultracentrifugally (SivaRaman, 1961) and
electrophoretically (Bowen and Rogers, 1963a; Singh and Srere,
1971). The purified enzyme has an absorbance index E}*o. of
6.2 at 278 nm and a epecific activity of 73 p mol . min~ ' mg™"
at pH 7.4, 28°C and 10 mM MegCl, (Singh et al., 1976). Enzyme
of a specific activity of about 90 p mol smin™" .ng" protein
was obtained by Tikare (1979) from this source by introducing
an activation step with ATP and acetate initially.

Dimroth et al. (1977b) have described a procedure for the
large scale isolation of the enzyme, This involves the
precipitation of the alumina 0]r gel eluvate with polymin HS
(ethyleneimine polymer), dialysis and gel filtration through
Sephadex G=200,

(11) Citrate e from S, diacetilactis: Harvey and

Collins (1563) and Ward and Srere (1965) reported a partial
purification of the enzyme from this source. The pure enzyme
was obtained later by Singh and Srere (1975) and Kinmel et al.
(1975). The former used protamine sulphate treatment
followed by fractionation with ammonium sulphate, gel
filtration and DEAE-cellulose chromatography. The specifie
activity of the purified enzyme was reported to be 200 R
mol.min™',mg™! at pH 7.2 in presence of 2 my MgCl, at 25°C.

The enzyme was homogeneous in the ultracentrifuge., The method
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of Kiimmel et al. (1975) involved treatment with cetyltri-
methylammonium bromide, alumina C,. gel adsorption, ultra=-
filtration of the supernatant followed by gel filtration and
DEAE-Sephadex A«50 ehromatography. The purity of the enzyme
wag established by ultracentrifugation and polyacrylamide gel
electrophoresis and the preparation had a specific activity
of 125 p ul.d.n"‘.u" at pH 7.2 in presence of 2 mM MgCl,.
Citrate lyase ligase activity associated with this preparation
(Kiimmel et 8l., 1975) was shown to be an impurity which ecould
be removed by alumina C . gel treatment (Bowien and Gottschalk,
1977)

(111) om R atinosa: Beuscher et al. (1974)
obtained homogeneous preparations of the enzyme from this
source., Their procedure involves treatment of cell extracts
with protamine sulphate, TEAE-cellulose chromatography and gel
filtration, The preparation was homogeneous under conditions
of pedimentation equilibrium and in polyacrylamide gel
electrophoresis and had a specific activity of 139 p mol.min™',
mg™! at pH 7.2, 30°C anad in presence of 3 m¥ MgCl,. The
procedure has been modified hy Giffhorn and Gottschalk (1978)
to obtain the engyme in a crystalline form, The purification
steps ineclude catyltrimethylammonium bromide treatment
followed by alumina c.“ gel adsorption and DEAE-cellulose
chromatography, The enzyme fractions were concentrated by
ultrafiltration, Crystals which were formed were
recrystallized in presence of 0,1 M KCl, The recrystallized
enzyme had a specifie activity of 360 p mol.min™' . mg™ 12

(iv) C1 1 m S, faecalis: The enzyme from this



source has been purified by Hiremath et al. (1976). The
procedure of purification involves treatment of the sonie
extracts with ATP and acetate to reactivate any deacetylated
enzyme, followed by streptomyecin sulphate treatment, Further
stepe include adsorption and elution of the enzyme from
alumina C 5 gel, ammonium sulphate fractionation, DEAE-
cellulose chromatography and gel filtration., Homogeneity

of the preparation was checked by analytical ultracentrifuga-
tion and polyacrylamide gel electrophoresis., The pure enzyme
had a specific activity of 90 p mol.min™'.mg”~' at pH 8.0,
30°C and in presence of 20 mM llgs04.

(v) Citrate 1 from E, colit The enzyme from this source
was partially purified by Dagley and Dawes (1955), Wheat and
Aji (19552) and Bowen and SivaRaman (1960), The enzyme was
obtained pure by Nilekani and SivaRaman (1983)., The
purification process involves treatment with streptomyein
sulphate followed by treatment with salmine sulphate, CM-
cellulose and alumina C " gel, fractionation by ammonium
sulphate, DEAE-cellulose chromatography and gel filtration,
The homogeneity of the enzyme preparation was established by
separation into its three biologically active subunits, The
holoenzsyme, however, showed multiple states of aggregation
in the ultracentrifuge and was polydisperse in polyacrylamide
gel electrophoresis, The purified enzyme has a specific
activity of 120 p mol.min"'.mg”' at pH 8.0 and in presence of

10 mit ¥gSO,.
(vi) Citrate lyase from C, sphenoides: Antranikian et al.

(1982) obtained a 72-fold purification of the enzyme from this
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source, The enzyme was found to be active and stable only
in presence of I-glutamate, which was therefore included in
all the buffers used in the steps of purification., Cell
extracte were treated with protamine sulphate, the activity
fractionated with ammonium sulphate, followed by filtration
through gel and concentration by ultrafiltration, The enzyme
was then incubated with ATP and acetate to fully activate the
engyme, This was followed by differential sedimentation in
a sucrose density gradient, concentration of the activity
and gel filtration, The specific activity of the enzyme was
60 p mol.min"',mg™! at pH 7.2, 30°C and in presence of 10 mx
Leglutamate and 3 miM I3012.

I.,6 PROPERTIES OF CITRATE LYASE

(1) stability:

A process of inactivation of citrate lyase is through
loss of essential acetyl groups. When catalytically active,
pure K. aerogenes [14§]-¢ootyl citrate lyase was stored at
4°C for 4 days, nearly a third of its activity as well as
an equivalent proportion of protein-bound radiocactivity were
lost, implicating spontaneous deacetylation as the cause of
the inactivation (Buckel et al., 1971a). Complete inactiva-
inactivation results on deacetylation with neutralized
hydroxylamine or dithiothw@itol/dithicerythreitol, The
inactive enzyme is reactivated chemically with acetic
anhydride (Buckel et al., 1971a) or ensymatically with
citrate lyase ligase in presence of ATP and acetate

(Schmellenkamp and Eggerer, 1974).



The stability of solutions of the pure enzyme was
greater at higher protein concentrations (Bowen and Rogers,
1963a). Enzyme at a concentration of 0.,04% rapidly lost all
its activity at 20°C within 2 h, while a 0,3% solution lost
20% activity in 5 h at 20°C, The half life of a 0,3% enzyme
solution at «14°C was 4 weeks, Crude extracts were found
to be more stable than purified enzyme at 55°C, Cysteine
does not stabilize the ensyme,

Eisenthal et al. (1966) have reported that in the
presence of Igz"' the extent of inactivation of the enzyme in
dilute solutions is reduced, Blair et al. (1967) recognized
two types of inactivation processes in dilute solution, a
reversible and an irreversible process, Inactivation at low
ug?* concentrations (0,025 - 1.0 mM) could partly be reversed
by increasing the concentration of lgz"' (2 mM), At low
concentrations of Mg>', adenine nucleotides and EDTA increased
the inactivation, while c;z*. which does not form an active
complex with the enzyme, protected against inactivation, It
was observed that both the reversible and the irreversible
processes could be retarded by higher Mg2® concentrations.
Gruber and Moellering (1966) have reported that partially
purified ensyme preparations lose only 10% of activity when
freese-dried with bovine serum albumin, sucrose and 13804
and stored in the cold for a period of 1 month,

The E. coli enzyme is relatively unstable in crude
extracts., Wheat and AJ1 (1955a) have reported that partially
purified E., coli enzyme is extremely unstable and loses its
activity either in dilute solutions or on prolonged dialyeis,



Nilekani (1980) has reported that the purified E. coli
enzyme is stable in presence of saturated ammonium sulphate
at 0°C in 0,05 M potassium phosphate buffer, pH 7.4
containing 1,6 mM l¢804. Freezing and thawing of the
enzyme preparations led to the loss of activity either in
presence or absence of ammonium sulphate,

The enzyme from R. gelatinosa has been shown by
Beuscher et al. (1974) to be presant mainly in a deacetylated
and oxidized form after the purification steps, Such
preparations could be reduced with mercaptans and reactivated
chemically, The erystalline enzyme from R. gelatinosa
retained its activity for 8 months when stored at 4°C in the
presence of 3 M ammonium sulphate (Giffhorn and Gottschalk,
1978).

Partially purified S, diacetilactis enzyme lost its
activity rapidly if left overnight, while the purified
enzyme retained most of its activity when stored for wee
weeks at «90°C (Singh and Srere, 1975), It was also
observed that the enzyme was stable at pH values upto 8.1,
while at pH 8,3 - 8,7, dissociation of the complex
occurred with loss in activity.

The purified enzyme from §, faecalis was stable when
stored at 0°C or «20°C only in the presence of ammonium
sulphate, Repeated freezing and thawing of the enzyme led
to ite inactivation with formation of artifacts (Hiremath
et al., 1976).

The pure enzyme from C., gphenoides could be stored at
4°C for 4 days or at -=20°C for 2 months, without appreciable
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lose in activity (Antranikian et al., 1982), At 30°C, almost
half the activity was lost within 4 h, The stability of this
engyme was shown to be markedly improved by the presence of
I-glutamate., At lowconcentrations of glutamate (7 mM) and
at 0°C, the enzyme was inactivated within 3 min., A glutamate
concentration of 150 mM or more was required for stabilizing
the enzyme., Ioss of enzymatic activity in absence of T
glutamate could be reversed by the addition of T-glutamate.
The presence of high conecentrations of glycerol (30%), sucrose
(40%) or bovine serum albumin (10 mg/ml) together with I-
glutamate (7 mM) resulted in only a marginal loss in activity
at 0°C. The reversible inactivation in the absence of
glutamate was observed to follow a transitién from ring and
star shapes seen in electron micrographs to undefined shapes.
(41) pH Optimum

The optimum pH for the reaction catalysed by citrate lyase
is around 8.0 in case of K. aerogenes (Dagley and Dawes, 1955),
E., coli (Dagley and Dawes, 1955; Wheat and AJ1, 1955a; Nilekani,
1980) and §. faecalis (Hiremath et al., 1976), while for the
enzymes from S, diacetilactis (Harvey and Collins, 1963) and
R. gelatinosa (Beuscher et al., 1974); The reported pH
optimum is 7.0 = 7,3, The §. dfacetilactis enzyme tends to
dissociates at pH values of about 8,5 (Singh and Srere, 1975),

The optimum pH for ‘the C. sphenoides enzyme is around
6.5 = 7.0 (Antranikian et al., 1982),

(111) Metal requirment
Requirement of divalent metal ioms like ¥g2*, un2*,zn2*,
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re??, 0o?* tut not ca2*, sr?*, Ba?*, cu?* and Hg?* was shown
by Dagley and Dawes (1955) in both K. aerogenes and E. goli
citrate lyase preparations which had been partially purified.
It was also shown that with the E. coli and K. aerogenes
engymes, Caz" acts as a competitive inhibitor of enzyme
activation by other metal ions, Harvey and Collins (1963) have
confirmed these results in the case of the enzyme from
S. diacetilactis.

Observations of the activation by different metal ions
led Dagley and Dawes (1955) to postulate that metals which
activated the enzyme had a restricted ionic radius in the range
of 0,72 + 0,08 A while metals like Ca’’, with an ionic
radius of 0,99 A. were out of the range, They suggested that
the enzyme would interaet with the metal chelate complex of
citrate, Harvey and Collins (1963) presented indirect
evidence in favour of this suggestion by showing that the
optimum pH range of partially purified S. diacetilactis
enzyme corresponds to the range in which stable complexes of
metal and substrate could be formed, It was also observed
that maximum activity could be obtained only when both metal
and substrate were present in equimolar ratios, higher
concentrations of the metal ion causing inhibition,

Vard and Srere (1965) provided evidence against the view
that a metal-substrate complex acts as the true substrate for
the enzyme., Pulsed nuclear magnetic resonance studies made
by them on partially purified enzyme from S. diacetilactis
indicated the formation of a metal-enzyme binary complex which
presumably acted on free citrate., The dissociation constant
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K, caleulated for Mn°'-ensyme was 4 x 10™> M, No evidence
could be obtained for the formation of a ternary metal-
enzyme-citrate complex, However, the probability of a low
steady-state concentration of the termary complex being an
alternative reason for the failure to deteect the ternary
complex was also recognized by them, The NMR studies
confirmed the earlier observation of competition between
0a2* and ug2*,

SivaRaman and SivaRaman (1979) have studied the metal
binding properties of purified K. aeropenesg citrate lyase.
Sedimentation behaviour of metal-free enzyme as well as of
the ensyme in presence of Mg ' or Mn2' were similar in the
presence of the normal buffers, indicating no change in the
state of aggregation. Equilibrium dialysis studies using
radioactive S4un®* indicated positive cooperativity in metal
binding, The Hill coefficient was 2,27 + 0,05, indicative
of strong positive cooperativity, The Seatehard plot

indicated total positive cooperativity in metal binding, The

total number of Mn2'

binding sites per mol of ensyme complex
was calculated to be 18, It was concluded that binding of a
divalent metal ion results in a conformational change in the
enzyme complex making it catalytically active in the cleavage
reaction,

In R, gelatinosa, .‘24-. un®* ana co* have been shown
to be the most effeetive activators of the enzyme, Zn2+ and
§12* being only slightly effective and Cu®* and Fe2* having

no effect at all (Beuscher et al., 1974), The enzyme from
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S. faecalis shows the highest activation with lgz"', followed
by Mn*, Zn®* and Fe®* (Hiremath, 1977). Co2* and Cu2* show
feeble activation while Ca>', Ba2*, Hg?* and W12* are without
any effect on the engyme. In the case of the C. gphenoides
enzyme, the highest activity is expressed in the presence of
ug?*, while Mn2* and Co®* are less effective (Antranikian

et al., 1982y, Zn2*, M12*, cu®* and ca®* do not activate

the enzyme, The purified E. coli enzyme resembles the enzyme
from S. faecalis in its activation by metals. Mg?' is the
most effeetive activator followed by Mn>*, 2n*, Fe2*ana co?*
in order of effectiveness; Cu°' shows very low activity while
ca®*, Ba®*, Hg?* and W12* 4o not activate (Nilekani ana
SivaRaman, 1983).

Citrate lyase is a multienzyme complex with two distinct
enzymes, an acyl-transferase which catalyses the formation
of a citryl-enzyme intermediate and an acylelyase which
catalyses the subsequent cleavage of the intermediate to
oxaloacetate and the active acetyl-enzyme. Requirement of
metal has been shown to be only for the lyase reaction and
not for the transferase reaction (Buckel et al., 1973;
Dimroth and Eggerer, 1975b).

(iv) Reaction kinetics

Early studies on the stoichiometry of the breakdown
of citrate to oxaloacetate and acetate showed that with the
enzymes from K. aerogenes (Dagley and Dawes, 1953a; b;
Dagley and Dawes, 1955) and E, goli (Dagley and Dawes, 1955;
Wheat and AJ1, 1955b), a mol of eitrate is cleaved to a mol
each of oxaloacetate and acetate. Dagley and Dawes (1955)
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also showed that extracts of K. aerogenes and E. goli
treated with Dowex-1, 80 as to remove coenzymewA retained
activity and that no enhancement in activity results on
exogenaous addition of CoA.

The oxaloacetate formed on cleavage of citrate by
8. diacetilactis citrate lyase was characterized as the keto-
form, by spectral analysis (Harvey and Collins, 19633 Ward
and Srere, 1965). The enzyme from K. aerogenes was also shown
to yield the keto-isomer in experiments carried out at low
temperatures (2°C) and at pH 7.4 when spontaneous equilibration

of the oxaloacetate tautomers is slowed down, The keto-
isomer of oxaloacetate is also involved in the reaction

catalysed by citrate synthase (Englard, 1959).

The overall reaction catalysed by citrate lyase is
towards citrate cleavage., The reaction goes virtuvally to
completion in presence of a large excess of the enzyme (Wheat
and AJ1, 1955b; Bowen and Rogers, 1965). The reversibility
of the reaction was demonstrated only through radiocactive
labelling of the citrate using ["C] -acetate, oxaloacetate
and lgz* in presence of the enzymes from S, faecalis
(Gillespie and Gunsalus, 1953) and from K. aerogenes
(Bowen and Rogers, 1963b)s

The equilibrium constant for the cleavage of citrate
to oxaloacetate and acetate has been calculated to be around
1 M by Burton (1955), There have been many reports on the
determination of the equilibtrium constant of the reaction
catalysed by citrate lyase (Smith et al., 19553 Harvey and
Collins, 1963)., These do not have much significance as the
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reaction catalysed by citrate lyase is now known to be a
sequence of two reactions and susceptible to reaction
inactivation,

Tate and Datta (1965) had pointed out some of the other
difficulties namely (1) Interactions of substrate and
commonly used buffers with 1324 and oxaloacetate, (2) Formation
of ecitrate and '!2+ complexes, (3) Existence in aqueous
solutions of both keto- and enol-isomers of oxaloacetate and
formation of oxaloaoctate-lgz’ complexes,

Tate and Datta (1965) ecalculated the value of the
equilibrium constant, K, (eitrate>”)/(0AAZs, ). (acetate'™)
for citrate cleavage to be 3,08 + 0,72 w~l at 25°¢ using
limiting concentrations of citrate (2 mR) and excess MgCl,
in presence of triethanolamine~HC1l buffer, pH 8,4, which
does nct complex l32+.

The value of K, ecaleculated from data for citrate
synthesis showed variability due to inhibition of the enzyme
by high concentrations of oxaloacetate and slowness of the
reaction which resulted in the failure to reach equilibrium,
Guyn et al. (1973) have reported the observed equilibrium
constant (Kobs) determined under near physiolcgical conditions
(38°C, 0.25 M phosphate buffer, pH 7.0 and 10~ M free Mg>')
to be 2,22 + 0,16 ¥~', The value of Kopg Varied with changes
in magnesium concentrations., At free (Mg?') = O, Kyps W8
1.00 + 0,07 ¥ and st free (Itz*) = 1072 M, Ky Was approxi-
mately 9. In these determinations, problems of inhibition

were avoided by use of lower substrate concentrations and
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there was good agreement between K. determined in the
forward and backward directions,

At the time when the kinetics of the enzyme catalysed
reaction were studied as desoribed above, many of the factors
given below were not knowns
(1) Multienzyme nature of citrate lyase having two distinct
enzymatic activities (Dimroth and Eggerer, 1975)).

(2) The unusual phenomenon of reaction-inactivation (Singh
and Srere, 1971), due to the spontaneous hydrolysis of the
eitryl-intermediate resulting in the formation of a deacetyl
engyme. The early studies on the kineties of the enzyme
catalysed reaction, therefore, do not have much significance,
(v) Sterecchemistry

The stereochemical specificities of the citrate enzymes
have been exclusively stuvdied (Eggerer et al., 19703 Retey
et al., 19703 Lenz gt al., 1971; Wunderwald et al., 19713
Srere, 1975). To summariee® the data: All the citrate enzymes
except re~citrate synthase exhibit similar stereochemistry
with regards the C«5 prochiral centre of citrate. In the
reaction catalysed by gi-citrate synthase, the attack of
acetyl=CoA is at the gi-face of oxaloacetate to form eitrate
having Ce4 and C-5 derived from the acetyl moiety (Hanson
and Rose, 1963). Both citrate lyase and ATP-citrate lyase
show similar stereospecific behaviour. Citrate lyases from
8. faecalis (Gillespie and Gunsalus, 1953) and E. goli
(Wheat and AJ1l, 1955) cleave citrate in such a manner that
C~4 and C=5 of citrate, which are derived from acetyl-CoA
in the reaction catalysed by gi-citrate synthase, yleld



acetate exclusively, Buckel et al., (1971a) have confirmed
this by using radioactive labeled citrate and citrate lyase
from X. aercgenes, When [“0] (38)=citrate was used as the
substrate, L“(’.'] -ggetyl=-citrate lyase complex was formed,

‘c] (33)- citrate resulted in the formation of
unlabeled engyme and [“c ]-labelod oxaloacetate, Srere and
Bhaduri (1964) have shown that ATP-citrate lyase also cleaves
citrate so that the pro-35-CH,COOH is released as acetyl-CoA.
The stereospecificity of re-citrate synthase is the reverse
in that C-1 and C=2 of citrate (pro-3R-CH,CO0H) are derived
from acetyl-CoA (Gottschalk and Barker, 19663 Stern and
Bambers, 1966).

whereas [1—

gi-Citrate synthase, re-~citrate synthase, citrate lyase
and A@;oitrate lyase all show similar stereospecificity with
respect to the two prochiral centres involving the methylene
groups on G-~2 and C=4 of citrate. Using synthetic chiral
asetate, (R)=(2H, >H)-acetate and (8)=(2H, “H)-acetate, it
hae been shown that all the citrate enzymes cause inversion
of the configuration at the methylene groups of citrate,
which beccme the methyl group of acetate (Eggerer et al. ,
19703 Retey et al., 19703 Klinnan and Rose, 1971}
Buckel et al., 1971b).
(vi) Produet inhibition

Citrate lyases from E. goli and X. aerogenes were first
ghown by Dagley and Dawes (1955) to be irreversibly inhibited
by oxalcacetate, a product of the reaction. FNeither acetate
nor pyruvate was found to inhibit the enzyme, Bowen and
Rogers (1963a) observed that inhibition by oxaloacetate was
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time and concentration dependent and there was no differences
in the spectral or sedimentation profiles of the active and
the inactivated enzymes. They also showed that while malate
like oxaloacetate irreversibly inactivated the enzyme, oxalate,
succinate, oxaloglutarate, tartarate, oxalosuccinate and
isocitrate had no effect.

Eisenthal et al. (1966) etudied the conditions under which
oxaloacetate inhibits the engyme, Oxaloacetate and its
analogues were shown to require the presence of metal ions like
N52+ and the inhibition was shown not to be reversed by malate
dehydrogenase in presence of NADH, The profile of pH
dependence of oxaloacetate inhibition indicated the involvement
of the enolic form of oxaloacetate and it was postulated that
two different lgz*-onollc oxaloacetate complexes are likely to
be involved. This was supported by the finding that among the
oxaloacetate analogues studied, only o ,oc-dimethyloxaloacetate
which cannot enolise and ketomalonate did not inhibit the
enzyme in presence of Icz*. while the analogues which could
give enolic forms were inhibitory. The authors suggested that
the structural requirement for inhibition was a 04 straight
chain, 1,4-dicarboxylic acid having an ionizable oc=hydroxyl
group., Inhibition by oxaloacetate was found to be dependent
on the nature of the divalent metal ion; inhibition in

presence of Ooz+

was more severe than with Mg?', while Mg2'
was more effective than c.2+.

Buckel et al. (1971a) have shown that inhibition by
oxaloacetate is due to the loss of essential acetyl groups of

the enzyme with the formation of the inactive deacetyl citrate



lyase.
(vii) Essential acetyl group of citrate lyase

Buckel et al.(1971a) were the first to report the
involvement of an essential acetyl group in the reaction
mechanism of eitrate lyase., They suggested that the acetyl
group was linked covalently in thip-ester linkage at the
catalytically active site of the ensyme, The enzyme lost its
activity on deacetylation., Stereospecifically labeled

[5-"0] (38) citrate was cleaved by citrate lyase to [“c]-
labeled enzyme and unlabeled oxaloacetate, while [1-"0]

(3R) citrate yielded unlabeled enzyme and [“c] ~-oxaloacetate.
This could be explained as a result of the turnover of acetate
during the course of the reaction catalyzed by the enzyme,
Thus the overall reaction was recognized to be the sum total
of two partial reactions, an acyl exchange reaction (Eq, 4)
and an acyl lyase reaction (Eq., 5), with the cleavage at

the gi-face of oxaloacetate.

B~X-acetyl + Citrate s==== PEoX-citryl + Acetate. . . (Eq. 4)

E«X=gitryl === E-X-acetyl + Oxaloacetate (Eq. 5)

Buckel et al. (1971a) gave further evidences for the
presence of the essential acetyl moiety at the active site:
(a) When active ["C] ~labeled enzyme was treated with
hydroxylamine, the products obtained were [“CJ ~acetohydro-
xamic acid and inactive enzyme, Incubation of the [“c]-
acetyl enzyme with 1 mM oxaloacetate and 1 mM lgClz resulted
in the loss of the label and of enzyme activity.
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(1) Treatment of [144 =acetyl labeled enzyme with cold

citrate followed by gel filtration through Sephadex resulted
in the formation of low molecular weight radioactive products
and unlabeled protein., This was an indication of an aeyl
exchange reaction taking plaece during the enszyme catalysed
reactions

(¢) The kinetics of enzyme inactivation by hydroxylamine were
gimilar to the hydroxylaminolysis of standard thio~-esters like
Nesuccinyl-S-acetyleysteamine, Citrate lyase could also be
inactivated by mercaptans like dithiothreitol and dithioery-
threitol. This was suggeetive of acetate being present in
thio-ester linkage with the enzyme,

(d) Citrate lyase which was inactivaged either by hydroxylamine,
mercaptans or oxaloacetate and lgz* could be reactivated
chemically using acetic anhydride., Srere et al. (1972) later
showed that citrate lyase which was inactivated by hydroxy-
lamine or by reaction inaetivation, in the presence of DINB,
could be reactivated by acetic anhydride only after incubation
with DIT,

Kummel et al. (1975) have shown that deacetyl citrate
lyase from several sources like K. aerogenes, S. diacetilactis,
R. gelatinosa and 1. eitrovorum can be chemically reactivated
by 1-acetyl imidaszole,

Schmellenkamp and Eggerer (1974) have been able to
characterize an engyme from K, aerogenes which can reactivate
deacetyl citrate lyase. The enzyme, acetate:SH(acetyl carrier
protein) citrate lyase ligase (AMP) was partially purified
from K. aerogenes and shown to reactivate only in presence of
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ATP and acetate or acetyl adenylate, This enzyme has been
purified partially by Hiremath et al. (1976) from S. faecalis
and shown to reactivate deacetyl citrate lyase both from
8. faecalis and K. gaerogenes, Bowien and Gottschalk (1977)
obtained an electrophoretically pure preparation of citrate
lyase ligase from S§. diacetilactis which is active only towards
deacetyl citrate lyase from §. diacetilactis, having no effect
on the deacetyl R. gelatinosa or K. aerogenes enzymes.

Buckel et al. (1973) characterized two types of inactive
citrate lyase (1) deacetyl citrate lyase which can be reactivated
by acetie anhydride and (2) carboxymethylated citrate lyase
obtained on treatment of the deacetylated enzyme with
iodoacetate, which cannot be reactivated by acetic anhydride.
Though both were inactive towards citrate, they catalytically
cleaved citrate in presence of acyl-CoA derivatives such as
acetyl-CoA and citryl-CoA, Citrate is cleaved to acetate
and oxaloacetate in presence of acetyl-CoA, while (38)=-citryl-
CoA is stereospecifically cleaved to oxaloacetate and acetyl=-
CoA. In the acetyl-CoA-dependent cleavage of citrate, the
acetyl molety of 'AQ -labeled acetyl-Coh was liberated as
radioactive acetate and the pro-(3§)-CH,COOH group of ecitrate
was transformed to acetyl-CoA, Kinetic data suggested the
formation of citryl=CoA as &n intermediate, which was confirmed
by isolation of (38)-citryl-CoA which accumulates when the
reaction is performed in presence of EDTA (Buckel et al.,
1973). Citrate lyase was thus shown to be a multienzyme
complex catalysing initially an acyl exchange reaction which
is not ugz+ dependent and a subsequent cleavage of the citryl-



intermediate in presence of H32+. Buckel et al. (1973)
showed that cleavage of citrate by native citrate lyase

as well as though the acetyl~CoA dependent reaction catalysed
by deacetyl citrate lyase required acetylated acyl carrier
groups, acetyl-CoA in the case of deacetyl enzyme and acetyl-
enzyme in the case of the native enzyme. Several acyl-CoA
derivatives were checked for their ability to substitute for
acetyl-=CoA in the reaction catalysed by deacetyl citrate
lyase (Buckel et al., 1973). It was shown that malonyl-CoA,
R,S~-malyl-CoA as well as acetyl thio-esters such as N,
S-diacetyl cysteamine, N-.uocinyl-s-qootil cysteamine were
inactive, whereas acetyledephospho-CoA and propionyl-CoA
(reaction given below) were active,

Propionyl=CoA + Citrate === (itryl-CoA + Propionate.(Eq. 6)

Citryl-CoA === Agetyl=CoA + Oxaloacetate(Eq. 7)

Buckel et al. (1973) also showed that butryl=CoA and valeryl=-
CoA neither aetivated nor inhibited the reaction,

Evidence has been obtained to show that citrate lyases
from other sources such as S. diacetilactis (Singh and Srere,
1975), R. gelatincsa (Kummel et al., 1975), S. faecalis
(Hiremath et al., 1976), L. gitrovorum (Kummel et al., 1975)
and E, coli (Nilekani and SivaRaman, 1983) are also acetyl-
enzyme,

(viii) Reaction inactivation

Wheat and AJ1 (1955b) while working on partially
purified E. coli preparations observed that the reaction rate
rapidly dropped to zero and citrate cleavage stopped, This
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they thought was due to inhibition by oxaloacetate, a product
of the reaction. Singh and Srere (1971) later observed in
K. aerogenes that preincubating the enzyme with 1000-fold
excess of oxaloacetate (both in the keto- and enolic-forms)
over the amount that is formed during the reaction did not
cause any appreciable inactivation, They also showed that
there was no change in the reaction rates nor in citrate
cleavage on constantly removing the oxaloacetate formed during
the reaction by coupling with malate dehydrogenase and NADH,
The reaction inactivation followed first order kinetics
and the rate of inactivation varied with the nature of the
divalent metal ion., Amongst the divalent metal ions studied,
the reaction with an"’ resulted in the slowest rate of
inactivation while the rate was the highest with Mg?' (10 m),
Singh and Srere (1971) deseribed such reaction inactivation,
which differed from product inhibition as enzyme "suicide".
Although the mechanism of reaction inactivation has not
been fully understood, it is known to take place as a result
of the deacetylation of the enzyme to HS-citrate lyase, as
the inactivated enzyme has been shown to be reactivated
chemically by acetic anhydride (Srere et al., 1972). Buckel
et al. (1973) observed the labile nature of citryl-CoA at
alkaline pH and this was suggested as one of the causes of
reaction inactivation. Another mechanism to explain reaction
inactivation was proposed by Dimroth and Eggerer (1975b).
The isolated x<=subunit of the K. aerogenes enzyme complex was
shown by them to hydrolyze citryl-S-acyl carrier protein to
deacylated ACP with liberation of citrate leading to reaection



inactivation of the enzyme.

On the basis of their reactioneinactivation behaviour,
citrate lyases from various sources can be classed into two
distinet groupss those that undergo severe reaction
inactivation such as the enzymes from K. gerogenes (Singh and
Srere, 1971) and R. gelatinosa (Kummel et al., 1975) and those
that undergo relatively weak reaction inactivation such as
the enzymes from S. diacetilactis (Singh and Srere, 1975),

L. gitrovorum (Kummel et al., 1975) and §. faecalis (Hiremath
et al., 1976). The reaction inactivation follows first order
kineties and the rate constant (K) for reaction inactivation
of the ensymes from K. aerogenes, S. diacetilactis (Singh

and Srere, 1975), S. faecalis (Hiremath, 1977), and E. goli
(Nilekani and SivaRaman, 1983) with Mg?' at 25°C were
determined to be 1,21, 0,06, 0,07 and 0,32 min~' respectively.

2+

In presence of Zn" , the values for the K., aerogenes and

S+ diacetilactis enzymes were 0.17 min~! and 0.014 min™!
respectively.

Kummel et al. (1975) had suggested earlier that the
enzymes from S. diacetilactis and L. citrovorum show weak
reaction inactivation probably due to the association of an
HS-citrate lyase acetylating activity as a component of the
native enzyme complex, Such aectivity was not observed by
them in the enzymes from XK. aerogenes and R. gelatinosa.
Hiremath et al. (1976) reported the absence of any ligase
activity associated with citrate lyase from S, faecalis,
even though it showe weak reaction inactivation, Bowien
and Gottschalk (1977) later observed that in S, diacetilactis
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also the ligase activity which was detected earlier was an
impurity which could be separated from native citrate lyase
by an alumina C.f gel adsorption step.

(ix) Molecular weight

Purified citrate lyase from X. aerogenes was shown to
have & S,o | value of about 16 - 18 § (SivaRaman, 1961;
Bowen and Mortimer, 1971) and a molecular weight of 534 000
«575 000 (Mahadik and SivaRaman, 19685 Bowen and Mortimer,
19713 Carpenter et al., 19753 Singh et al., 1976). Citrate
lyases purified from other sources have been shown to have
the same size as the K, aerogenes enzyme. The enzyme from
S+ diacetilactis has a Sz.o.' value of 16,8 § and a molecular
weight of 585 000 (Singh and Srere, 1975). The R. gelatinosa
enzyme has a molecular weight of 530 000 - 560 000 (Beuscher
et al., 1974). The s;o.' value for S, faecalis enzyme has
been reported to be 17.1 S and 1ts molecular weight 600 000
(Hiremath et al., 1976). Antranikian et al. (1982) have
reported a 82.0.' value of 16,3 S and a molecular weight of
515 000 for the ensyme from C, sphenoides both in presence
and absence of L~ glutamate. The purified E. coli enzyme
exhibite multiple forms of aggregation in the ultracentrifuge
which are independent of parameters such as presence of metal
ions, ionic strength of buffers, buffer pH, presence of
mercaptans (Nilekamf and SivaRaman, 1983).

The engyme from X, aerogenes has been shown by Mahadik
and SivaRaman (1968) to dissociate reversibly in low ionic
strength buffers in abgsence of divalent metal ions., A half
molecule of molecular weight 273 000 dalton sedimenting at
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10.3 S was observed in 2 mM EDTA + 1 mM potassium phosphate
buffer, pH 7.4 while another component was observed
sedimenting at 6.3 8§ in the presence of 1 mM EDTA + 1 mM
potassium phosphate buffer, pH 7.4. Increasing the buffer
concentrations (50 mM) or presence of 2 mM lgz+ completely
reversed any dissociation to species of lower molecular
weight. These observations were confirmed by Bowen and
Mortimer (1971) and Dimroth et al.(1973). Hiremath (1977)
has reported that the S. faeealis enzyme does not
dissociate in low ionic strength buffers even in absence
of divalent metal ions.
(x) Subunit structure

The early sedimentation studies by Mahadik and SivaRaman

(1968), Bowen and Mortimer (1971) and Dimroth et al. (1973)
on K. aerogenes citrate lyase led to erroneous conclusions
probably because of the complex interactions between the
non-identifical subunits and incomplete dissociation under
the denaturing conditions used, Dimroth et al. (1973) were
the first to report the presence of a 10 000 dalton subunit,
which functions as the acyl-carrier protein (AGP) in K.
aerogenes. Singh et al. (1974) observed three protein bands
of molecular weights of about 55 000, 33 800 and 11 900
daltons respectively on SIS=gel electrophoresis of citrate
lyase from K. aerogenes. These components were separated
on agarose columns in presence of 6 M urea, Carpenter et al.,
(1975) determined the molecular weight of the separated
subunits more preecisely by gel filtration through 6% agarose
in 6 M guanidinium hydrochloride and by sedimentation
equilibrium. The values of 54 500, 32 000 and 11 000 daltons
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reported by these authors for the component subunits have been
confirmed by Dimroth and Eggerer (1975a) ,w48 reported values
of 54 000, 32 000 and 10 000 daltons.

Similar subunit structures have also been shown by SIS~
polyacrylamide gel electrophoresis for citrate lyase from
several other aour;oa. The molecular weights of the subunits of
the 8. diacetilactis enzyme have been shown to be 54 000,

35 000 and 12 000 (Singh and Srere, 1975), The §. faecalis
enzyme is composed of subunits of molecular weights 54 000,

37 000 and 14 000 (Hiremath et al., 1976). The purified enzyme
from R, gelatinosa was thought at first to contain only two
non-identical subunits (Beuseher et al., 1974), but drastic
conditions of heating with 2% SIS, instead of the 1% which was
used earlier, confirmed that the enzyme from this source also
resembles othér citrate lyases in having three non-identiecal
subunits of molecular weights of 55 600, 31 600 and 11 400
(Giffhorn and Gottschalk, 1978).

The subunits of C. gphenoides citrate lyase have been shown
by 8DS~polyacrylamide gel electrophoresis to have molecular
weights of 56 000, 32 000 and 11 700 (Antranikian.gg.gl.. 1982b).,

The purified E. goli enzyme has been reported recently to
differ markedly from other eitrate lyases, containing a large
85 000 dalton ACP subunit instead of the usual 10 000 = 14 000
dalton ACP subunit. The other two subunits of Ew coli are of the
usual size of 54 000 and 32 000 daltons (Nilekani and SivaRaman,
1983). |
(xi) Subunit stoichiometry

The stoichiometrge proportions of the three subunits in
the citrate lyase complex have been determined through a
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number of approaches., The subunits of K. aerogenes citrate
lyase separated by SDSepolyacrylamide gel electrophoresis
have been stained with Coomassie Brilliant Blue and
estimated by scanning of the gels and the $4 000 and 32 000
gubunits have been shown to be present in equimolar amounts
with an estimated 6 copies of each in the enzyme complex
(Dimroth and Eggerer, 1975a; Carpenter et al., 1975). The
estimated number of copies of the ACP( )=subunit determined
by the same procedure varied according to the length of the
development and the staining procedure (Dimroth and Eggerer,
1975a). This was explained as being caused by losses
through diffusion of the small protein from the gel into the
solution, It was assumed that the native enzyme complex has
six copies each of the ;= and the /3-.ubun1te and four
copies of Y-subunit (Dimroth and Eggerer, 1975a; Carpenter
et al., 1975).

Srere et 21.(1972) estimated the pantothenate content
in the K. aerogenes enzyme complex by chemical and
microbiological assays. A value of about 5 mol of phospho-
pantothenate per mol of enzyme was obtained, A similar
value of 3-4 mol pantothenate per mol of enzyme, was obtained
by Singh et al.(1975) from studies with ['4c|-1averea
pantathenate and pantothenate~requiring mutants of K.
gerogencs. They also showed that the ['40]-pantothenate
enzyme which was subsequently labeled to contain an [sﬁ]-
acetyl group had [511] and [“c] associated only with the
ACP(Y¥)=subunit of the complex,

A novel amino acid sequencing technique was employed



by Singh et al. (1976) to establish the presence of six
eopies each of the three different subunite in the
holoenzyme from K. aerogenes. The enzyme was separated to
give the subunits, each of which was sequenced to ten residues
from the amino terminus. The intact holoenzyme was also
analyzed and the ratios of amino acids released at various
positions were estimated. From the amino acid sequence of
the individual subunite, the ratios of the amino acids
released at various positions were shown to be 1:1s1
indicating the presence of equimolar amounts of the three
gubunits in the enzyme complex.

Hiremath (1977) determined the stoichiometry of the
ecitrate lyase subunits from §. faecalis by scanning the
SIS=polyacrylamide gels stained with Coomassie Blue and
obtained a molar ratio of 1:1:0,7 for the =, /3- and ¥'=-
subunits, Chemical analysis of the prosthetic group
components indicated the presence of four prosthetic groups
per mol of the holoensyme in S, faecalis (Hiremath, 1977).
Pantothenate assays in both S. faecalis (Hiremath, 1977)
and §. diacetilactis (Singh and Srere, 1975) have shown
the presence of four mol pantothenate per _mol hcloenzyme,

The C., sphenoides complex has also been shown to
contain ocsP:zr subunits in the ratio 0.9:1:0.7 from stained
SIS-gel scans (Antranikian et al., 1982).

An exception to the general subunit stoichiometry of
the enzyme complexes observed in K. aerogemes, S. faecalis,

8. diacetilactis and B, gelatinosa, the enzyme from E. gcoli
consists of six coples sach of the o= and B« subunits and
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a single copy of the f=subunit as estimated from the SIS~
gel scans (Nilekani and SivaRaman, 1983).
(x11) Subunit organiszation

The dimensions of the citrate lyase molecule and the
subunit organization in the complex have been determined
by Gottschalk and his coworkers from electron micrographs
of negatively stained molecules of citrate lyases from
different sources. FElectron micrographe of purified R.
gelatinosa enzyme showed the presence of six large and six
small subunits arranged in two hexagonal rings lying face
to face, each consisting of three large and three small
subunits in alternating sequencej the complex had the
dimensions of 160 A. diameter and 100 A. thickness, The large
subunit showed up as an ellipse with axes of 58 A. and 49 A. ’
while the smaller subunit which was taken to be spherical
had a caleulated dlameter of 43 A (Beuscher et al., 1974).
Dimroth and Eggerer (1975a) and Schramm (1981) have reported
that the electron micrographs of K. aerogenes citrate lyase
resemble those of the R. gelatinosa enzyme, More recently,
Antranikian et 2l. (1982) have investigated by electron
microscopy the citrate lyases from C., sphenoides, R. gelatinosa
and 8. diacetilactis. In addition to the ring forms, star
and triangle forms were also observed in enzymes from all
these sources., In samples from R, gelatinosa and 8.
diacetilactis, star and ring formes occurred in the ratio of
about 1:9., With the S. diacetilactis ensyme the ratio could
be altered in favour of the star form in presence of the
substrate, citrate or its analogue tricarballylate. The



C. sphenoides enzyme which is active only in presence of
I=glutamate showed up as stars and rings with the star form
predominating in presence of glutamate and as undefined shapes
in samples when the glutamate was removed by dialysis. The
smallest (¥') subunit could not be observed in the electron
micrographe of the native enzyme complexes, probably due to
its ralatively small size and the low resolution of the
technique. The location of the f=subunit was poseible through
immunoelectron microscopy (Zimmermann et al., 1982). Using
subunit specific antibodies, the y=subunit was shown to be
attached closely to the o(=subunit both in stars and rings
with a symmetrical location in the star form and a polar
attachment in the rings.
(x111) ¢ t tien mechanigm

That citrate lyase could be a multienzyme complex was
apparent after the discovery of the two-step reaction mechanism,
an acyl exchange and an acyl lyase reaction (Buckel et al.
1971a) and the detection of three non-identical subunits in
eitrate lyase (Singh et al., 1974). Dimroth and Eggerer
(1975b) provided the necessary evidence for the multienzymie
nature of citrate lyase by isolating the three component
subunits in pure and biologically active states and
characterizing their individual functions and by reconstituting
the active enzyme from the isolated subunits., The 54 000
dalton ccegubunit was shown to function as an acyl transferase
catalysing the formation of [1,5-'40| citry1-AcP ana acetate
fron [1,5-'40] citrate and the 10 000 dalton f~subunit, which
was earlier shown by Dimroth et al.(1973) to function as an
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ACP, The transferase reaction required no metal ion for

activity and the dimer of the 54 000 dalton polypeptide
chain was reported to be the catalytically active form of

the oc=subunit. The 32 000 dalton f—eubunit in presence of

Mg2* catalysed the breakdown of [1.5-“0] ~citryl=ACP to

[ 4='4c] ~oxaloacetate and acetylated ACP, establishing the

lyase function of the P-cubunit in citryl-ACP cleavage.
The overall breakdown of citrate by citrate lyase was

thue unequivoecally shown to proceed as follows:

C=gubunit
Acetyl=-ACP + Citrate -—E;;—- Citryl-ACP + Acetate

p =subunit

.‘24

Citryl-ACP Oxaloacetate + Acetyl-ACP
The active enzyme could be reconstituted only in the presence
of all the three subunits and was found to be identical with
the native enzyme complex in its sedimentation behaviour

and specific activity.

The enzyme citramalate lyase from C. tetanomorphum
shows striking resemblance with the citrate lyase from K,
aerogenes even though they are present in different unrelated
bacteria (Buckel and Bobi, 1976). The close relationships
between the two enzyme complexes was further supported by the
formation of hybrid enzymes, ACP of citramalate lyase
incubated with the transferase and lyase subunits of citrate
lyase forms a hybrid complex and the ACP of ecitrate lyase
acts as a substrate for the transferase subunit of citramalate
lyase although other combinations failed to produce an active
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complex (Dimroth et al., 1977a).

The mechanism of action of the isolated acyl transferase
subunit from K. aerogenes was shown by Dimroth et al.(1977b)
to represent a CoA-transferase, The enzyme in the presence
of acetate was found to catalysed the exchange between acetate
and acetyl-ACP or acetyl=CoAs; an incubation with acetyl-CoA
and citrate, citryl-CoA was formed. Studies on affinity
labeling with acetic anhydride and lodoacetate gave evidence
for the transient formation of an anhydride as the intermediate.
These anhydrides are most probably citric-acetic anhydride
and acetic anhydride in the acetyl exchange reaction with and

without citrate., However, in contrast to the classical Cod-
transferases like suecinyl-CoAi3-oxoacid CoA-transferase

(Jencks, 1973), the CoA-transfer reaction from acetyl-CoA to
citrate catalysed by the isolated transferase reaction, did
not involve the formation of enzyme-~CoA intermediate as
studied by kinetic as well as by chemical assays. While the
classical CoA-transferase generally follow ping-pong or
double displacement mechanism, the reaction catalysed by the
transferase subunit is a single displacement mechanism,

Srere and Singh (1974) and Dimroth and Eggerer (1975b)
postulated that the cleavage of citrate by the multienzyme
ecomplex requires the oscillation of the acylated prosthetic
group of the ACP subunit during reactions catalysed between
the transferase () and lyase (ﬁ) subunits.

An alternate mechanism proposed by Zimmermann et al.
(1982) from electron microscopic studies has been discussed
in an earlier section of this Introduetion., This involves
the rotation of the oce=subunit around its vertical axis

causing transitions from the 'ring' form representing
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the 'substrate' or eitryl-enszyme to the 'star' form wherein
the eitryl residue on the ACP subunit is assumed to be
brought close to the active site of the lyase ( /‘3) subunit.
On cleavage of the citryl moiety to yield oxaloacetate and
the acetyl-enzyme, the enzyme as po';ulatod reverts to the
'ring' configuration.

Baged on eleetron microscopy and the results obtained
with different bifunctional eross-linking reagents, a model
has been postulated to explain the strueture-function
relationships in citrate lyase. According to the working
model, two layers of subunit molecules are present one above
the other, In a layer, a complex consisting of aoC-gsubunit
with a y-subunit eitting as polar cap on 0C=- and a /9-ou1mn1t
represents a structural unit, ‘'stars' and 'rings' can be
transformed into one another by rotation around the vertieal
axies of the oC=subunit and opening followed by closing of the
contacts between pc and /3 of neighbouring structural units,
The 'triangle' would be an assumed transition form, In the
'star' form, areas on the surface of ¥ which probably
comprise the active site are brought into contact with the
corresponding areas on /3; while in the 'ring' form, these
areas are far apart, The 'ring' configuration is postulated
to represent the 'substrate'! form and the 'star', the
‘consumption' form, The model is illustrated in Figure 1.
(xiv) Substrate and inhibitor activities of citrate analogues
(a) Hydroxycitrates: Sullivan et al. (1977) have studied
the effect of the four isomers of hydroxycitrate as substrates
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and inhibitors of the citrate enzymes. In the case of
citrate lyase from K. aerogenes, the three isomers, (2R,
3R)=2-hydroxycitrate, (2R, 38)=2~hydroxycitrate and (28,
38)=2=hydroxycitrate could serve as substrates, while no
substrate activity was detected with (28, 3R)-2-hydroxy-
citrate, (2R, 3R)=2-hydroxycitrate showed the highest
reaction rate while the (2R, 38)- and (28, 38)=-isomers
showed approximately 25% and 10%, respectively, of the
reaction rate obtained with the (2R, 3R)-isomer, All the
four isomers of hydroxycitrate were linear competitive
inhibitors for citrate in the reaction catalysed by citrate
lyases from K. aerogenes and S. diacetilactis. There was
a difference in the ealculated kinetic constants for the
enzyme from the two sources. In the case of the K. aerogenes
enzyme, (28, 38)-2-hydroxycitrate was the strongest
inhibitor (K, about 8 pif) and (2R, 38)-isomer the weakest
(Ki about 180 pll) while the determination of the K, value
for (28, 3R)-isomer was not possible as it caused rapid
inactivation of the enzyme. For the S. diacetilactis
enzyme the (2R, 3R)=-isomer was the strongest inhibitor
(K, about 170 pM) and the (2R, 38)-isomer the weakest
(K, about 420 pi).

Citrate lyases from K. aerogenes and §. diacetilactis
were shown to undergo reaction inactivation in presence
of the hydroxycitrate isomers. The rate of inactivation
was greater in the case of the K. aerogenes enzyme than

of the S. diacetilactis enzyme and 2n®* caused a slower
rate of inactivation than l¢2+. The most potent
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inactivation was by the (28, 3R)~isomer while the (28, 38)-
isomer was the weakest., All the hydroxyecitrate isomers
caused complete deacetylation of P‘O]—ccotyl citrate lyase
to give free, labeled-acetate, This indicated that
inactivation wae caused by the loss of the essential acetyl
moiety. This was confirmed by the reactivation of the
inactivated enzyme with purified acetate:SH~{acyl carrier
protein) ensyme ligase (AMP) in presence of acetate and ATP,

As the stereochemistry of citrate cleavage catalysed
by citrate lyase is known, it was assumed that the (2R, 3R)-
and the (28, 3R)-isomers of hydroxycitrate yield acetate
and hydroxyoxaloacetatej; the latter being a substrate for
the malate dehydrogenase reaction (Englard and Siegel, 1969),
while the (2R,38)= and the (28, 3S)-isomers give rise to
oxaloacetate and glyoxalate,

Stallings et al. (1979) studied the activities of the
hydroxycitrates towards citrate enzymes as well as the
conformations of the metal chelates to obtain an insight into
the geometry of the enzyme active sites. It was postulated
that if hydroxycitrate binds in the same manner as eitrate,
C(3)=C(4) bond would be in the correet position to be cleaved.
Alternate modes of binding, if they could be accommodated
in the active sites of the enzymes were assumed, would be
nonproductive and would compete with the citrate like mode,
causing inhibition. It was possible that in the alternate
modes of binding, side chains of the complex interacted with
the active site causing severe inhibition,



(b) itrate and tricarballylate: 3~Fluorocitrate has
been shown by Rokita et al. (1982) to be a mechanismebased
inhibitor, causing inhidbition during the turnover of the
acetyl enzyme. It was postulated that 3e~fluoroccitrate forms
a mixed acetic-3-fluorocitric acid anhydride intermediate
which might immediately diffuse from the active site of the
enzyme leaving a deacetyl inactive enzyme, Alternatively, the
J=fluorocitryl-S-enzyme intermediate may be formed which
could be hydrolyzed to form the deacetyl enzyme., To
distinguish between deacetyl enzyme and 3-fluorocitryl

enzyme reactivation studies with acetic anhydride and acetate
were carried out., Buckel et al, (1971a) and Srere et al.
(1972) have shown that acetie anhydride specifically activates
the deacetyl enszyme, Acetate was thought might displace
3=fluorccitrate in the 3-fluorocitryl enzyme. Treatment of
the inactive enzyme with either acetic anhydride or acetate
restored about 50% activity indicating the presence of equal
amounts of deacetyl and 3-fluorocitryl enzyme initially,

(xv) Amino acid composition

(a) Holoenzyme: The amino aeid composition of the citrate
lyase holoenzyme from K. aerogenes was estimated by Bowen

and Rogers (1965), after separation of the amino acids in
acid hydrolyzates by high voltage paper electrophoresis and
assay as Ouz*-oonplou-. Analysis by the conventional ion
exchange chromatography and automatic amino acid analysis
indicated marked differences in the values reported by Bowen
and Rogers (1965) for several residues (Singh et al., 1976).
All the three subunits of the enzyme complex were also shown



by Singh et 2l. (1976) to have methionine as the amino
terminal residue and not lysine as reported earlier by
Bowen and Mortimer (1971).

Hiremath (1977) determined the amino acid composition
of eitrate lyase from S. faecalis and showed marked
differences between the amino acid make-up of the S,
faecalis and K. aerogenes enzymes, The partial speeific
volume calculated for S. faecalis ﬁ‘t;l the amino acid data
was 0,742 llll..g"1 (Hiremath, 1977) and in case of K. aerogenes,
04737 ml.g™' (Singh et al., 1976). The amino acid
composition of purified E. coli citrate lyase has been
reported to resemble that of K. aerogenes (Nilekani, 1980).
(b) Subunits: The amino aecid compositions of the oc=(1,

54 000) and f=(if, 32 000) subunits of K. aerogenes citrate
lyase were determined by Singh et al. (1976)., The subunits
were dissociated in 6 M guanidinium hydrochloride and
separated by gel filtration through an agarose column., Amino
acid sequences in all the three subunits of the enzyme upto
ten residues from the amino terminus were also determined

by them. They reported the presence of micro-heterogeneity
in the P-.ubunite. equal amounts of proline and arginine
boing'found to occupy the fourth position from the amino
terminus,

The amino acid composition of the separated ACP(y)-
subunit of K. aerogenes citrate lyase has been reported by
Dimroth (1975). Dimroth et 21.(1973) hmd shown earlier the
presence of an acylated pysteine residue in addition to the
acetylated cysteamine residue of the prosthetic group on the
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ACP subunit., This was established by treating the ACP
subunit first with cold iodoacetate, then deacetylating with
neutral hydroxylamine followed by differential labeling with
todo 2-'4c <acetate. The labeled ACP subunit was then acid
hydrolyszed and the labeled carboxymethylated derivatives
separated and characterized as S-carboxymethyl cysteine and
S~carboxymethyl cysteamine, Dimroth and Eggerer (1975a)
showed indirectly by affinity labeling with low concentrations
of iodoacetate in presence of an excess of dithioerythreitol
that the cysteamine of the prosthetic group carries the
biologically essential acetyl group and not the cysteine
residueg as the cysteamine-Secarboxymethyledeacetyl citrate
lyase which was formed could not be reactivated by treatment
with acetic anhydride.

The amino acid sequence determination of the ACP subunit
of K. aerogenes citrate lyase has been carried out by
automated sequential Edman degradations (Beyreuther et al.,
1978). The molecular weight of the ACP subunit from its
amino acid sequence analysis has been calculated to be 9378,

There are marked differences in the amino acid
compositions of the subunits of K. aerogenes and §. faecalis
citrate lyase (Hiremath, 1977). The subunite of E. goli
show some similarity in amino acid composition with the
corresponding subunits of K. gerogenes and not of §. faecalis
subunits (Nilekani, 1980). The ACP of the K. aerogenes
enzyme contains no histidine residues while the S. faecalis
enzyme contains four and the E. goli enzyme contains one for
an equivalent molecular size of subunit. Tyrosine is present



in the ACP of E. goli, while K. aerogenes and S, faeecalis

do not contain any.

The ACP of citrate lyase from K. aerogenes resembles
the ACP of the fatty acid synthetase from E. coli in its
molecular weight (Dimroth et al., 19733 Vagelos, 1973) and
function. They, however, differ markedly in their amino acid
compositions and in the nature of their prosthetic groups.
The fatty acid synthetdse contains only 4-phosphopmntetheine
as ites prosthetic group whereas the ACP of citrate lyase
econtains in addition adenine, phosphate and sugar residues
(Dimroth, 19763 Robinson et al., 1976). Dimroth et al.
(1973) have shown that an aeylecarrier protein from the crude
extraet of K. aerogenes but not the deacetylated purified ACP
subunit of citrate lyase could substitute for the ACP of the
fatty acid synthetase system in the lalonyl-CoA/coz exchange
reaction., This clearly indicated the presence of twe
distinet ACPs in K., aerogenes, one for the fatty aecid
synthetase system and the other for the citrate lyase system.
Tryptic peptide maps of the ecarboxymethylated ACPs of the
citrate lyase from K. aerogenes and of the ACPs of the fatty
acid synthetases from E. coli and K. aerogenes showed absence
of any common peptide in the citrate lyase and fatty acid
synthetase ACPs (Bayer and Eggerer, 1978). The ACPs of
E+ c0li fatty acid synthetase and of K. aerogenes citrate
lyase were also shown from amino acid sequence analysis to be
completely different except for two very short regions
(Beyreuther gt ale, 1978). Circular dichroism studies indicate
that citrate lyase ACP as well as the fatty acid synthetase



ACP have the same oc~helieal content of about 40 - 50%,
(xvi) Hature of citrate lyase prosthetic group

Bucket et al. (1971a) had reported the presence of an
essential acetyl group in thio-ester linkage in the enzyme.
Srere et al. (1972) were able to demonstrate by microbiological
experiments the presence in the holoenzyme of covalently bound
pantothenate moieties., The enzyme had to be first treated
with alkaline phosphatase and then subjected to alkaline
hydrolysis for rendering the pantbthenate available for
microbial growth., It was therefore assumed, in analogy with
the fatty acid synthetase system, that citrate lyase also
contains covalently bound 4-phosphopantetheine moiety with
the acetyl group attached to it. Dimroth et al. (1973) showed
that the prosthetic group was present on the 10 000 dalton
y-subunit of K. aerogenes. Thus the ACP nature of this
subunit was established.

Dimroth (19753 1976) first recognized the more complex
nature of the prosthetie group and showed that besides
4-phosphopantetheine, adenine, phosphate, sugar are also
present as components of the ACP subunit of citrate lyase.
Several chemical and enzymatic degradation products of the
prosthetic group were isolated and analyzed and the prosthetic
group was shown to be 3' (or 2') «=> 1"«(5"<phosphoribosyl)
dephosphocoenzyme A (Robinson et al., 1976). Openheimer et al.
(1979) studied the structure of the prosthetic group of
K. aerogenes citrate lyase by nuclear magnetic resonance and
mass spectrometry, confirming the 2' position as the site of
attachment of the dephospho-CoA with the second ribose moiety.



The strueture of the prosthetic group is (1" —o 2')=
(5"-phesphoribosyl) dephospho=CoA, The attachment of the
prosthetic group of citrate lyase to the ACP subunit has
been shown to be through serine-14 (Beyreuther et al.,1978).
Alkaline hydrolysis of the prosthetie group resulted in a
p-elinination reaction and the dehydroalanine in the apo-ACP
was characterized by NnB’H4 reduction to form 5H—alanino.

Robinson et al. (1976) have shown that the prosthetic
group of K. aerogenes citrate lyace obtained after pronase
digestion of the enzyme can serve as a substrate for a crude
preparation of acetate: SH-(acyl-carrier protein) engyme
ligase (AMP) from K. aerogenes, pure pig heart citrate
synthase (EC 4.1.3,7) and pure rat liver ATP-citrate lyase
(EC 4.1.3.8). Similarly acetyl«CoA and citryl-CoA ecan
substitute for the citrate lyase prosthetic group in the
reactions catalysed by the deacetyl enzyme (Buckel et al.,
1971a3 1973) or the separated = and /B -subunits (Dimroth
et al., 1977b).

Dimroth and Loyal (1977) have studied the prosthetic
group of citramalate lyase from C, tetanomorphum and have
shown that it resembles the K. aerogenes citrate lyase
prosthetic group. The structural organization as well as
the mechanism of action of the citramalate lyase are also

similar to those of the K. aerogenes citrate lyase (Buckel

(xvii) Immunological behaviour
Singh and Srere (1975) have demonstrated that citrate
lyases from K. aerogenes, E. goli and §. diacetilactis
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are immunologically distinet and that the enzymes from E.gco0li
and S, diacetilactis do not eross-react with rabbit antisera
against purified K. gaerogenes citrate lyase. Cross-reaction
was observed with rabbit antisera against purified S.
diacetilactis enzyme only with its own antigen,

SivaRaman (1980) has shown that S. faecalis citrate
lyase crose-reacts with rabbit antisera against purified
citrate lyase from X. aerogenes.

Antibodies to native eitrate lyase from R, gelahinosa
eross-reacted with R. palustris enzyme but not with the
enzymes from K. aerogenes, S. diacetilactis or C. gphenoides
(Giffhorn et al., 1981). The immunological experiments
carried out to study eross-reactions indicated that the
homology between the enszymes from R, gelatinosa and R.
palustris was not complete, The antigenic determinents
common to the citrate lyases from the two sources are
located on the large ccesubunit of the two enzymes and not
on the f= or =subunits,
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PRESENT INVESTIGATIONS

INTRODUCTION

Citrate lyase (EC 4.1.3.6) initiates the anaerobic
metabolism of citrate by catalysing the breakdown of citrate
to oxaloacetate and acetate in the presence of divalent
metal ions such as H32+ and !n2+. The enzyme occurs only in
the primitive procaryotic forms of 1ife and represents
probably the earliest of the citrate enzymes to evolve. The
engyme has been isolated from diverse bacterial sources and
has been shown to exist as a multienzyme complex comprising
three dissimilar polypeptide chains two with enzymatic
activities and the third with the biological function of an
acyl-carrier, The extensive literature on the properties,
characterization and role of citrate lyase has been reviewed
in the Introddctory Chapter se the thesis.,

Although the subunit structure of the citrate lyase
complex has been rel atively well studied, nothing is known
about the amino acid residues which are involved at the active
sites of the component subunits. Studies reported in the
present thesis relate to the active site residues of the
K. aerogenes and S§. faecalis citrate lyases and to some
unique structural features of the large ACP ( y )subunit of
the E, coli enzyme, The investigations are described in two
separate parts and %mportance of the present contributions

are discussed in these,
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GENERAL SUMMARY

Part I, Evidence for essential arginine residues at the

active sites of the transferase and the lyase
subunits of the citrate lyase complex

Arginine residues in enzymes are known to bind anionie
substrates and cofactors. The presence of arginine residues
and their involvement at the substrate binding sites both
of the transferase and lyase subunits of K. aerogenes and
S. faecalis citrate lyases have been studied using
phenylglyoxal and 2¢3-butamedione, which are known to
specifically modify arginine residues, »

Inactivation of the lyase activity of deacetyl citrate
lyase by the arginine modifiers has been found to be
concentration dependent and to follow pseudo-first order
kinetics., The reaction order of about one was obtained
which suggests that a single arginine residue is essential
for the activity of the lyase subunit. To study whether
the arginine is present at the substrate binding site,
protection studies with different ligands were carried out,
It was observed that (38)=-citryl-CoA, the normal substrate
for the enzyme effectively protects against inhibition of
the lyase subunit.

Similarly, inactivation of the transferase subunit by
phenylglyoxal and 2,3-butanedione was found to follow
pseudo-first order kinetics with the reaction order value of
approximately one. Thus an essential arginine residue is

also required for the activity of the transferase subunit.
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When different ligands were studied for their protective
abilities against inactivation of the transferase activity
by the modifiers, it was observed that while citrate protects
the enzyme, acetyl-CoA markedly enhances the inactivation.
The data establish for the first time conformational changes
at the citrate binding site in presence of acetyl-Coi.

making an essential arginine residue more accessible to the

modifiers,

Part II. Studies on khe acyl-carrier protein of citrate

lyase from Escherichia coli
The acyl-carrier protein (ACP) from E., coli citrate

lyase has a molecular weight which is about six times larger
than that of ACPs of citrate lyases from other sources.
Evidence is presented for the first time for internal
homologies in this large polypeptide chain, The number of
peptide spots obtained by tryp#ic fingerprint analysis of

the subunit was 25 which is far less than the 68 or 69
expected if the subunit was a single unique polypeptide chain
without any homologous sequences. Although about 7 histidine
residues are present in a mol of the ACP, only a single
peptide fragment in the tryptic map reacts with Pauly
reagent., Microbiological assay of pantothenate in the
individual peptides in the tryptic fingerprint of the subunit
showed that only a single peptide contains 86% of the total
pantothenate with the remaining moieties of the prosthedic
group being detected in a fragment closely located on the map,



These results are suggestive of intrapeptide homologies
in the large ACP subunit of E, coli citrate lyase.
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PART I
OF THE CITRATE LYASE COMPLEX
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PRESENCE OF ESSENTIAL ARGININE RESIDUES AT THE ACTIVE SITES
OF THE CITRATE LYASE COMPLEX

SUMMARY

The acyl-transferase activity both qf the deacetyl enzyme
as well as of the isolated oc-subunit from K. aerogenes are
inactivated by the arginine specific reagents, phenylglyoxal
and 2,3-butanedione, the former reagent being the more potent
inhibitor. Inactivation both by phenylglyoxal and 2,3-

butanedione is found to be concentration dependent and the
inactivation rates follow pseudo-first order kinetics, The

ligands, citrate and (38)-citryl-CoA, protect the transferase
activity against inactivation, while acetyl-CoA markedly
enhances the rate of the inactivation., Inmactivation kinetics
suggest the involvement of a single arginine residue at the
active site of the transferase subunit, probably at the
citrate binding site.

The acyl lyase activity of deacetyl citrate lyase is
also inhibited by both the modifying reagents, Protection
by the substrate eitryl-CoA against inactivation of the
lyase activity suggests that the arginine residue is present
at the citryl-CoA binding site of the lyase subunit., Acetyl-
CoA as well as citrate show véry little protection. Kinetie
studies indicate that one arginine residue is essential for
forming an enzyme-~inactivator complex,

The effeet of phenylglyoxal on citrate lyase from
5. faecalis has also been studied since the enzyme from this
source is distinet from that in K. aerogenes in that it shows
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a markedly slower rate of reaction-inactivation. As in the
case of the K. aerogenes enzyme both the acyl-transferase
and acyl-lyase activities are inactivated, inactivation rates
following pseudo=first order kinetics, The influence of
substrates on the inactivation of the S§. faecalis enzymes the

reagent was also similar to that observed with K. aerogenes
deacetyl citrate lyase.

INTRODUCTION

Citrate lyase which ecatalyses the cleavage of citrate
to oxaloacetate and acetate in presence of a divalent metal
ion, has been shown to be present as a multienzyme complex
consisting of three non-identical subunits -, f3 and ¥
(Carpenter et al., 1975). The most studied of the complexes
is that from XK. aerogenes in which the smallest of the
subunits ¥ of molecular weight of 10 000 dalton acts as an
acyl-carrier protein (ACP). The ACP has a covalently bound
CoA-like prosthetic group (Oppenheimer et al., 1979) with an
essential acetyl group in a thio-ester linkage (Buckel et al.,
1971a). In presence of citrate and EDTA, the largest of
the subunits, oc of about 54 000 dalton functions as an acyl-
transferase catalysing the formation of (3§)-citryl-ACP with
liberation of acetate. The subsequent cleavage of the
¢itryl-ACP intermediate is catalysed by the 32 000 dalton
(f3) lyase subunit in presence of a divalent metal ion to
oxaloacetate with the regeneration of the acetyl-ACP (Dimroth
and Eggerer, 1975b). The CoA derivatives, acetyl-CoA and
propionyl-CoA serve as a substrates for the transferase

reaction, while (38)-citryl-CoA functions as a substrate for
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the lyase reaction (Bucket et al., 19733 Dimroth et al., 1977b).

p-Azidobenzoyl-CoA has been shown recently by us to
function as a photoaffinity reagent specifically inhibiting
the lyase activity (Basu et al., 1982). Little is known,
however, about the residues at the ecatalytic sites of the
enzyme complex. Several arginine specific reagents are kEnown
which can modify the arginine resigues at the active sites of
the enzyme and cause inactivation. These ineclude phenylglyoxal
(Takahashi, 1968), 2,3-butanedione (Yankeelov et al., 1966;
Yankeelov, 19703 Riordan, 1973), 1,2-cyolohexanedione
(Patthy and Smith, 1975) and camphorquinone=10-sulfonic acid
(Mautner et al., 1981), Studies on the involvement of arginine
residues at the binding sites of citrate lyase subunits were
undertaken, using phenylglyoxal and 2,3-butanedione as the
modifying reagents,

MATERIALS

Phenylglyoxal monohydrate was obtained from Sigma
Chemical Co., USA. Phenylglyoxal solution was prepared
fresh in 50 mM potassium phosphate buffer, pH 7.6, 2,3=
butanedione was obtained from Koech Light Laboratories, England.
Streptomycin sulphate was obtained from Hindustan Antibiotics
Ltd., Pune, Malate dehydrogenase from pig heart (specific
activity 945 umol.min'1.ng-’). NADH from yeast (disodium
salt - 3H,0 grade III), citrate synthase from pig heart

1

(specific activity 155 umol.min™ .ng’1). adenosine tripho-

sphate (disodium salt from Equine muscle), coenzyme A.



dithiothreitol (DIT), sodium dodecyl sulfhate and Tris

(Trizma base) were obtained trom'81gna Chemical Co., USA,
Acrylamide monomer, N,N'-methylene bisacrylamide and TEYEPN',N'-
tetramethylethylenediamine (TEMED) were of electrophoresis
grade and were obtained from Eastman Organic Chemicals, USA,
Peptone powder was from Bengal Tmmunity Co. Ltd., Calcutta,
Yeast extract was from Difeo Laboratories, USA. Analytiecal
grade hydroxylamine hydrochloride (NHZOH.HCI) was obtained
from BDH (India) and a neutralized hydroxylamine solution,

PH 7.0 was prepared by mixing equal volumes of 14% NaOH and
28% NH,0H.,HC1 (Stadtman, 1957). Fresh solutions were prepared
Just before use. Analytical grade urea was also obtained

from BDH (India), It was reecrystallized from aqueous ethanol
and the crystals stored dry over KOH in vacuum. 2«Mercapto=-
ethanol was obtained from Fluka , Switzerland, ILithium
chloride was obtained from Loba Chemie, India. Sephadex G-10
and G-25 were from Pharmacia Fine Chemicals, Sweden, All the
other chemicals were of the highest purity available,

Buffers

All the buffers were prepared in glass distilled water,
The phosphate buffers were prepared by mixing and diluting
1 M stock solutions of KZHPO4 and KHi,PO4 in the given
proportions (Green and Hughes, 1955). All the buffers,
except the 0,03 M potassium phosphate buffer, pH 7.0, which
was used for extraction of the enzyme from sonicated cells,
contained 1.6 mM M32+. Tris-HCl buffer was prepared from

Trizma base and the pH was adjusted by the addition of 1 N
HC1,
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Alumina C&;gg;

The gel (Grade A) was obtained aged from Calbiochem, USA,
and had a solid content of 3.25%.
IEAE-cellulose

The anion exchanger DE-52 was obtained from Whatman Ltd.,
England. The exchanger was first thoroughly washed with water
to remove the fines, Next, it was washed with 0.01 M potassium
phosphate buffer, pH 7.5,containing 1.6 mM lgz+ so as to
equilibrate it and then packed in a column (30 em x 1.5 cm)
under pressure., During its use, the column was run under
pressure at a flow rate of 18 - 20 ml/h, The gel could be
reused by repeatedly washing the column with 0.5 M potassium
phosphate buffer, pH 7.5, containing 1,6 mM Mg?* followed by
washing with glass distilled water and then again equilibrating
the gel with 0.01 M potassium phosphate buffer, pH 7.5,
containing 1,6 mM Mgz+.
DEAE-cellulose (C1~ form)

A suspension of DEAE-cellulose (DE=52 from Pharmacia, 20 g)
was washed with water several times to remove the fine
particles., It was then washed with 50 ml of 1 N HC1l, followed
by washing with distilled water, 50 ml of 1 N NaOH, distilled
water and 50 ml of 1 N HCl., Except the acid washings which
were carried out rapidly by filtering through a sintered
Buchner funnel, all the washings were carried out by
decantation, The gel was repeatedly washed with glass
distilled water till the solution was neutral and then packed

in a glass column (1 x 8 em) under pressure,
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Sepharose CL-6B
The gel was obtained from Pharmacia Fine Chemicals,

Sweden., The gel was thoroughly washed with water to remove
the preservative and was equilibrated in 0.05 M potassium
phosphate buffer, pH 7.5,containing 1.6 mM 152+ before packing
in a column (110 x 2.0 em) under gravitational pressure.

Flow rate of the column was about 15 ml/h,

Ammonium sulphate fractionation

The amount of powdered ammonium sulphate which was
required for fractionation was read off a nomogram where the
concentrations were expressed in terms of saturation at
0 - 3°C, The enzyme after DEAE-cellulose chromatography and
Sepharose gel filtration stages was precipitated with cold
neutralized saturated ammonium sulphate, pH 7.0 (liq

ammonia was used for neutralization).
METHODS

Protein determination

During the purification of the enzyme, protein was
determined by the method of Lowry et al. (1951), the colour
was read at 500 mm, The protein was read off standard curves,
asing bovine serum albumin as the standard., Protein in
samples containing streptomyein sulphate was determined after
removal of the streptomyein sulphate by dialysis. The method
of Singh et al.(1976) was also used, to estimate pure protein
samples using the absorbance index E:%cn of 6.2 at 278 nm,
Optical density

Optical density measurements were made on a Beckman IU,



Model=26 or a Shimadzu Model UV-210A spectrophotometer,
Kinetic studies were carried out on the Shimadzu UV-~210

spectrophotometer using a strip chart recorder.

pH measurements

A Philips Precision pH meter, Model PR-9405 or a Global
digital pH meter Model IPH 500 with a combination glass
electrode were used for pH measurements,

Conduetivity measurement

Conduetivity measurements were carried out using a
Systronics Model 303 direet reading conductimeter,
Ultracentrifugation

The homogeneity of the enzyme preparations was observed
in an analytical Spinco Ultracentrifuge Model E equipped with
a phase plate Schlieren opties, a rotor temperature indicater
and control device. All ultracentrifugations were carried
out at 2 = 5°C and at 59 780 rpm.

Ultrafiltration

The isolated enzyme subunit preparations were
concentrated by ultrafiltration in anAAmicon Ultrafiltration
Unit of 10 ml capacity and using a PM=10 membrane,
Polyacrylamide gel electrophoresis

Homogeneity of enzyme preparations were checked by dise
electrophoresis according to the procedure of Davis (1964)
using 5% polyacrylamide gels. Ammonium persulphate (0.07%)
wae used for polymerization of acrylamide gels. Sample and
stacking gels were omitted., The separating gel contained
Tris-HC1 buffer, pH 8.,9. A preliminary electrophoresis for

one hour was carried out to remove the excess ammonium

68
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persulphate. About 50 - 100 ug of the protein sample made
dense with 30% sucrose was loaded on top of the gels.
Bromophenol blue was used as the tracking dye. Tris-glycine
buffer, pH 8.3 was used as the running buffer, Electrophoresis
was carried out at 4°C and 4 mA/tube for about 4 h. Protein
bands were visualized by staining the gels with 0.25% Coomassie
Brilliant Blue in water containing 45.4% methanol and 9.2%
glacial acetic acid followed by destaining of the gels by
diffusion in a solution containing 87.5% glacial acetic acid
and 5% methanol in water,

SDS-polyaerylamide gel electrophoresis
The procedure of Weber and Osborn (1969) was adopted.

Polyacrylamide gels (10%) were prepared using 0,07% ammonium
persulphate for polymerization, Native citrate lyase
(approximately 100 ug) and isolated subunits (approximately

50 ug) were treated with SIS and 2-mercaptoethanol to final
concentrations of 1% and 10 mM respectively., The samples were
denatured by heating at 100°C for 3 min, The protein was loaded
on the gel prepared in 0.1 M sodium phosphate buffer, pH 7.3,
containing 0.1% SIS. The running buffer was 0.05 M sodium
phosphate buffer, pH 7.3, containing 0.1% SIS, Electrophoresis
was carried out at 8 mA/tube for 3 - 4 h., Gels were stained
with 0.25% Coomassie Blue in 45.4% methanol and 9.2% glacial
acetic acid overnight and destained with methanol (5%)=-acetic
acid (7.5%)-water mixture,
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GROWTH AND EXTRACTION OF CITRATE LYASE FROM K. AEROGENES
ORGANIBM

Klebsiella aerogenes (NCTC 418) was maintained routinely
on nutrient agar slants and subcultured every month, The
organism was first inoculated in nutrient broth containing
beef extract(0.3%),NaCl (0.5%) and peptone (0,5%), adjusted
to pH 7.0 with NaOH and then subcultured in citrate growth
medium, Nutrient agar slants contained in addition 2% agar,
The cultures were grown at 37°C for 16 - 20 h.

Growth

K. aerogenes (NCTC 418) was grown at 30°C without
aeration in 10 L flasks filled with the medium described by
Dagley and Dawes (1953a). The 10 I flasks contained trisodium
eitrato.ZHzo. 90 g3 KHéPO4, 20 g3 pH was adjusted to 7.0
with 40 ml of 2 N NaOH. MgS80,.TH,0, 4 g and (WH,),80,, 10 g
were dissolved in 1 L flask and autoclaved separately to
prevent precipitation of magnesium phosphate, An inoculum
(10% final volume) which was adapted to the eitrate growth
medium was used, After 16 - 20 h growth, the cells were
harvested in a Sharples Model A-12 Supercentrifuge at 12 000 g.
From 10 L of medium, 18 = 20 g wet cells were obtaired and
these were stored at -~20°C,

Extraction

About 120 g wet cells were processed for purification
of the enzyme, Stored ecells lost no activity during periods
of over 2 weeks,

Extractions were carried out at 0 - 4°C, The frozen

cells were thawed overnight and suspended in 0.03 M potassium
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phosphate buffer, pH 7.0 (4 ml/g of cell paste). The cell
sugpension was disintegrated during two exposures of 3 min
each at 20 Ke (300 W) in a Biosonik III sonicator (Bronwill
Scientific Co., USA)» The sonicate was centrifuged at 50 000
g for 60 min at 4°C to remove the cell debris.

Purification

The purification was carried out by the procedure of
Mahadik and SivaRaman (1968)as modified by Tikare (1979).
The purification steps were carried out at 0 = 4°C without
storage. All the buffers contained 1,6 mM 132+. A brief
outline of the procedure is deseribed below.

ATP and acetate treatment

The supernatant obtained after centrifuging the sonicated
cell suspension was adjusted to a protein concentration of
0,5% with 0.03 M potassium phosphate buffer, pH 7.0 and then
treated with O.1 M ATP and 1 M acetate to give final
concentrations of 0.5 mM and 1mM respectively. The solution
was kept stirred for 45 min to reactivate deacetyl citrate
lyase present in the cell extraect. The activation has been

shown by Tikare (1979) to yield a final enzyme preparation of
higher specifiec activity.
Streptomycin sulphate treatment

To the above extraet which was kept stirred, streptomyecin
sulphate was added slowly to a final concentration of 1.4%.
After an hour, the precipitated nucleic acids were removed
by centrifugation at 50 000 g for 45 min,

umina C _gel adsorption
FirstThel treatment: The supernatant from the streptomyecin
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sulphate treated extract was stirred constantly and alumina
C gel was added till about 5% enzyme activity was adsorbed
on the gel (10 ml gel suspension/600 ml supernatant). The
solution was then spun at 3 000 g for 20 min and the gel
discarded.
Second gel treatment: To the supernatant from the first gel
treatment more alumina C gel was added (200 ml gel suspension/
600 ml supernatant from streptomycin sulphate step). The
solution was stirred for 15 min and then allowed to stand for
another 15 min, About 90 - 95% of enzyme activity was
adsorbed on the gel. The solution was centrifuged at 3 000 g
for 20 min and the supernatant was discarded.
Elution of the enzyme from alumina C _ gel

The enzyme was eluted from the gel by homogenizing with
0,05 M potassium phosphate buffer, pH 7.0 (200 m1/600 ml
streptomycin sulphate supernatant). After 15 min, the gel
suspension was centrifuged at 3 000 g for 20 min, The gel
was discarded and the supernatant processed further,
Ammor.ium sulphate fractionation

The gel eluate was treated with powdered ammonium sulphate
to 0.2 saturation (20 g/200 ml), The precipitate formed was
separated by centrifugation at 50 000 g for 30 min, The
supernatant was taken to 0.5 ammonium sulphate saturation
with addition of more of the powdered salt (38 g/200 ml)of
eluate volume) and stirred for 30 min., The precipitated enzyme
was separated by centrifugation at 50 000 g for 30 min and
dissolved in 0,05 M potassium phosphate buffer, pH 7.5 (4 = 5
ml). The enzyme solution was dialyzed overnight against



0.05 M potassium phosphate buffer, pH 7.5.
DEAE-@ellulose chromatography

The dialyzed protein solution (7 - 8 ml) was centrie
#uged at 10 000 g for 10 min to remove any denatured protein
and the clear solution loaded on a DEAE-cellulose column
(30 x 1.5 em) previously equilibrated with 0.01 M potassium
phosphate buffer, pH 7.5. The enzyme was eluted from the
column by using a continuous gradient of potassium phosphate
buffer, pH 7.5 of inereasing buffer strength from 0.01 M to
0.3 M. The gradient was obtained by taking 200 ml of 0.01 M
buffer solution in a mixing chamber attached to the column and
addition of 0,3 M buffer to this solution at the same flow
rate as of the ecolumn, About 3 ml fractions were collected
on an automatic fraetion collector and a drop from each
fraction was tested for enzyme activity. The enzyme eluted
out between 90 -~ 120 ml and the fractions which contained the
maximum activity (25 - 30 ml) were pooled and precipitated
by addition of an equal volume of cold saturated neutralized
ammonium sulphate solution to the stirred enzyme solution.
After centrifyggation at 50 000 g for 30 min, the precipitate
was dissolved in 1 - 2 mi of 0,05 M potassium phosphate
buffer, pH 7.5.
Gel filtration

The enzyme solution from the DEAE-cellulose step was
loaded on a Sepharose CL-6B column (110 x 2,5 cm) previously
equilibrated with 0,05 M potassium phosphate buffer, pH 7.5.
The enzyme was eluted with buffer of the same composition,

Fractions of 3 ml were collected on an automatic fraction
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collector and a drop from each fraction was tested for enzyme
activity. The enzyme eluted between 140 - 160 ml and the
fractions containing high eniyne activity (15 - 20 ml) were
pooled and precipitated with an equal volume of cold
gaturated neutralized ammonium sulphate. The precipitate
was collected by centrifugation at 50 000 g for 30 min and
dissolved in 1 - 1,5 ml of 0,05 M potassium phosphate buffer,
pH 7.5.

GROWTH AND EXTRACTION OF CITRATE LYASE FROM S. FAECALIS
Or ism

Streptococcus faecalis 10 Cl was a gift from Prof, I.C.
Gunsalus, University of Illinois, USA, The organism was
maintained routinely on nutrient agar stabs., Before subculturing,
it was inoculated into the following enrichment medium; 100 ml
of the medium contained glucose, 0.5 g3 lactose, 0.5 g;
liver extract, 0.6 g3 yeast extract, 0.5 g3 sodium acetate,

0.8 g and the usual minerals and the solution was adjusted to
pH 7.6. The organism was grown at 37°C for 24 h and then
transferred as stabs, Subculturing was done once in 2 - 3
weeks.

growth

S. faecalis was grown without aeration in 10 L flasks.
The growth medium contained sodium citrate, 100 g3 KHéP04,
20 g3 ﬁllgiéln‘gulp g3 lgso4.7ﬂé0, 4 gy yeast extract,

50 g3 peptone powder, 50 g and water to make the volume
upto 10 L after the pH of the solution was adjusted to 7.2
with 2 N NaOH, HUBO4 and (NBI4)2804 were dissolved in about

1 L water, autoclaved separately and mixed with the contains



in the 10 L flasks just before inoculation. An inoculum of
about 10% of the final volume containing cells which were
adapted to growth on citrate was added and the flasks incubated
at 37°C for 24 - 26 h, The cells were harvested in a Sharples
Model A-1@ Supercentrifuge at 12 000 g. The ceélls were
washed on the centrifuge with 2 L of 0,03 M potassium phosphate
buffer, pH 7.0. About 15 = 20 g wet eells/10 L of citrate
growth medium was obtained, The cells were frozen at -20°C
and used within a week for extraction of the enzyme.
Extraction

Batches of 100 = 120 g eells were worked up for purifying
the enzyme. Extraction as well as purification of the enzyme
was carried out at O = 4°C, The cells were thawed out
overnight at 0 = 4°C and were suspended in 0,03 M potassium
phosphate buffer, pH 7.0 (about 3.5 ml/g of cell paste).
Sonication of the cells was carried out at 20 ke (300 W) for
% min on the Biosoniec III (Bronwill Scientific Co., USA)
sonicator, The sonic extract was centrifuged at 50 000 g
for 45 min and the cell debris was discarded, The supernatant
was checked for protein and suitably diluted to a protein

concentration of 0,5% with 0,03 M potassium phosphate buffer,
pH 7.0.
Purification

The purification procedure was that described by
Hiremath et al. (1976). All the purification steps were
ecarried out continuously without any storage of the enzyme.
The temperature was maintained at O - 4°C and all the
buffers contained 1.6 mM I;2+,



ATP and acetate treatment

The diluted protein solution (0.5% protein) was
continuously stirred and to it was added O.1 M ATP and 1 M
acetate to give final concentrations of 0.5 mM and 1 mM,
respectively., The enzyme was kept stirred for about 45 min,
Streptomyein sulphate treatment

To the ATP and acetate treated extract which was kept
stirred, streptomyecin sulphate was added slowly to give a
final concentration of 1%. The nucleic acids which were
precipitated were removed by centrifugation at 50 000 g for
45 min,

Alumina C _ gel treatment
First gel treatment: The gel was added to the supernatant
of streptomyein sulphate treated extract with stirring till
about 5 = 8% of the total aetivity was adsorbed (3 ml gel/
200 m1 streptomyecin sulphate treated extract). The gel was
removed by centrifugation at 3 000 g for 15 min and discarded.
Second gel treatment: More gel (33 ml/200 ml streptomycin
sulphate treated extract) was added to the supernatant from
the first gel treatment, till about 90 -~ 95% activity was
adsorbed, The mixture was kept stirred for 15 min and then
allowed to stand for another 15 min before centrifuging at 3
3 000 g for 20 min, The supernatant was discarded and the
gel used further,
Waghing of the gel

A gel suspension in 0,01 M potassium phosphate buffer,
pH 7.0 (100 m1/200 ml streptomyein sulphate treated extract)
was homogenized and then centrifuged at 3 000 g for 15 min,
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The washings were discarded,
Elution of the enzyme

The enzyme was eluted from the gel by hémogenizing with
0.05 M potassium phosphate buffer, pH 7.0 (100 m1/200 ml
streptomyein sulphate treated extract). After 15 min the
eluate was separated after centrifugation at 3 000 g for 15 min,

Ammonium sulphate fractionation

The eluate obtained in the above step was stirred and
treated with powdered ammonium sulphate to 0.5 saturation
(29 g/100 ml of eluate). The precipitate was removed by
centrifugation at 50 000 g for 30 min, To the clear
supernatant which was kept stirred, more powdered ammonium
sulphate was added to 0.8 saturation (23 g) and the stirring
continued for a further period of 30 min, The enzyme which
precipitated was separated by centrifugation at 50 000 g for
30 min, The precipitate was dissolved in 0.05 M potassium
phosphate buffer, pH 7.5 (approximately 5 ml) and dialyzed
for about 16 h against the buffer of the same composition.
DEAE-cellulose chromatography

The dialyzed solution was centrifuged at 10 000 g for
10 min to remove any turbidity. The clear solution was loaded
on a DEAE-cellulose column (30 x 1 em), equilibrated with
0,05 M potassium phosphate buffer, pH 7.5. The enzyme was
eluted from the column by using a continuous gradient of
buffer strength varying from 0.05 M to 0,75 M. The gradient
was achieved by using 200 ml of 0,05 M buffer, pH 7.5 in the
mixing chamber, which was connected to the column and by .
addition of 1 M buffer, pH 7.5 to the mixing chamber at the
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same rate as the flow from the column., Fractions of about
3 ml were collected on an automatic fraection collector and
a drop from each fraetion was tested for enzyme activity.
The fractions having high enzyme activity (25 - 30 ml) were p
pooled and precipitated with powdered ammonium sulphate
to 0.8 saturation. After centrifugation at 50 000 g for
30 min, the precipitate was dissolved in 0.1 M potassium
phosphate buffer, pH 7.5 (about 1 = 2 ml).
Gel filtration

The enzyme solution obtained after the DEAE-cellulose
step was loaded on a Sepharose CL-6B column, equilibrated
with 0.1 M potassium phosphate buffer, pH 7.5. The enzyme
was eluted from the column with buffer of the same composition.
Fractions of 3 ml were collected on an automatic fraction
collector and tested for enzyme activity. The fractions
containing high enzyme activity were pooled (approximately
15 ml) and precipitated with powdered ammonium sulphate to
0.8 saturation. The precipitate was collected by
centrifugation at 50 000 g for 30 min and dissolved in
minimum amount of O.1 M potassium phosphate buffer, pH 7.5.

Preparation of deacetyl eitrate lyase
Deacetyl citrate lyase was prepared from K. aerogenes

and S. faecalis citrate lyase holoenzyme as described by
Buckel et al. (1973). Native citrate lyase (5 mg) was
incubated at 25°C for 30 min in a final volume of 1 ml of
50 mM potassium phosphate buffer, pH 7.5, containing 0,2 M
neutralized hydroxylamine solution. The deacetyl enzyme
was separated from excess hydroxylamine by filtration



79

through a Sephadex G-25 (1 x 40 em) column, equilibrated with
50 mM potassium phosphate buffer, pH 7.5. Fractions of 1 ml
were collected and monitored for protein at 280 nm,

Fractions containing high protein concentrations were pooled

and showed no citrate lyase activity.

Preparation of citrate lyase subunits from K. aerogenes
The separation of subunits of K. aerogenes by gel

filtration through Sepharose CL-6B under denaturing conditions
using 6 M urea did not give good resolution nor high
recoveries of protein, Citrate lyase subunits from K.
aerogenes were therefore separated according to the procedure
of Dimroth and Eggerer (1975b). Purified citrate lyase

in 50 mM potassium phosphate buffer, pH 7.5 was dialyzed for
2§ h against 10 mM potassium phosphate buffer, pH 7.0. The
dialyzed protein (15 = 20 mg) was incubated at 0 - 4°C for

2 h in a total volume of 3 ml containing 5 M urea, The
enzyme was loaded on a DEAE-cellulose column (0.8 x 6 em),
equilibrated with 10 mM Pphasphum phosphate buffer, pH 7.0,
containing 4 M urea, Elution with buffer of same composition
yielded the first protein containing fraction., After 25 ml
volume of solution was collected, the column was washed with
25 ml of 10 mM potassium phosphate buffer, pH 7.0, to remove
urea, The column was then eluted with 25 ml of 10 mM
potassium phosphate buffer, pH 7.0, containing 0.4 M NaCl

to obtain a second protein fraction. This was followed by
eluting the column with 20 ml of 10 mM potassium phosphate
buffer, pH 7.0, containing 0.4 M NaCl and 4 M urea. wherein
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a third protein fraction was obtained.

The first fraction was dialyzed for 16 h against 1 L of
0.5 M Tris-HC1l buffer, pH 8,0, containing 10 mM 2-mercapto-
ethanol, followed by dialysis for 24 h against 1 L of 0,1 M
Tris-HC1 buffer, pH 8,0, containing 1 mM DFT, Before
checking the activity, the enzyme fraction was dialyzed
againstO.1 M Tris-HC1 buffer, pH 8.0 from which DI'T was
omitted and concentrated by ultrafiltration.

The second fraction was dialyzed for 24 h against 1 L
of 10 mM Tris-HC1 buffer, pH 8.0, containing 10 mM 2-mercapto-
ethanol and lyophilized.

The third fraction was dialyzed for 48 h with one
change, against 1 L of 10 mM potassium phosphate buffer,
pH 7.0, containing 1 mM DPT and 1 mM 13504. The enzyme
fraction was concentrated by ultrafiltration.

All the three fractions were checked for purity by
SIS~polyacrylamide gel electrophoresis,

Preparation of Coenzyme-A esters
Acetyl-CoA

Acetyl-CoA was prepared by acetylation of coenzyme-i
with acetie anhydride. The procedure was similar to that
desceribed by Simon and Shamin (1953) for succinyl-Cod,

10 mg of CoA in 1 ml of distilled water was adjusted to

pH 8.0 with potassium biearbonate. Chilled acetic anhydride
was added to the CoA solution to give a final concentration
of 4.7 mM, The reaction mixture was stirred intermitently
and maintained at 0°C, After 10 - 15 min, the reaction was

complete as checked by disappearance of free thiol group
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on estimation with DINB, The solution was acédified with
1 N HC1 to pH 4 - 5 and made upto 2 ml with distilled water,
Acetyl-CoA was estimated in the presence of citrate
synthase and oxaloacetate by measuring the release of free
CoA at 412 nm with DINB (Srere et al., 1963). The reaction
mixture contained in a total volume of 1 ml: 50 mM Tris-
HC1 buffer, pH 8.03 1.1 U citrate synthase; 1 mM DTNB and
1 mM oxaloacetate. The reaction was initiated by addition
of 10 ul of acetyl-CoA,
(38)-Citryl-CoA
(38)=Citryl~CoA was prepared enzymatically from acetyl-
CoA and citrate in presence of deacetyl citrate lyase and
EDTA by a slight modification of the procedure of Dimroth
et al. (1977). Deacetyl enzyme (100 ug) was incubated at
30°C in a total volume of 1 ml containing 50 mM Tris-HC1
buffer, pH 8.0 10 mM EDFA; 10 mM acetyl-CoA and 100 mM
citrate, After an hour, the solution was acidified wifh
1 N HC1 to pH 4 - 5, diluted to 100 m)l and loaded on a DEAE=-
cellulose (C17)=column (1 x 8 em), Citryl-CoA wae separated
from acetyl-CoA as described by Moffat and Khorana (1961).
The DEAE-cellulose (C1¥)=-column on which eitryl-CoA was
loaded was washed with distilled water till the washings
showed no absorption at 260 nm, Separation of the CoA
esters was achieved by using a linear gradient of 0 to 0.2
M LiCl containing 0,003 M HCl, Fractions of 6 - 7 ml were
collected at a flow rate of 60 ml/h, The fractions
containing citryl-CoA were pooled and concentrated on a

rotary evaporator, LiCl was removed by gel filtration
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through a Sephadex G-10 column (1 x 50 em). Citryl-CoA was
estimated by measuring the increase in absorbance at 412 nm
in presence of citrate synthase and DINB (Buckel et al.,
19733 Srere et al.,1963). The assay mixture at 25°C,
contained in 1 ml total volume: 50 mM Tris-HC1l buffer,
pH 8.03 1.1 U citrate synthase and 1 mM DTNB, The reaction
was initiated by the addition of 10 ul of ecitryl-CoA.

Engz ass
Citrate lyase

The method which was routinely used in the purification
procedure was that described by Mahadik and SivaRaman (1968).
The reaction was carried out at 30°C and 3 ml of the test
syetem contained: 100 mM sodium ecitrate; 10 mM 15804 and
50 mM Tris-HC1 buffer, pH 8.0. An aliquot containing about
5§ -« 10 ug of the enzyme was added to initiate the reaction
and the keto acids formed were estimated by the method of
Friedman and Haugen (1943) after arresting the reaction
with 3 ml of 10% trichloroacetic acid.

A second method which was used for assaying purified
enzyme preparations was a slight modification from that
described by Singh and Srere (1971)., The citrate lyase
reaction was coupled with malate dehydrogenase and NADH and
the change in optical density at 340 nm was recorded. The
reaction was carried out at 30°C and the test system
contained in a final volume of 1 mlt 5 mM sodium citratej
3 mM 138043 50 mM Tris-HC1l buffer, pH 8,03 0.2 mM NADH
and excess of malate dehydrogenase (about 15 ug). The



reaction was initiated by the addition of 0.1 - 0,5 ug

of enzyme (0,01 ml) to the test system present in a 1 ml

cuvette of 10 mm path length, A decrease of 6,22 in the

optical density corresponds to 1 umol of keto acid formed.
10U of enzyme im defimdd as the amount of enzyme

required for catalysing the cleavage of 1 umol of citrate

per min under the assay conditions., Specific activity is

expressed as unita.;g" protein,

Deacetyl citrate lyase

The overall cleavage activity, of deacetyl citrate
lyase was assayed by coupling the eitrate cleavage reaction
with malate dehydrogenase and NADH in presence of citrate
and acetyl-CoA (Bucket et al., 19733 Singh and Srere, 1971).
The reaction was assayed at 25°C and 1 ml of assay mixture
contained:50 mM Tris-HC1l buffer, pH 8,03 3 mM E;804g 0.2
mM NADH; about 15 ug malate dehydrogenase and 20 ug
deacetyl citrate lyase. The reaction was initiated by
adding citrate (5 mM final concentration) and acetyl-CoA
(0.5 mM #énal concentration).

Iransferase activity

The acyl transferase activity of the deacetyl enzyme
as well as of the isolated ~subunit was determined from
the initial velocity of CoA transfer from acetyl-CoA to
citrate yielding citryl-CoA in presence of EDTA (Dimroth
et al., 1977)., Citryl-CoA which was formed was determined
with DINB at $12 nm by measuring CoA produced in presence
of eitrate synthase (Srere et al., 1963), The assay carried
out at 25°C contained in a total volume of 1 ml: 50 mM
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Tris-HC1 buffer, pH 8,03 1 mM DI'NB; 1.1 U citrate
synthase; 5 mM citratey 10 mM EDTA and 0.5 mM acetyl-CoA.
The reaction was initiated by the addition of the separated
subunit (5 = 10 ug) or deacetyl citrate lyase (10 - 20 ug).
Formation of citryl-CoA was monitored by the increase in
absorbance at 412 nm, The concentration of citryl-CoA was
calculated from the molar extinetion coefficient 3412 -
13 600 M~ '.om™! of the free thiol ion of DINB (Ellman,
1959) .
Lyase activity

The acyl lyase activity of the fdleacetyl citrate lyase
complex was assayed from the initial rate of formation of
oxaloacetate on cleavage of (38)-citryl-CoA in presence of
ug2t (Buckel et al., 1973). Oxaloacetate formed was
determined by the coupled assay procedure as described by
Singh and Srere (1971), The reaction was carried out at
25°C., The reaction mixture contained in a total volume
of 1 ml: 50 mM Tris-HC1l buffer, pH 8,03 3 mM !5804; 0.2
mM NADH; 15 ug malate dehydrogenase and 100 uM citryl-
CoA. The reaction was initiated by the addition of
deacetyl citrate lyase (10 - 20 ug) and the decrease in

absorbance at 340 nm was monitored.

Reaction with arginine modifying reagents

Deacetyl citrate lyase (0.5 mg/ml) or the isolated
subunit (0,3 mg/ml) was incubated at 30°C in a final volume
of 0.2 ml containing 50 mM potassium phosphate buffer,
pH 7.6, either 10 mM EDTA or 3 mM lgso4 and various
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Concentrations of phenylglyoxal or 2,3-butanedione. In
experiments to determine the buffer which produces maximal
effects, potassium phosphate buffer, pH 7.6 was replaced by
50 mM Tris-HCl buffer, pH 7.6 and 50 mM Hepes buffer, pH 7.6.
Enzymes incubated with the buffer alone served as the control,
The reaction mixture was shielded from light to avoid any
photochemical effeet when 2,3ybutanedione was used as the
probe, since among dicarbonyls, 2,3-butanedione is particularly
prone to photosensitigzation (Riordan, 1973; Ryang and Wang,
19783 Rubin and Inbar, 19783 lMakinen gt al., 1982), Both
the modifying reagents were prepared fresh. Unleses otherwise
stated, aliqouts of 20 ul were removed at different time
intervals for assay of enzymatic activities.

It has been reported that 2,3-butanedione causes the
inactivation of malate dehydrogenase (Foster and Harrison, 1974).
Hence the effects of 2,3-butanedione as well as of phenylglyoxal
on malate dehydrogenase and citrate synthase, the two coupling
enzymes which are used in the assay systems for checking the
lyase and transferase activities, were studied. Aliquots (20 ul)
of phenylglyoxal (10 mM) and 2,3-butanedione (30 mM) were added
separately to 1 ml test systems for determination of malate
dehydrogenase and citrate synthase activities. The assay systems
contained 50 mM TriseHCl buffer and the reactions were initiated
by the addition of the enzymes. The former test system was
similar to that described by Ochoa (1955), except that 50 mM
Tris<HCl buffer was used. The latter test system was essentially
that described by Srere et al.,(1963), coenzyme A liberated
being estimated with ITNB at 412 nm. Ndomeasurable loss in the
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activities of malate dehydrogenase and citrate synthase was
observed indicating that the modifiers had no apparent effect
on the two enzymes under the experimental conditions used.
Moreover, in the assay procedures malate dehydrogenase and
citrate synthase wezre taken in excess.

The apparent first order rate constant depends upon the
concentration of the modifier, This can be expressed by the
following equation

n
Kapp = K(M)

where K‘pp is the apparent first order rate constant for
inactivation, K is the second order rate constant, M signifies
the concentration of the modifier and n is a number equal to
the average order of the reaction with respect to concentration
of the modifier, Taking the logarithm of both sides leads to

log K.pp

Kapp can be calculated from a semi-logarithm plot of the

enzyme activity remaining as a function of time, The order

log K + n log (M)

of the reaction (n) ean be experimentally estimated by

determining Kapp

the modifier, A plot of K.pp against log (M) should give a
straight 1ine with a slope equal to n, where n is the number

at a number of different concentrations of

of molecules of the modifier reacting with each active unit
of the enzyme to produce and enzyme-inhibitor complex (Levy
et al.,, 19633 Ramakrishna and Benjamin, 1981; Marcus et #l.,
1976).
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Protection studies

The effect of various ligands on inactivation by phenyl-
glyoxal or 2,3=-butanedione was studied by preincubating
deacetyl enzyme or the isolated subunit for 5 min at 30°C with
the ligand followed by addition of the stated amounts of
inhibitor.
Effect of ligands on transferase activity

Deacetyl citrate lyase (0.5 mg/ml) or isolated subunit
(0,3 mg/ml) was incubated for 5 min in a final volume of 0,2 ml
containing 50 mM potassium phosphate buffer, oH 7.63 10 mM
EDITA and various ligands: eitrate (10 mM), (38)-citryl-CoA
(0,9 mM), acetyl-CoA (1 mM), citrate (10 mM) + acetyl-CoA
(1 mM), followed by addition of phenylglyoxal or 2,3-butanedione
to the desired concentrations, Aliquots of 20 pl were removed
thereafter at regular intervals of time and checked for residual
transferase activity.
Effect of ligands on lyase activity

Deacetyl citrate lyase (0.5 mg/ml) was incubated for 5 min
in a final volume of 0.2 ml containing 50 mM potassium
phosphate buffer, pH 7.6 3 mM 13804 or 10 mM EDTA and various
ligands: (38)=-citryl-CoA (0.5 mM), citrate (10 mM) and acetyl-
CoA (1 mM), followed by addition of phenylglyoxal or 2,3=
butanedione to the desired final concentrations, At regular
intervals of time, aliquots of 20 Pl were removed and checked

for residual lyase activity,
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RESULTS

Purification of ecitrate lyase
The results of purification of citrate lyases from K.

aerogenes and S§. faecalis in typical experiments are briefly
summarized in Tables I.1 and I,2.

As seen from the Tables, there is an increase in the total
activity on addition of acetate and ATP to the sonic extracts,
indicating the presence of some deacetyl citrate lyase which is
reactivated by the enzyme acetate: SH (acyl-carrier protein)
citrate lyase ligase in the extract.

The specific activity values and yields of citrate lyases
from the two sources compared well with those reported earlier
by Tikare (1979) and Hiremath et al. (1976) respectively.

The final enzyme preparation from K. aerogenes was
homogeneous as seen in the ultracentrifuge (Fig. I.1) and
polyacrylamide gel electrophoresis (Fig. I.2)., Purity of the
enzyme was also established by SDS-polyacrylamide gel
electrophoresis, The electrophoretic patterns of the stained
gels from X, aerogenes and S. faecalis are shown in Fig. I.3

and Fig. I.4, The enzymes dissociate into the three component
non-identical subunitsec, /3 and ¥,

Separation of subunits of eitrate lyase from K, aerogenes
Fractionation profile of the subunits from 15 - 20 mg of

citrate lyase from K, aerogenes by DEAE-cellulose chromatography
in presence of 5 M urea is shown in Fig. I.5. Fraction I
which was not adsorbed on the column consisted of the cc=chain,

This subunit was enzymatically active., Fraction II which was



TABLE I,1 Purification of citrate lyase from Klebsiella

aerogenes

Wet weight of cells: 120 g

Fraction Volume Protein Total Specific Yield
activity activity
ml mg/ml U U/mg
Cell-free extract . 460 4.9 4733 2.1 -
Cell-free extract 460 4.9 5860 2.6 100
+ acetate + ATP.
Streptomyein sulphate 450 3.9 5265 3.0 90

treatment followed
by centrifugation to
remove precipitated
nucleic aecids.,

0,05 M buffer elutate 200 2,75 3740 6.8 64
of second alumina

C gel.

Ammonium sulphate 4.8 36 3456 20 59

fraction (0,2 = 0.5
gaturation) dissolved
in 0.05 M buffer,

PH T.5.

DEAE~cellulose 1.4  31.7 2929 66 50
fraction pooled and

fractionated with

gaturated (NHI4)2804

and the precipate
dissolved in 0.05 M
buffer, pH 7.5.

Sepharose CL-6B 1.2 11.2 1169 87 20
fractions pooled,

precipitated with

saturated (NHI4)2804

and the precipigate
dissolved in 0,05 M
bufferg pH 7.5,
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TABLE I.,2 Purification of citrate lyase from Streptoceccus

faecalis

Wet weight of cells: 110 g

Fraction Volume Protein Total Specifiec Yield
activity activity
ml mg/ml U U/mg %

Cell-free extract. 410 4.9 4420 2.2 -
Cell-free extract 411 4.9 9667 4.8 100
+ acetate + ATP,
Streptomyein sulphate 405 345 8222 5.8 86
fraction.
0.05 M buffer eluate 200 2.4 5760 12 60
of second alumina
C gel.
Ammonium sulphate 5.2 20 4160 40 43

fraction (0.5 =
0.8 saturation)
dissolved in 0,05 M
buffer, pH T:5.

DEAE=-cellulose 2.0 19.9 2308 58 24
fraction pooled and
fractionated with

saturated (Nnt)zso‘

and the precipitate
dissolved in 0,05 M
buffer, pH 7.5.

Sepharose CL-6B 1.5 9.5 1254 88 13
fraection oolod

precipitated with

saturated (NHI4)2804

and the precipitate
dissolved in 0,05 M
buffer, pH 7.5,
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SEDIMENTATION PROFILE OF NATIVE CITRATE
LYASE FROM K. aerogenes

Protein concentration 3.5 mg/ml

Buffer

Speed
Temperature
Phase plate
Time

0,05 M potassium
phosphate, pH 7.5
with 1.6 mM MgSOh
59 780 rpm

5°¢C

60°

32 min
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FIG. I. 2 POLYACRYLAMIDE GEL ELECTROPHORESIS OF
NATIVE CITRATE LYASE FROM E. aerogenes

5% gel; Tris-glycine buffer, pH 8,3;

4 mA/tube
Protein loaded 50 ne






FIG. I.3 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF
CITRATE LYASE FROM K. aerogenes

10% gel; 0,05 M sodium phosphate buffer,
pH 7.3, containing 0,1% SDS;

8 mA/tube

Protein loaded 100 pg



FIG.
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I.4 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF
CITRATE LYASE FROM S. faecalis

10% gel; 0,05 M sodium phosphate buffer,
pH 7.3, containing 0.1% SDS;

8 mA/tube

Protein loaded 100 ug
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FIG. I.5 Resolution of K. aerogenes citrate lyase
subunits by DEAE-cellulose chromatography
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eluted in presence of 0.4 M NaCl was shown to act as the
acyl-carrier protein, while Fraction III which was eluted by
buffer containing 4 M urea as well as 0.4 M NaCl contained the
p=chain, The AS-subunit was found to have lost its enzymic
activity during the fractionmation procedure., There was complete
separation of all the three subunits,

Preparation of (38)=-citryl-CoA

The preparation of (38)scitryl-CoA was carried out
according to the method of Dimroth et al. (1977b). The
purification of a typical preparation of (3§)-citryl-CoA im
shown in Pig. I.6. All the fractions were checked for (38)-
eitryl=CoA in presence of citrate synthase and DI'NB as
described in Materials and Methods., Three distinet peaks
were obtained; the first was a very small peak mot identified.
The second and third peaks were characterized as acetyl-=CoA
and (38)-citryl-CoA, respectively. Acetyl-CoA and (38)=-citryl-
CoA eluted around 10 mmhos and 15 mmhos, respectively,

Inactivation of transferase activity
The acetyl-CoA mediated acyletransferase activity both of

deacetyl citrate lyase complex and of the isolated subunit was
rapidly inactivated on incubation with phenylglyoxal or 2,3
butanedione at pH 7.6.

The effect of different buffers on the inactivation of

K. aerogenes citrate lyase by phenylglyoxal is shown in
Table I.3.



o—a (oyum ) XLIAILONINOD

AHAVHUDOLVWOYHD

(WH0d -_T0) FSOTATIII-AVAA Ad VOO~TA¥IIO-(§E) 40 NOILVOTJTHAd 9°1 ‘DI
WAEWAN NOTELOVHL
0 o o< 02 oL
T T _ T 0
v —z°0
¥ —v°0
B —9°0
91 - —8°0

o—e (Wu 092) FONVEHOSHY



96
TABLE I,3 Effect of buffers on inactivation of K, aerogenes
citrate lyase by phenylglyoxal

Reagent Buffer 10° x x‘pp(sﬂ) (e~ h*
Phenylglyoxal Tris-HC1 (50 mM), 0,162 0,032
(5 mM) pH 7.6
Hepes (50 mM), 0.495 0.099
pH 7.6
Potassium phosphate 0.568 0.114

(50 mM), pH 7.6

*¥Calculated for n = 1,

Deacetyl citrate lyase (0,5 mg/ml) was incubated at 30°C in a
final volume of 0,2 ml containing 50 umoles of the different
buffer solutions, pH 7.63 10 mM EDTA and 5 mM phenylglyoxal,
Aliquots of 20 Pl were removed at regular intervals of time

and assayed for transferase activity as described in the text,

It can be seen from the Table that the maximum inactivation
of the transferase activity of the deacetyl enzyme is obtained
in potassium phosphate buffer, the inactivation being slightly
less in Hepes buffer and markedly lower in Tris-HC1l buffer,

The calculated values of the apparent mecond order rate constant
(K) for inactivation of the transferase activity of the

deacetyl enzyme in phosphate, Hepes and Tris-HC1l buffers are
0.114 171.0'1. 0.099 ¥~ 1,5~ ana 0.032 w1, respectively.
Further kinetic studies were therefore carried out in phosphate
buifer,

To study whether inaectivation by phenylglyoxal was
reversible or not, the enzyme was inactivated by the modifier
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and excess amount of the modifier was removed from the
incubation mixture, Deacetyl citrate lyase incubated with
the reagent till about 10 - 20% of the original activity
remained was immediately passed down a Sephadex G-25 column,
equilibrated with 50 mM potassium phosphate buffer, pH 7.6.
The fractions which contained high protein concentrations
were pooled., Similar amounts of enzyme were tested for
activity before and after passing down the column, The
treated enzyme separated by filtration through the gel showed
only 10 = 20% of the activity of the native enzyme indicating
that the enzyme is irreversibly inactivated by phenylglyoxal.

Phenylglyoxal was found to be a more potent inhibitor
than 2,3-butanedione. When K. aerogenes deacetyl citrate
lyase was incubated separately with the inhibitors at the
same final concentration of 10 mM and aliquots of the enzyme
mixture were removed after 30 min of incubation and assayed
for transferase activity, it was observed that the enzyme
incubated with phenylglyoxal had lost 88% of its initial
activity, the corresponding lose being only 51% with 2,3-
butanedione.

The results obtained with deacetyl citrate lyase from
K. aerogenes and various phenylglyoxal and 2,3-butanedione
concentrations are presented in Fig. 1.7 and Fig. I.8,
respectively. The enzyme activity remained unchanged in the
absence of the modifiers during the period of the experiment.
The inactivation rates in presence of arginine reagents
follow pseudo-first order kineties, both plots being linear
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FIG. I.7 Inactivation of the acyl transferase activity

of deacetyl citrate lyase from X. aerogenes by
phenylglyoxal (PG),

2mM PG ( ), 4mMPG ( ), 7mM PG ( ), 10mM PG ( ).
Inset: Determination of the order of the reaction with
respect to phenylglyoxal,
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FIG. I.8 Inactivation of the acyl transferase activity of
deacetyl citrate lyase from XK. aerogenes by 2,3-butanedione.

5 mM 2,3-butanedione ( ), 10 mM 2,3-butanedione ( ),
20 mll 2,3-butanedione ( ), 30 mM 2,3-butanedione ( ).

Tnset: Determination of the order of the reaction with
respect to 2,3-butanedione.
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upto 10% initial enzyme activity. The values for the
reaction order (n) with respect to the arginine reagent was
calculated to be n = 0,97 for phenylglyoxal and n = 0,91
for 2,3-butanedione. These values would indicate that loss
of activity results from reaction of one arginine residue
per acyl transferase subunit in the deacetyl citrate lyase
complex,

In studies with the isolated acyl transferase oc-subunit
of K. aerogenes, inactivation by phenylglyoxal was also found
to follow pseudo-first order kinetics as is seen in Fig., I.9.
The calculated value of the reaction order was n = 0.93,
indicating again that one arginine residue is modified
resulting in the inactivation of the enzyme subunit.

The effect of phenylglyoxal was also studied with deacetyl
citrate lyase from §. faecalis. As in the case of the enzyme
from K. aerogenes, the plot of the inactivation rate was
linear upto about 10 - 20% initial activity and the calculated
value of the reaction order with respect to phenylglyoxal
was n = 1,02 (Fig. I.10). A single arginine residue is thus
modified by phenylglyoxal leading to inhibition of the
acyl transferase activity of the deacetyl citrate lyase from
8. faecalis also,

Effect of ligands

The effect of various ligands on the rate of inactivation
of the transferase activity of deacetyl citrate lyase by the
modifying reagent was studied to determine whether the ligands
protected the enzyme from inactivation by the modifier, The
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FIG, I.9 Inactivation of the isolated transferase

-subunit of citrate lyase from K. aerogenes by
phenylglyoxal (PG).

2.5mM PG ( ); SmMPG ( ); 7.5mM PG ( ); 10 mM PG ().

Inset : Determination of the order of the reaction with
respect to phenylglyoxal.
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FIG. I.10 TInactivation of the acyl transferase activity of
deacetyl citrate lyase from S- faecalis by phenylglyoxal(®PG).

5 mM PG ( ), 7.5 mM PG ( ), 10 mM PG ( Y, 15 m¥ PG ( ).

Tnset: Determination of the order of the reaction with
respect to phenylglyoxal.
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enzyme was incubated with the ligands followed by incubation
with phenylglyoxal., The effect of the ligands in protecting
the deacetyl enzyme from K. aerogenes against inactivation
by phenylglyoxal is shown in Fig. I.11 and Table I.4.
Inactivation of the enzyme in the presence of the added
ligands followed pseudo-first order kinetics,

TABLE I.,4 Effect of ¥igands on the transferase activity of

deacetyl enzyme from K, aerogenes against
inactivation by phenylglyoxal

Enzyme Reagent Ligand 10° x Kapp
Acyl transferase Pheg;lglyoxal - 34
activity of (5 mi)
deacetyl citrate Citryl-CoA 14
lyase from (0.5 mM)
K. aerogenes

Citrate (10 mM) 18

Citrate (10 mM) 28
+ Acetyl-CoA
(1 mp)

Acetyl-CoA 109
(1 mi)

Citrate (10 mM) and (38)=-citryl CoA (0,5 mM) decreased the
rate of inactivation by 45% and 55%, respectively. In
contrast, acetyl-CoA (1 mM) was observed to enhance the rate
of inactivation by phenylglyoxal almost 3-fold. A combination
of citrate (10 mM) and acetyl-CoA, however, decreased the rate
of inactivation by 20%,

The effect of ligands to protect deacetyl citrate lyase
from K. gerogenes against inactivation by 2,3-butanedione
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FIG, I.11. Effect of ligands on the rate of
inactivation of the transferacse activity of deacetyl

citrate lyase from K. aerogenes by phenylglyoxal (PG).

Control (x), 5 mM PG (@), 5 mM PG + 0,5 mM citryl=-
CohA (O), 5 mM PG + 10 mM citrate (A), 5 mM PG + 1 mM

acetyl-=CoA (A), 5 mM PG %+ 10 mM citrate + 1 mM acetyl-
Coa ().
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is shown in Fig. I.12 and Table I.5. Citrate (10 mM) and
(38)=citryl=CoA (0.5 mM) decreased the rate of inactivation
by 40% and 50%,respectively, while acetyl-CoA (1 mM) increased
the rate of inactivation almost 3-fold.

TABLE 1.5 Effeet of ligands on the transferesse activity

of deacetyl enzyme from K, aerogenes against
inactivation by 2,3-butanedione

. 3
Enzyme Reagent Ligand 107 x Kapp
(min~ 1)
Acyl transferase 2,3-butanedione - 12
:ctivity of (5 mM)
eacetyl citrate
lyase from ?:e:;%—CoA 33
K. aerogenes
2 ,3=butanedione - 38
(20 m)
Citryl-CoA 18
(0.5 mM)

Citrate (10 mM) 24

Protection studies with the isolated transferase
subunit from X. aerogenes showed similar results as with the
deacetyl enzyme complex, (Fig. I.13 and Table I.6). Citrate
(10 mM) and (38)=-citryl-CoA (0.5 mM) caused 50% and 60%
decreases respectively in the rates of inactivation, while
acetyl-CoA (1 mM) caused a 5 to 6-told enhancement in the
rate of inactivation, when phenylglyoxal was used as the
modifying reagent,
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FIG, I.12. Effect of ligands on the rate of

inactivation of the transferase activity of deacetyl
citrate lyase from K. aerogenes by 2,3-butanedione.

5 mM Butanedione (O), 5 mM butanedione - 1 mM acetyl-

CoA (©®), 20 1M butanedione (&), 20 mM butanedione -

0.5 mM citryl-=CoA (A ), 20 mM butanedione + 10 ml
citrate (0O).
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TABLE I,6 Effect of ligands on inactivation of the isolated
trans ferase subunit from K, aerogenes by

phgnylglyoxal
Enzyme Reagent Ligand 113 x K
(min™ 1)
Isolated transferase Phenylglyoxal - 18
subunit from (5 mi)
K. aerogenes Acetyl-CoA 99
(1 mM)
fgonylg%yoxal - 25
?itryl-CoA 9
0

Citrate (10 mM) 14

The reaction order for inactivation was also determined
in presence of acetyl=-CoA (1 mM) (Fig. I.14)., A value of
n= 1,15 with phenylglyoxal obtained under these conditions
would suggest that the rate of reaction of the essential
arginine residue is enhanced without the involvement of any
additional residues.

The effect of various ligands on the rate of inactivation
of the transferase activity of deacetyl citrate lyase from
S. faecalis by phenylglyoxal is shown in Fig. I.15 and Table
I.7. Citrate (15 mM) protected the enzyme effectively by
decreasing the rate of inactivation by 70%. Citryl-CoA
(0.5 mM) decreased the rate by 50%, The effect of acetyl=CoA
was similar to that shown in the case of K. aerogenes, the
rate of inactivation being increased 3 to 4-fold.
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FIG, I,14
deacetyl citrate

in presence of Acetyl-CoA (1 mM).
1,25 mM PG ( ); 2.5 mM PG ( ); 3.75 mM PG (

Inset :
respect to phenylglyoxal.
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FIG, I,15. Effect of ligands on the rate of
inactivation of the transferase activity of deacetyl

citrate lyase from S. faecalis by phenylglyoxal.

7.5 mM PG (A ), 7.5 mM PG + 1 mM acetyl-Coh 2&;9
15 oM PG (@), 15 mM PG + 0,5 mM citryl-CoA (O),
15 mM PG + 15 mM citrate (O).
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TABLE I.7 Effect of ligands on inactivation of transferase
activity of deacetyl citrate lyase from

S, faegcalis by phenylgloxal

Enzyme Reagent Ligand 103 x Kapp
(min~1)
Aeyl transferase Phenylglyoxal - 18
activity of (7.5 mM)
deacetyl citrate Acetyl-CoA (1 mM) 61
lyase from
S. faecalis Phenylglyoxal - 40
(15 mM
Citryl=CoA 21
(0.5 mM)
Citrate (15 mM) 12

Inactivation of lyase activity
The lyase activity of deacetyl citrate lyase complex

from K. aerogenes was also inactivated by both the modifiers,
The rates of inactivation followed pseudo=-first order
kinetics as shown in Fig, I.16 and Fig. I.17. Values of
n=0,92 and n = 0,91 for phenylglyoxal and 2,3~butanedione,
respectively, suggests the minimal requirement of one arginine
residue per subunit for inactivation, Omission of 13804
from inecubation mixtures had no effect on the inactivation,
The isolated lyase subunit was not studied since it
showed markedly lowered activity probably through denaturation
during the isolation procedure (Dimroth and Eggerer, 1975b).
The inactivation of the lyase activity of deacetyl
citrate lyase complex from S, faecalis by phenylglyoxal is
shown in Fig. I.18. The value of the reaction order with
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T'IG. I.16 Inactivation of the acyl lyase activity of deacetyl

citrate lyase from K. aerogenes by phenylglyoxal (PG).
1,25 mM PG ( ), 2.5 md PG ( ), ‘SmMPG% ), 10mM PG ( ).

Inset: Determination of the ordei' of the reaction with
respect to phenylglyoxal.
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respect to phenylglyoxal n = 0.94 confirms that one arginine
residue per subunit of the enzyme from this source also

reacts with phenylglyoxal to form an inactive complex,

Effect of ligands
The effeet of ligands on the rate of inactivation of the

lyase activity of deacetyl citrate lyase from K. aerogenes

by phenylglyoxal and 2,3-butanedione are shown in Fig. I.19,
Table I.8 and Fig. 1.20, Table I.9. Citrate (10 mM) and
acetyl=CoA (1 mM) does not proteet to any significant extent
against inactivation, reducing the inactivation only slightly
(15 - 20%), while the subgtrate (38)=-citryl-CoA (0.5 mM) was
considerably more effective in protecting against
inaetivation by phenylglyoxal and 2,3-butanedione (55% and
60%, respectively).

TABLE 1,8 Effect of ligands on inactivation of lyase

activity of deacetyl citrate lyase from K. aerogenes
by phenylglyoxal

En R . 1 3
zyme eagen Ligands 107 x Kapp
(min~ 1)

Acyl lyase activity Phonylglyoxal - 29

of deacetyl citrate (5 mM)

lyase from Citryl=CoA 12

K. aerogenes (0.5 mM)
Citrate (10 mM) 27
Acetyl-CoA 23

(1 m)
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FIG, I.19. Effect of ligands on the rate of
inactivation of the lyase activity of deacetyl citrate
lyase from K. aerogenes by phenylglyoxal (PG).

Control (x), 5 mM PG (@), 5 mM PG + 0,5 mM citryl-
CoA (O), 5 mM PG + 10 mM citrate (O), 5 mM PG +
1 mM acetyl-CoA (A).



log (% residual activity)

2.0 '»

1.5

Q
Lo
Q
7
A
- O
N\,
AN
) h
A
o
(
1 ‘ 1 1 ] 1 1 j
0 10 20 30 40 50 60
TIME (min)
FIG, I.20. Effect of ligands on the rate of inactivation

of. lyase activity deacetyl citrate lyase from K. aerogeres
by 2,3-butanedione.

20 mM Butanedione (®), 20 mM butanedione + 0,5 mM citryl-
CoA (O), 20 mM butanedione + 10 mM citrate (o), 20 mM
butanedione + 1 mM acetyl-CoA (4),
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TABLE 1.9 Effect of ligands on inactivation of lyase

activity of deacetyl citrate lyase from
K. aerogenes by 2,3-~butanedione

3
Enzyme Reagent Ligand 107 x Kapp
(min°1)

Acyl lyase activity 2,3=butanedione - 26
of deacetyl citrate (20 mM)
lyase from Citryl-CoA 10
K. aerogenes (0.5 mM)

Citrate 21

(10 mM)

Acetyl=CoA 17

(1 myM)

In case of the K. faecalis enzyme, too, as seen from
Pig. I.21 and Table I,10, citryl=CoA (0.5 mM) markedly
reduced the rate of inactivation of the lyase activity of
the deacetyl citrate lyase, the rate of inactivation being
decreased by about 80%., Citrate (10 mM) and acetyl—CoA (1 mM)
showed only slight protection (15% and 30%, respectively),
from inactivation by phenylglyoxal.

IABLE 1,10 Effect of ligands on inactivation of lyase

activity of deacetyl citrate lyase from
S. faecalis by phenylglyoxal

3

Enzyme R t

zZym eagen Ligand 107 x Kapp
(min~)

Acyl lyase acticity Phenylglyoxal - 66

of deacetyl citrate (5 mM)

lyase from Citryl-CoA (0,5 mM) 12

S. faecalis
Citrate (10 mM) 57

Acetyl=CoA (1 mM) 46
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FIC, I,21. Effect of ligands on the rate of
inactivation of lyase activity of deacetyl citrate
lyaseé from S. faecalis by phenylglyoxal(PG).

5 mM PG (@), 5 mM PG + 0,5 mM citrvl-CoA (O),

5 mM PG + 10 mM citrate (&), 5 mM PG + 1 mM acetyl-
CoA (0O),
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DISCUSSION

Positively charged arginine residues in general have
been known to serve as anion binding sites, particularly
for enzymes which catalyse the reaction of substrates and
cofactors carrying negatively charged carboxylate and
phosphate groups (Riordan et al., 19773 Riordan, 1979).

Among the enzymes that act on citrate, aconitase has
been shown from chemical modification studies with 2,3=
butanedione to have a single essential arginyl residue
(Gawron and Jones, 1977)., The functional arginine in
addition to its charge effect is also assumed to provide a
side-arm for rotation, sinee the conversion of citrate to
isocitrate would only require a 180° rotation round an axis
that is centered through the alkylated central carbon of
the guanidinium group, ATP-citrate lyase from rat liver
has also been shown more recently to carry an essential
arginine residue which is present at the CoA-binding site
(Ramakrishna and Benjamin, 1981), In the present work,

a single essential arginine residue has been shown to be
present at the active site of each of the acyl transferase
and acyl lyase subunits of K. aerogenes and S. faecalis.

Ramakrishna and Benjamin (1981) have shown that
phenylglyoxal has the maximum inhibitory effect on ATP=-
citrate lyase from rat liver in presence of Hepes buffer,
followed by potassium phosphate and borate buffers. In the
present studies on citrate lyase from K. aerogenes,

phenylglyoxal in potassium phosphate buffer inactivated at
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the fastest rate followed by the modifier in Heper buffer
and in Tris-~HC1 buffer, In the case of 2,5-butanedione,
complexation of the modifier with borate is known to enhance
the irreversible inactivation rates (Riordan, 1973).
However, since borate buffer caused marked lowering of
eitrate lyase activity even in the absence of 2,3-butanedione,
this buffer was not used in the present studies.
Phenylglyoxal and 2,3-butanedione have been shown to
inactivate citrate lyase from K. aerogenes. Phenylglyoxal
inhibits the transferase activity of the deacetylated enzyme
complex as well as of the isolated acyl transferase =
subunit, The anionic substrates, citrate and (3§)-citryl-
CoA protect the transferase activity against inactivation in
both cases, whereas acetyl-CoA markedly increases the rates
of inactivation of both the deacetyl enzyme complex and the
isolated transferase esubunit, This would indicate that
the essential arginine residue on the transferase subunit
is present at the citrate binding site and not at the acetyl-
CoA binding site of the transferase subunit, One of the
points of attachment of citrate to the transferase subunit
is presumably through the guanidino group at the active site,
Ligands have been shown to enhance inactivation in ATP-
citrate lyase by arginine specific reagents (Ramakrishna and
Benjamin, 1981), Mg-ATP complex at low concentrations (less
than 0.5 mM) protected the enzyme against inactivation,but
at higher concentrations the ratesof ira~*ivation were

enhanced, In NAIP-dependent isocitrate dehydrogenase, 2,3~
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butanedione inactivated the enzyme and loss in activity was
largely prevented by prior incubation with the substrate,
isocitrate (Ehrlich and Colman, 1977). However, increase in
the rate of inactivation by almost 5-fold is brought about
on addition of the eoenzyme, NAIP, Such enhancements caused
by ligands are probably the result of conformational changes
in the enzyme complex brought about by ligand binding which
renders the specific amino acid residue more reactive towards
the modifying reagent,

In the case of the classical CoA-transferases, a
conformational change at the carboxylate binding site of
suceinyl=CoA: 3-oxoacid CoA-transferase has been suggested
to explain the enhanced reactivity of an essential thiol
group on binding of acyl-CoA substrates (White et al., 1976).
An alligator-type model has been postulated to explain this
behaviour, Such a model could also explain the effects of
ligands on the rates of inactivation of citrate lyase by
arginine specific reagents, The two groups of enzymes also
have similarities in some aspects of their mechanism of action,
both acting through anhydride intermediates (Bimroth et al.,
1977Th). To extend the model to citrate lyase, the enzyme
could be assumed normally to be present in a closed form
in which access to the essential arginine residue at the
citrate binding site is limited, On binding of acetyl-CoA
at its binding site, the enzyme probably undergoes a
conformational change to an open form in which the essential
arginine at the citrate binding site is exposed to a greater
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extent, making it more reactive towards phenylglyoxal and
2,3-butanedione as shown schematically in Fig. 1,22,
Binding of ecitrate or (38)-citryl-CoA protects the
inactivation of the transferase activity, presumably by
blocking the essential arginine residue.

The lyase activity of K. aerogenes is also inactivated
by the two arginine modifiers, (3§)-@itryl-CoA was
effectively protectdve against the inactivation; while
acetyl=CoA and citrate are significantly less effective.
The essential arginine residue on the acyl lyase subunit is
probably present at the (3§)-oitry1-CoA binding site,

Citrate lyase from K. aerogenes and §. faecalis have been

classed into two distinet categories on the basis of their
reaction inactivation behaviour. The enzyme from K. aerogenes
undergoes severe reaction inactivation with a half-life of
only 30 sec., (Singh and Srere, 1971),whereas the enzyme from
S. faecalis shows relatively weaker reaction inactivation
with a half-life of about 9.4 min (Hiremath et al, 19763
Hiremath, 1977). A comparative study of the effect of
arginine specific reagents on citrate lyases from K. aerogenes
and §. faecalis indicates similarity in the inactivation
behaviour, Inactivation in both cases by phenylglyoxal
follows pseudo-first order kinetics, The reaction order

with respeet to phenylglyoxal is approximately one both for
the transferase and lyase activities of the deacetyl enzymes
from both sources, indicating that one arginine residue is
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present at the active sites of each of the transferase
and lyase subunits of citrate lyases from both sources.

The effects of ligands on the action of modifiers are also
gimilar in the enzymes from both the sources,
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STUDIES ON THE ACYL-CARRIER PROTEIN OF CITRATE LYASE FROM
Escherichia coli
SUMMARY

The large 85 000 dalton acyl-carrier protein subunit
from Escherichia coli citrate lyase complex has been shown
to have unique struetural features.

The tryptic peptide map of the aminoethylated E. coli
citrate lyase aecyl-carrier protein subunit shows the presence
of only 25 peptide fragments instead of the maximum of 69
expected from its amino acid composition. The polypeptide
chain contains about 7 histidine residues, but only one
peptide fragment in the tryptic map reacts with Pauly reagent,
Microbiological assay of the pantothenate content of the
25 tryptic peptide fragments indicates that about 86% of the
prosthetic group component is present in a single basic
peptide fragment with the rest being present in a neighbouring
one on the peptide map, The results are indicative of the
presence of homologous regions in the polypeptide chain,
particularly in domains carrying the prosthetie group.

INTRODUCTION

Citrate lyase (EC 4.1.3.6) from Escherichia coli has
been shown recently to differ from the other enzymes of this
group in several structural features (Nilekani and SivaRaman,
1983)., The enzyme complex optained pure hitherto from all
other sources resemble the enzyme from K. aerogenes, a source
from which the enzyme has been studied the most. The enzyme
from K. aerogenes is built up of three non-identical subunits
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of 54 000 ( ), 32 000 ( ) and 10 000 ( ) dalton, The
smallest subunit of the enzyme from this source functions

as an acyl-carrier protein (Dimroth et al., 1973) and carries
a covalently attached phosphoribomyl dephospho CoA prosthetie
group (Robinson et al., 19763 Oppenheimer et al., 1979).

The active enzyme carries essential acetyl moieties in thio-
ester linkage with the CoA-like prosthetic group (Buckel et al.,
1971). The cleavage of citrate catalysed by the ensyme
complex proceeds in two steps, the first being initiated by
the acyl transferase ( )=subunit resulting in the formation
of (38)=citryl-ACP intermediate with the release of acetate
and the second being the cleavage of the intermediate to
oxaloacetate and acetyl-ACP mediated by the acyl lyase ( )
subunit, The estimates of subunit stoichiometry have shown the
presence of six mol of each in the complex having the
hexameriec structure ( , , )6' Citrate lyase from §.
diacetilactis (Singh and Srere, 1975),Rergelatinosa (®iffhorn
and Gottachalk, 1978), S. faecalis (Hiremath et al., 1976)
and C. sphenoides (Antranikian et al., 1982b) have all been
shown to resemble the enzyme from K. aerogeneg in the subunit
structure, size and composition. The aggregate in all the
cases have been obtained as monodisperse entities., In marked
contrast to the usual struectural features of bacterial citrate
lyase, the enzyme from E. goli has been shown to exiet in
multimeric forms even under non-denaturing conditions, While
the acyl transferase ( j H, 54 000) and acyl lyase ( 3 M,

32 000) subunits of the complex from this source resemble the
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enzyme subunits of citrate lyase from other sources, the
acyl-carrier protein ( ) subunit is a single large polypeptide
chain of 85 000 dalton., The ACP subunit carries four covalently
bound phosphopantetheine containing prosthetic groups. Six
copies each of the =« and esubunits have been shown to be
associsted with a single copy of the acyl-ecarrier protein
(Nilekani and SivaRaman, 1983).

A central problem that arises out of the finding that a
single ACP subunit in E. coli interacting with six copies of
each of the acyl transferase and acyl lyase subunits is the
possibility of intrapeptide homologies in the large acyl-
carrier protein molecule. The present investigation reports
on this aspect of the problem, Studies have been carried out
on the tryptic peptide fragments obtained from the ACP subunit,

MATERIALS

Salmine sulphate was obtained from BDH, England.
Carboxymethyl cellulose (CM=-52) was from Whatman, Analytical
grade urea was recrystallized as described in Part I of this
thesis, Sulfanilie acid was from Aldrich Chemiecal Co.

Trypsin from bovine pancreas (type XII, 2 x crystallized)
was obtained from Sigma Chemical Co.,, USA, All other chemicals
and reagents were similar to those described in Part I,

All the solvents for paper electrophoresis and chromato-
graphy were analytical grade reagents freshly redistilled.
Pyridine was refluxed with 0,1% ninhydrin for 4 h and distilled.
Caleium=-D-pantothenate was from E. Merck, Darmstadt.
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Crystalline alkaline phosphatase (type III from E. gcoli)
was obtained from Sigma Chemical Co. (speecific activity 22 U,
mg~'). High voltage electrophoresis was carried out using
Whatman 3 MM paper and a Savant Instruments, Inc high voltage
electrophoresis unit fitted with a cooling system,
Or, ms

Escherichia coli (ATCC 8739) was obtained from the
National Collection of Industrial Microorganisms, Pune and
was maintained routinely on mutrient agar slants and sub-
eultured once in 2 « 3 weeks, The organii- was inoculated
into mutrient broth containing beef extract (0.3%),dd@Reted
(0.5%) and peptone (0.,5%) adjusted to pH 7.0 with NaOH and
then inoculated in citrate growth medium, Nutrient aga®
slants contained 2% agar, Cultures were grown at 30°C for
18 = 20 h.
Lactobacillus plantarum (ATCC 8014) was obtained from
the National Collection of Industrial Microorganisms, Pune
and subcultured in nutrient broth, The pantothenate -
less basal medium for the microbiological assay of
pantothenate was obtained from Bios Company, Bombay,.

METHODS

PURIFICATION OF CITRATE LYASE FROM Escherichia coli

rowth o ]

E, coli (ATCC 8739) was grown without aeration at 30°C
for 18 - 20 h in 10 L flasks containing the citrate medium,
described by Dagley (1954). The medium contained KHyPO,, 4



90 g3 lh, citrate, 50 g3 peptone, 56 g; glucose, 10 g3
uso‘.‘mzo. 2 g and water added to make up the volume to
10 L after the pH was adjusted to 7.2 with 5 M NaOH, Peptone,
glucose and ll¢804 were dissolved in water taken in 2 I, flasks
and autoclaved separately to prevent the precipitation of
magnesium phosphate. The two solutions were mixed just before
inoculation with an inoculum of about 10% of the final volume,
The cells in the inoculum were previously adapted to the
eitrate growth medium, After an incubation period of 18 « 20 h
at 30°, 10 g glucose was added and left for 1 h, The cells
were then harvested on a Sharples A-12 Supercentrifuge at
12 000 g. Yield of the cells were 18 - 20 g wet weight of
cells per 10 L of the citrate growth medium, The cells were
stored at -20°C and did not lose its activity for more than
1 week,
Extraction of cells

Batches of 110 - 120 g (wet weight) cells were worked up
for purification of citrate lyase., During the extraction
procedure, temperature was maintained at 0 = 4° using an ice~
salt mixture, The frozen cells after allowing to thaw overnight
were suspended in 0,03 M potassium phosphate buffer, pH 7.0
(3.5 mg/g cell paste). The cell suspension was sonicated at
20 ke (300 W) in a Biosonik III (Bromwill Scientific Cosy
USA) sonicator, twice for 3 min each, The cell debris was
separated by centrifugation at 50 000 £ for 45 min at 4°C and
discarded. The clear supernatant was used in the further
stepe of purification.
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Purification of citrate lyase
The procedure used for the purification of citrate lyase

from E._coli cells was that of Nilekani and SivaRaman (1983).
Purification steps were carried out continuously without
storage at any stage., The operations were performed in cold
with #he temperature maintained between O = 42C, A1l the
buffers contained 1,6 mM I‘¢§04 for stabilizing the enzyme.
st te nt

The eclear supernatant obtained after sonication, was
treated with steeptomyein sulphate to a final concentration
of 1.4% to remove nucleic acids, The solution was kept
stirred for 45 min after which the precipitated mucleic acids
were removed by centrifugation at 50 000 g for 45 min,
Salmine sulphate treatment

The supernatant from the streptomyein treatment step was
kept continuously stirred and treated with 5 volume of freshly
prepared cold solution of 0,5% salmine sulphate in 0.05 M
potassium phosphate buffer, pH 7.4. After 30 min, the
precipitated enzyme was separated by centrifugation at 50 000 g
for 40 min, The supernatant showed no citrate lyase activity
and was therefore discarded.

ution of ecitrate e activit

The enzyme which was precipitated with salmine sulphate
was obtained as a pellet, It was suspended in 0,05 M
potassium phosphate buffer, pH 7.4,containing 1.6 mM ugso4 and
0.5 M NaCl (about 15 m1/100 ml streptomyein sulphate extract).
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The enzyme was eluted by homogenizing for 20 min in a glass
tube with a close fitting ground glass pestle and centrifuged
at 50 000 g for 45 min to remove any undissolved material,
0,05 M Potassium phosphate buffer, pH 7.4 was added to the
supernatant to dilute the sodium chloride to a concentration
of 0,15 M and to precipatate out the enzyme,
Treatment with CM-gcellulose

The eluate after dilution was stirred and treated with
CM=-cellulose (7 g wet weight of CM-cellulose per 100 ml
supernatant) equilibrated with 0,05 M potassium phosphate
buffer, pH 7.4, containing 1.6 mM I3804 and 0,15 mM NaCl, till
a clear solution was obtained., After a period of 20 min,
CM-cellulose was removed after centrifugation of the
suspension at 3 000 g for 20 min,
Alumina C Ugel treatment

The supernatant obtained after removal of CM-cellulose
was treated with alumina C gel (80 m1/100 ml of CM-cellulose
treated extract). The gel suspension was stirred for 15 min
and then allowed to stand for another 15 min, after which it
was centrifuged at 3 000 g for 20 min to separate the
alumina C gel,

nium su i i

To the supernatant, which contained the enzyme activity,
was added with continuous stirring finely powered ammonium
sulphate till 0,6 saturation, The solution was stirred for
15 min and then allowed to stand for another 15 min, The
protein with the enzyme activity which precipitated out was
collected by centrifugation of 50 000 g for 30 min and the
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supernatant which was free from activity was discarded.
The precipitated protein was dissolved in 0,05 M potassium
phosphate buffer, pH 7.4 (6 ml) and dialysed overnight, against
0,01 M potassium phosphate buffer, pH 7.4.
DEAE-cellulose chromatography

The dialysed solution (9 -« 10 ml) was centrifuged at
10 000 g for 10 min to remove turbidity. The clear protein
solution was loaded on a DEAE-cellulose column (1.5 x 35 em)
equilibrated with 0,01 M potassium phosphate buffer, pH T.4.
The enzyme was eluted from the column using a contimuous
gradient of potassium phosphate buffer, pH 7.4 with a gradual
increase in buffer strength from 0.01 M to 0,12 M, This
concentration gradient was obtained by taking 200 ml of 0,01 M
potassium phosphate buffer in the mixing chamber connected to
the column and by adding 0,5 M potassium phosphate buffer,
PH 7.4 to the solution in the chamber at the same rate
as the effluent from the column, About 3,0 ml fractions were
collected on an automatic fraction collector and a drop from
each fraction was tested for enzyme activity. Fractions
containing enzyme activity were pooled (25 - 30 ml) and the
enzyme precipitated by addition of an equal volume of cold
neutralized saturated ammonium sulphate solution, The
precipitate was collected after centrifugation at 50 000 g
for 30 min and then dissolved in the minimum volume of 0,05 M
potaseium phosphate buffer, pH 7.4 (1 = 2 ml),
§eghar6n CL=-6B_chromatography

The final step in the purification procedure was gel
tiltration using Sepharose CL-6B, The enzyme obtained from the
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DEAE-cellulose chromatography step was loaded on a Sepharose
OL=-6B column (2,5 x 110 em) previously equilibrated with 0,05 M
potassium phosphate buffer, pH 7.4, The enzyme was eluted
with buffer of the same composition, Fractions of % ml were
collected on an automatic fraction collector and tested for
activity by sampling a drop from each fraetion., The fraction
which contained high enzyme activity were pooled (about 15 ml)
and precipitated by addition of an equal volume of cold
neutralized, saturated ammonium sulphate solution, The
solution was centrifuged at 50 000 g for 20 min and the
precipitate obtained was dissolved in 0,05 M potassium phosphate
buffer, pH 7.4 (about 1,5 ml),

a of E i citrate e subunit

Separation of the comstituent subunits of E. coli citrate
lyase under denaturing conditions using 6 M urea by gel
filtration through Sepharose CL-6B has been described by
Nilekani and SivaRaman (1933). The resolution of the three
component subunits at high protein loade was poor as pointed
out by these authors, The recovery of protein components when
relatively lower loads were used was also low,

To obtain the subunite in high amounts for chemical and
microblological assays, Nilekani and SivaRaman (1983) have used
the procedure of Hanoaka et al. (1979)., This procedure
involves separation of the component subunits on ST8~polyacryl-
amide gel electrophoresis, followed by cutting out of gel
sections comprising protein bande and recovering the protein by
reelectrophoresis through 6 M Wrea-polyacrylamide gel columns,
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The application of this technique resulted also in low
recoveries of the component subunits, The following procedure
was therefore standardized which resulted in recoveries better
than 50% of electrophoretieally homogeneous subunits of the
E. goli enzyme: The ensyme subunits were initially separated
on SIS-polyacrylamide gels containing 0.1% SDS and electrophoresis
was carried out using 0,05 M sodium phosphate buffer, pH 7.2,
containing 0.1% SIS, Enzyme sample was initially denatured

in the presence of 0,05 M sodium phosphate buffer, pH 7.2,
containing 2% SIS and 1% 2-mercaptoethancl for 5 min in a
boiling water-bath, The sample was cooled and to it was added
sucrose to make the solution dense and bromophenol blue which
was used as a tracking dye, The denatured enzyme preparation
(about 1 mg) was then eleetrophoretically separated on a 7.5%
polyaerylamide gel column (1 = 10 em) at a current of 8 mA
per tube. Sets of 4 gels were run at a time, After the
electrophoretic run was complete, the gels were removed and
cooled to 0 - 4°C, Gel regions containing protein could be
differentiated visually by the appearance of three whife bandast
againet a translucent background. The gel regions corresponding
to the three subunits (l‘ 85 000, 3 i, 54 000, 3 M, 32 000,

) were sliced out of the gel. Corresponding regions were pooled
for recovery of protein,

Protein was recovered from the separately pooled gel slices
using the method described by Stephenms (1975)., The gel slices
containing individual subunits were cut into thin discs and
placed in a tube ( 1 x 10 em) with a slight constriction at
one end. The gel disce were stacked one above the other using
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0.01 ¥ sodium phosphate buffer, pH 7.2, taking care that no air
bubbles were trapped between the dises, A dialysis tubing
(about 3 inches long) was tied off tightly at one end and filled
with 0,01 M sodium phosphate buffer, pH 7.2. The constricted
end of the tube containing the packed gel slices was inserted
into the open end of the dialysis sac, again taking care not
to include any air bubbles in the system., The tube was inserted
111 all but 1 ml of the buffer was displaced from the dialysis
sac, The dialysis tubing was fixed by tying around the gel
tube., Elution was carried out electrophoretically at 2 « 3 mA
per tube and the protein solutions collected in the dialyesis
sacs, The solutions containing the subunits were dialyzed
separately against 0.01 M sodium phosphate buffer, pH 7.2,
containing 6 M urea for 12 h so as to remove SIS and then
exhaustively dialyzed against distilled water to remove urea,
The subunits were separated from a number of batches of
enzyme preparations and the individual components pooled and
concentrated by lyophilization,

ity of se t

The homogeneity of the isolated subunits was checked
by ST8-polyacrylamide gel electrophoresis carried out as
described by Osborn and Waber (1969) using 7.5% polyaerylamide.
Electrophoresis was carried out at room temperature at 6 - 8
mA/tube ti11 the tracking dye reached the bottom of the tube
(4 « 5 h). Gels were stained with Coomassie Brilliant Blue
and protein bands visualized by destaining the gels in a solution
of 7.5% acetic acid and 5% methanol in water,
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Amino acid analysis
The amino acid analysis of the E. goli citrate lyase (

ACP ( ) subunit has been reported by Nilekani (1980), The
values of Threonine and Serine were not corrected in this
work and no estimation was made of the tryptophan content,
The corrections have now been made by extrapolation from
values obtained after 24, 48 and 70 h periods of hydrolysis.
Egtimation of trypt

The simultaneous determinations of tryptophan and
tyrosine of the isolated esubunit were carried out spectro=
photometriecally by the method described by Goodwin and Morton
(1946)., The principle of this method is described briefly:
Most of the protein solutions show selective absorption in
the altraviolet region with the absorption maxima varying in
its position depending on the pH, Only three amino acide are
responsible for the observed absorption by protein solutions
in the region 250 - 320 mmjy these include phenylalanine,
tyrosine and tryptophan, In 0,1 N NaOH, the absorption by
tyrosine and tryptophan is much stronger than that by phenyle
alanine and hence the contribution by phenylalanine can be
negletted, Under such conditions, the protein solution could
be considered as a binary system for spectrophotometric
analysis. The absorption at the point where the absorption cur
curves for tryptophan and tyrosine interseet is a direct
measure of the total molar solute (Trp + Tyr) concentration
which will not vary with any change in the relative proportions
of the two amino acids, At wavelengths other than where the
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absorption curves intersect, the absorbance will change
depending on the relative proportions of tyrosine and trypto-
phan, In 0.1 N NaOH, used as a solvent, the absorption curves
for tyrosine and tryptophan intersect at 294.4 mm ( = 2375
wen™') and 257.15 nmm ( = 2748 ¥1.en"1). Determination
of the absorbance at one of these two wavelengths would yield
the sum of the molar concentrations of tyrosine and tryptophan,
Measurements of the absorbance at any other suitable wave=-
length (e.g. at 280 mm) is sufficient for the determination
of the relative proportions of tyrosine and tryptophan in the
protein solution.

Thus if x = total gmol of tryptophan + tyrosine per litre
and y = gmol of tyroesine, then x « y = gmol of tyyptophan,
At any wavelength other than a point of intersection, if
u tyrosine be A and M tryptophan be B and the observed
absorbance for 10 mm light path be § then =yh +(x-y) B
- xB
A - B

or y=

The value of x ¢an be calculated from the observed absorbance

at either point of intersection using the following relationship:
Absorbance at any point of intersection

X =
M tyrosine at the wavelength of intersection

The isolated -subunit ( ug) from E. coli citrate lyase was
taken in 1 ml of 0,1 N NaOH and the absorption values measured
at 280 nm and at 294.4 nm,
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tie tide ma
Principle

Trypein specifically cleaves peptide bomds at the
carboxyl groups that are contributed either by arginine or
lysine residues, After aminoethylation, the sulphydryl
residues of cysteine are modified forming S- -aminoethyl
cysteine residues, These residues structurally resemble
lysine and the peptide bonds which are contributed by the
carboxyl group of the cysteine derivative are also susceptible
to hydrolytic cleavage by trypein (Raftery and Cole, 1963).
The peptides obtained after digestion with trypsin are reelved
resolved usually by the two dimensional peptide mapping
technique of Ingram (1958) using high voltage paper electro-
phoresis in the first direction followed by partition paper
chromatography in the second direction. Each peptide spot
occupies a position on the peptide map which is characteristic
of its amino acid composition and to a lesser extent of its
sequences
Aminoethylation

The electrophoretically homogeneous 85 000 dalton acyle
carrier protein ( ) subunit of E. goli citrate lyase (2 - 3 mg)
was treated with 1,5 M Tris-HC1l buffer, pH 8,6 (800 ul),
960 mg a urea, EDTA-Na, salt (80 ul of 5% solution). The
mixture was made upto a final volume of 2 ml and was treated
with 20 vl of 2emercaptoethanol and left at room temperature
for 30 min to ensure that the cysteine is in a reduced form,
Ethyleneimine (20 ul) was then added to the solution and the
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mixture allowed to stand for 2 h,

The aminoethylated protein was dialyzed against watery
to remove urea and the other reagents and then lyophiligzed.
Iryptic digestion

The lyophilized esubunit preparation was dissolved in
the minimum amount of distilled water and the pH adjusted to
8.1 with 50 mM NaOH, Salt free trypein (2 x erystalline)
was used without further purification and it was dissolved
in 1 mM HC1 just before its use., The protein solution was
denatured by heating in a water-bath at 80°C for 10 min,
cooled to 37°C and treated with trypein solution at a substrates
enzyme ratio of 50311 and the pH of the solution was adjusted
and maintained at 8.1 with NaOH while the temperature was
maintained at 37°, Digestion was contimued for 4 h til11
there was no more intake of alkali, The pH of the solution was
lowered to 6.5 with 50 mM HC1l to arrest the reaction, Enzyme
activity was destroyed by heating the solution in a boilddg
water-bath for 1 min and the solution was then lyophilized.
Pingerprinting

The lyophilized sample $4.5 mg) was dissolved in
distilled water (30 ul) and was subjected to fingerprinting by

two dimensional mapping of the tryptie peptide fragments,
Paper ele hores

Electrophoresis was carried in the first direction
essentially aeccording to the procedure of Ingram (1958) using
Whatman 3 MM paper, The dimemsions of the out paper was
31 em x 31 em with a pair of sleaves 13 cm in length and 6 em
wide, The cut paper was dipped in Michl's volatile buffer,
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pyridine-glacial acetic acideeater, pH 6.4, in the ratio of
1030,4:90 by volume (Michl, 1951)., Excess liquid was removed
by placing the cut paper in between two filter papers., The
moist filter paper was then placed immediately on a myelar sheet
kept on the metal plate of the electrophoresis apparatus. The
sample was applina on the paper at a spot 3 cm above the edge
of the paper and 23 cm from the edge of the sleeve at the
anode end. The moist paper was covered with a glass plate and
the sleeves dipped in the buffer vessels containing Michl's
buffer, The electrodes were fixed in the buffer vessels, The
buffer was allowed to diffuse into the paper for 15 min,
Electrophoresis was then carried out at 1 000 ¥ (about 18 V
per cm) for 2 h,
c to

At the end of the electrophoretic run, the sleeves were
cut off and removed and the rest of the paper was dried at
room temperature in a current of air (2 « 3 h), The dried
paper was suspended in a chromatographic chamber over a trough
containing the solvent system, pyridine-p~butanol-glacial
acetic acid-water in the proportion of 20:30:6:24 by volume
(Barnabas and Muller,{1962), After the paper was saturated,
ascending chromatography was carried out for 14 h and the
paper was again dried at room temperature in a current of air,
Staining of peptide maps

The specific colour reaction for detection of histidine~
containing peptides and the ninhydrin (acidiec) reaction for
detection of all the ninhydrin-positive peptide spots warei

carried out in this sequence on the same paper, Such a
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combination of tests has been shown to be compatdble
(Easley, 1965), The paper was sprayed from the back with
Pauly reagent and was dried well before dipping through the
ace@ic ninhydrin reagent.

Pauly reagent

Histidine-containing peptides were detected using the
Pauly reagent,

Solution A contained sulfanilie acid (0.9 g),
concentrated HC1 (1 ml) and 100 ml of water which was warmed
elightly to dissolve the reagent,

Solution B contained freshly prepared 5% agqueous Nali0, .

£olution C contained 10% aqueous NayC0q.

All three solutions were chilled separately in an ice=bath,
Then one volume of Solution B was added to two volumes of
Solution A and the paper was sprayed lightly with this nixture,
After slight drying, the paper was then sprayed lightly with
e¢old S8olution C,

Acidic ninhydrin reagent

The paper was dipped in acidie ninhydrin solution prepared
by adding 1 ml glacial acetic acid to 99 ml of 0,3% ninhydrin
in acetone, The paper was dried in a current of air for about
30 min and then placed in a cool oven and the temperature raised
gradually to 70 -~ 80°C to give a good colour development with

mininum backgro@ind, The peptide spots were marked after the
development of the purple colour,

Peptide fragments carrying the prosthetie group were
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detected by mierobiological assay of 4-phosphopantetheine.
Individual fragmente located as ninhydrin positive spots on
the tryptie peptide map were numbered and cut out. The cut
out portions were separately washed with ether to remove
reagents and then treated separately with 5 ml of 0,1 N NaOH
for 1 h at 60°C, The solution in each tube was neutralized
with 1 N HC1 and concentrated to about 1 ml in vacuo at room
temperature, The pH of the solutions was then adjusted to
9.0 with 0,25 M Tris«iCl buffer and treated with E. goldi,
alkaline phosphatase (50 ug per test tube). The mixture was
incubated at 37°C for 2 h after which it was neutralized with
HC1 and diluted to a final volume of 10 ml. Aliquots of
0.1 ml and 1.0 ml1 from each tube were taken separately in 5 ml
of pantothenate~less medium and the total volume made upto
10 ml with distilled water and autoclaved.

Pantothenate was assayed using L. plantarum ATCC 8014
by the method deseribed by Barton-Wright (1952).
Preparation of the inoculum

Cells of L. plantarum were transferred from a stab
culture and grown in 10 ml of pantothenate~less basal medium
supplemented with pantothenate (50 ug) for 18 - 20 h at 30°C,
The cells were collected by centrifugation under asceptiec
conditions and washed three times with 10 ml of 0,9% saline
solution, The cells after the last washing were suspended
in 10 ml of 0,9% saline solution and 0.1 ml of this suspension
was diluted to 10 ml with 0,9% saline solution; one drop of
the final suspension was added to each of the tubes containing
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test samples, The tubes were incubated at 30°C, After 18 h
of incubation, growth was determined turbidometrically and
at the end of 72 h, lactic acid produced was titrated against
0.1 N NaOH using bromothymel blue as internal indicator,
Endpoint was determined by colour from yellow to light green.

A standard was run simultaneously.BPhe standard curve
relating the growth response of L. plantarum measured
turbidometrically as well as titrimetrically as a function of
pantothenate concentration using different concentrations of
standard calcium-D-pantothenate is presented in Fig, II.1.
All assays were made by replicate analysis, As can be seen
from Fig. II.1, the growth response is linear over the range
0 « 50 nanograms pantothenate in the assay medium,

RESULTS

Purification of E, coli citrate lyase
Several batches of E, goli cell extracts were processed

to obtain purified E. coli citrate lyase complex for the
isolation of adequate amounts of the purified ACP ( ) subunit
for the characterization of this unusually large polypeptide
chain, The results obtained in a representative batch are
summarized in Table II.1,

Starting with about 120 g wet weight of cells, about 15 mg
of the purified enzyme, with a specific activity of 110 = 120
U.mg™! was obtained in an yield of about 20%. The values of
the specific activity as well as the final yield are comparable
to those reported by Nilekani and SivaRaman (1983), |

The purified enzyme showed multiple states of aggregation
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Table II,1 Isolation of ecitrate lyase from Escherichia coli
Wet weight of cells = 120 g.

Fragtion Volume Protein Total Specific Yield
activity activity
ml mg/m1 U U/mg

Cell=free extract 400 14.0 7840 1.4 100
Streptomyein sulphate 390 9.35 7215 2,0 92
treatment
Eluate of pellet 70 14.3 5005 5.0 64
obtained after s
sulphate treatment
CM-cellulose treatment 233 2,0 4707 10.1 60
Alumina C gel treatment 265 1.2 4452 14,0 57
Ammonium sulphate 6 19.1 3920 54.2 50
fractionation
Ammonium sulphate 9 12.8 3456 30.0 44

fraction after dialysis

DEAE=-gellulose fractions 1.5 27,0 2916 72,0 37
pooled and precipitated
with ammonium sulphate

Sepharose CL-6B frations 1.3 12,0 1747 112.,0 22
fractions pooled and

precipitated with

ammonium sulphate,
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in the ultracentrifuge as can be seen from Fig, II.2, This
has been shown by Nilekani and SivaRaman (1983) to be one of
the unusual features of the E. coli enzyme compared to other
bacterial citrate lyases., The SIS-polyacrylamide gel
electrophoretic profile of the constituent subunite of E. goli
citrate lyase is shown in Fig, II.3. As reported by Nilekani
and SivaRaman (1983), the enzyme complex dissociates into
three non-identical subunits of 85 000, 54 000 and 32 000
daltons, The function of the subunits have been characterized
by isolation of the electrophoretically pure and biologically
active polypeptides (Nilekani and SivaRaman, 1983), The

54 000 dalton subunit has been shown to function as the acyl=-
transferase ( ) subunit eatalyzing the formation of eitryl-
ACP (or eitryl-CoA) in presence of citrate and the ACP subunit
(or acetyl-CoA) with the release of acetate, The 32 000
dalton pelypeptide has been characterized as the acyl lyase

( ) subunit catalysing in presence of .‘24- the cleavage of
eitryl«ACP (or citryl-CoA) to oxaloacetate with the
regeneration of acetyl-ACP (or acetyl-CoA). The large 85 000
dalton subunit which carries the prosthetic group components
has heen shown to act as the ACP ( )subunit,

Separation of subunite

The procedure described by Nilekani and SivaRaman (1983)
for the isolation of the individual subunits of E. goli
citrate lyase gave low yields of the electrophoretically
homogeneous components, The modified isolation procedure
used in the present studies gave markedly higher yields of the
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II.2 SEDIMENTATION PROFILE OF NATIVE CITRATE

LYASE FROM E. coli

Protein concentration
Buffer

Speed
Temperature
Phase plate
Time

4 mg/ml

0.05 M potassium

phosphate,pH 7.5

with 1.6 mM NMgSO,
59 780 rpm

4,2°

45°

26 min
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FIG. II.3 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF
CITRATE LYASE FROM E. coli

7.5% gely 0,05 M sodium phosphate buffer,
pH 7.3, containing 0,1% SDS;

8 mA/tube

Protein loaded 100 pre
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pure component subunits, The electrophoretic homogeneity
of the subunits isolated by the modified procedure will be
apparent from Fig, II.4, SIS~Polyacrylamide gel electro-
phoretograms of the separated components showed the complete
absence of the other component subunits in preparations
obtained by the present procedure, Yields of the individual
subunits were about 40 - 50% afd recoveries were better than
those obtained by the use of the Hanoaka (1978) procedure

employed by Nilekani and SivaRaman (1983)., Data from a
typical bateh is summarized in Table II,.2,

Table II.2 Separation of subunits of B, coli citrate lyase
Citrate lyase complex from E. cold (1 mg) was

dissociated by boiling with 2% SIS and the constituent

subunits separated by SISepolyacrylamide gel electrophoresis
as described in Methods,

Subunit L& % Recovery
54 000 43
32 000 52
85 000 40

Amino acid analysis
The amino acid composition of the isolated 85 000

daltor ACP ( ) subunit of E. coli citrate lyase ies descrided
in Table II.,3, The earlier values reported by Nilekani
(1980) were not corrected for degradation of serine and

threonine during hydrolysis. The corremted values determined
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FIG. IT.4 SDS~POLYACRYLAMIDE GEL ELECTROPHORESIS

Protein banding patterns of E. coli citrate

lyase complex and of the separated subunits

I, I1, III,

Buffer, 0.05 M sodium phosphate, pH 7.3 with

0.,1% SIS}

8 mA/tube

Protein loadeds Citrate lyase complex, 100 ug
Individual subunits, 50 ug



Table 11,3 Amino acid composition of the ACP () subunit =1

t_te e from Esec c

Samples were subjected to acid hydrolysis as deseribed by
Moore and Stein (1963) and Hirs (1967) and analyzed on a
Beckman Model 120 C automated amino acid analyser. Tryptophan
was assayed spectrophotometrically by the method of Goodwin
and Morton (1946)

Amino acid Approximate No, of
residue/mol M, 85 000

Lysine 35
Histidine 7
Arginine 22
Aspartic acid 48
Threoninc‘ 24
Serine® 7
Glutamic aeid 90
Proline 28
Glycine 129
Alanine 59
1/2~Cystine® 11
Valine 39
Methionine 27
Isoleucine 29
Leucine 52
Tyrosine 4
Phenylalanine 19
Tryptophan® 7

«Alanine 4
Cysteamine® 4

1

A

a = Corrected for the loss during acid hydrolysis

b « Determined after performic acid oxidation, Cysteamine
was assayed as taurine

¢ <« Determined spectrophotometrically

% Recovery based on assumption that protein loads as determined

by the procedure of Towry et (1953) represent actual
S ighte of the polypeptise Ts Bk, i
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as described in Methods are included in Table II.3. Tryptophan
which had also not been analyzed by Nilekani (1980) was
estimated separately by the spectrophotometric method deseribed
in Methods, For the assay of tryptophan, 0.4 mg of the
isolated ACP subunit was incubated with 0,1 N NaOH in a 2 ml
cuvette at 30°C for 30 min, The absorbance was measured
at 294.,4 nm and 280 nm and found to be 0.130 and 0,204,
respectively. From these values, the number of tryptophan
residues was calculated to be 7 per mol of the -gubunit.

The value for the number of tyrosine residues calculated from
the spectrophotometric data was about 5 per mol of the =
subunit which compares reasonably well with the value of 4
determined by ion-exchange amino acid analysis,

Nilekani and SivaRaman (1983) have shown the presence
of the prosthetic group components, ealanine and cysteamine
to be exclusively in the 85 000 dalton ACP ( ) subunit,
none being present in the acyl transferase ( ) and acyl
lyase ( ) subunits,

The ACP subunit from K. aerogenes has been reported not
to contain histidine residues (Dimroth, 19753 Beyreuther

et al., 1978). In contrast, E. coli citrate lyase has a
total of about 7 histidine residues in M, 85 000. Another
characteristic feature of E. goli ACP subunit is the presence
of 4 tyrosine residues/mol subunit, this amino acidsalso
being absent in the K. gserogenes ACP subunit,

T tic tide

One of the objectives of the present study was to
investigate the structural features of the single large
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polypeptide chain which function as the acyl-carrier protine

in citrate lyase from E. gcoli, containing 4 covalently bound

pantothenate moieties (Nilekani and SivaRaman, 1983). An
intriguing question is whether the pantothenate moieties

are attached to stretches with homologous sequences within

the polypeptide chain or not,

The basic approach in the present study was to use
combinations of specific colour reactions and microbiological
assay with the tryptic peptide fragments separated by the
conventional two-dimensional mapping technique. Preliminary
investigations indicated the compatibility of the following
reaction combinations in the sequence indicated:

(1) Spraying of tryptiec fingerprints on paper with the specific
Pauly reagent for detection of histidine -« containing
peptides

(2) Acidic ninhydrin treatment for the identification of the
ninhydrin - positive peptide fragments and

(3) Microbiological assay for locating pantetheina - containing
peptide fragments after excising ninhydrin « positive
peptide spots from the tryptic map, removing the reagents
used in steps (1) and (2) by washing of the excised paper
pieces with ether, separately extracting the peptides
out of the excised sections wdthglhbéragienusfOthelN NaOH
podathehic group components using hot aqueous 0.1 N NaOH
solution followed by alkaline phosphatase treatment after
pH adjustment of the alkaline extract to pH 9.0.

Although recoveries of pantothemate from standard compounds



138

were variable, the method gave uniform values for the
relative contente of pantothenate under similar conditions
of pretreatment,

The results obtained from the combination of these
reactions are shown in Fig, II.5, Fig. II.6, Fig. II1.7 and
Table II.4.

Histidine-containi ti ti nt

The reaction observed on spraying the tryptic peptide
map of the ACP ( ) subunit of E. goli citrate lyase with
Pauly reagent is shown in Pig, II.5, Amino acid analysis
of the subunit indicates the presence of 6 - 7 histidine
residues, Using the specific colour reaction for detection
of histidine « containing peptides, only one fragment
( Fragment No, 7 of Fig. II.7) showed up as a single pink
coloured spot on the tryptic peptide map,

Amino acid analysis of the ACP subunit shows a content
of approximately 6 « 7 histidine residues in a mol of the
polypeptide chain, The identification of all the histidine
residues in a single peptide fragment would suggest that
either these residues are clustered within a single tryptie
peptide or that homologous domaine exist im the large
polypeptide chain which yield identical peptide fragments
on digestion with trypsin,

N e t n

The total number of Lys + Arg residves calculated from
the amino acid analysis data is 57 and the number of halfe
cystine residues is 11 in the ACP polypeptide chain,
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FIG, II.5 TOCATION OF HISTIDINR-CONTAINING PEPTIDE(S)
IN TWO-DIMENSIONAL TRYPTIC PEPTIDE MAP OF
ACP ( ) SUBUNIT OF E, coli CITRATE LYASE

The presence of a single pink spot obtained

on spraying with Pauly reagent is shown in
the photograph.
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Treatment of the ACP subunit with 2-mercaptoethanol in the
presence of 8 M urea prior to treatment with ethyleneimine
would result in any eyetine and masked cysteine residues,

in addition to unmasked cysteine residues being rendered
susceptible to amincethylation., The total number of residues
susceptible to tryptic digestion would therefore be 68, A
maximum of 69 tryptic peptide fragments is therefore expected
on the peptide map of the digest, provided that none of these
residues is present at the carboxyl terminus, The actual
number of peptide fragments seen on the pepdide map are only
25 (Fig. 11,6).

The 85 000 dalton ACP subunit of E. coli citrate lyase
has been shown to be a single polypeptide chain by Nilekani
and SivaRaman (1983) from the estimate of a single amino
terminal residue (isoleucine) in a mol of ACP and the failure
of reduction with sodium borohydride in presence of 8 M
urea to break the polypeptide into half or lower fractional
fragments,

The presence of markedly lower number of tryptic peptide
fragments in two-dimensional maps than that expected from
the amino acid composition of the subunit is further evidence
suggestive of the presence of internal homologies in the
unusually large ACP subunit. All the 6 = 7 histidine residues
in the ACP polypeptide chain are also accounted fb; in a
single tryptic peptide fragment (No. 7 in Fig. II.7).

Pantothenate econtaining peptides

Detection of pantothenate in the tryptic peptide fragments
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FIG, II,6 TWO~-DIMENSIONAL TRYPTIC PEPTIDE MAP OF THE
ISOLATED ACP ( ) SUBUNIT OF E. eoli
CITRATE LYASE

Schematie reproduction is shown in FIG, II.6a
with numbering.
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FIG., II.7 SCHEMATIC REPRESENTATION OF HISTIDINE-
AND PANTOTHENATE~CONTAINING PEPTIDES IN
THE TRYPTIC FINGERPRINT OF THE ISOLATED
ACP ( ) SUBUNIT OF E. coli CITRATE LYASE
Peptide containing 86% of total
pantothenate
Peptide containing 14% of total
pantothenate

Histidine-containing peptide
detected by Pauly reagent
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on the map was carried out on excised portions of ninhydrine
positive spots from the tryptic peptide map and estimating
the pantothenate content mierobiologically using L. plantarum
ATCC 8014 as described in Methods.

Extracts of all except two of the ninhydrin-positive,
tryptic peptide containing spots excised from the two-
dimensional chromatogram were completely free from the
pantothenate and failed totally to support growth of
L. plantarum even when an aliquote size of one-tenth the
extract was used in the microbiological aspegy. Such an
aliquot of peptide fragment No. 12 (Fig. II.67) supported
growth within the range of the quantitative assay procedure,
while a similar aliguot from peptide fragment No, 13 (FPig.II.
7), however, supported profuse growth which was outside the
range of assay. The aliquot size of the extract from
Fragment No, 13 was therefore reduced to 0,1 ml representing
Ane~hunredth of the total fragment to bring the values within
the linear range, The results of the quantitative assay of
the two pantothenaté=-containing fragments are shown in
Table II.4,

It will be evident from the Table II.4 that the prosthetiec
group components are located mainly on a single tryptic
fragment (peptide fragment No. 13), Since the paper had been

subjected to previous spraying with the aqueous Pauly reg
reagent, the poseibility of slight spreading of the fragments

with overlap between the two neighbouring fragments No, 12
and No. 13 on the chromatogram cannot be ruled out., The
possibility of such overlap between the closely located
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Table I1I1.4 Pantothenate content in the tryptic peptide

map of the ACP () subunit of E, coll M 85 _000
Tryptic digest of the ACP subunit (1.5 mg) was subjected

to fingerprint analysis., Individual ninhydrin-positive

peptide fragments were cut out, washed with ether, extracted
and assayed microbiologically for pantothenate as described
in Methods and Results, The values are average of replicate

assays.
Peptide fragment No. Pantothenate content (ng)
1«11 0
12 500
13 3150
14 - 25 0

fragments on the tryptic peptide map is indicated by the
presence of only 14% of the total pantothenate in peptide
fragment No. 12, while the remaining 86% is present in the
closely located peptide fragment No. 13, The possibility
of the 4 prosthetic groups of the ACP polypeptide chain
being located in either a single tryptic peptide of the
ACP subunit or in interspersed fragments with complete
sequence homology is indicated from these results.

DISCUSSION

Although the general properties of citrate lyase from
BE. goli have been shown to be similar to those from K.aerogenes
and other organisms previously studied, the E. coli enzyme
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has been found by Nilekani and SivaRaman (1983) to have

a much larger acyl=carrier protein subunit than the others
and to exhibit a different stoichiometry for the component
polypeptide chains, the E. coli enzyme having an 6 &
state of aggregation instead of the hexameric 6 6 6
complex found in other sources. An intriguing problem which
artdes from the unusual structure of the E. goli citrate
lyase complex is the abnormally large acyl-carrier protein,
a single polypeptide chain of which has 4 attached pantothenate
moieties functionally interacting with 6 of each of the aeyl
transferase ( ) and aeyl lyase ( ) subunits,

The two-dimensional tryptic peptide map of the 85 000
dalton ACP subunit of E. coli citrate lyase shows a marked
lower number of peptides (25) than the maximum expected (69)
for a sequence without homologous regions compedépdngihhe
resigues of the peyptic fragments,

The two-dimensional tryptic peptide maps of the ACP
subunits from K. aerogenes and §. faecalis citrate lyases
have been determined in earlier work carried out in this
Laboratory (SivaRaman, 1980)., The ACP from the former source
has also been mapped by Bayer and Eggerer (1978). The number
of tryptic fragments obtained from the ACP subunit of
K. serogenes citrate lyase is 11 (SivaRaman, 1980), while
the maximum expected number from the amino acid composition
and sequence is 9, Such an anomaly has also been reported
in the tryptic peptide maps of the ACP of E. coli fatty acid
synthetase where 7 tryptic peptides have been observed instead
of the 6 expected (Vanaman et al., 19683 Bayer and Eggerer,
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1978). The appearance of the extra fragments has been
attributed to incomplete (partial) or nonspecific fragmentation
during processing. In the case of the ACP subunit of §., faeca
faecalis citrate lyase, 16 tryptie fragments were obtained
(SivaRaman, 1980),which corresponds to the maximum number
expected from its amino acid composition (Hiremath, 1977),
The ACP subunits of X. aerogenes and S. faecalis citrate
lyases are 10 000 and 14 000 daltons in size, compared to the
85 000 daltons size of the corresponding E. goli citrate
lyase subunit (Nilekani and SivaRaman, 1983), It can thus
be seen that the number of peptide fragments obtained with
the E, goli subunit is markedly lower than that expected
for a polypeptide chain without internal homologous sequences.
A more positive evidence for intrapeptide homologpes
in the E, coli citrate lyase ACP subunit is the present
finding that most (86%), if not all, of the pantothenate
in the ACP polypeptide chain of E., coli citrate lyase is
located in a single basie tryptic peptide fragment (fragment
No, 13). Likewise the 6 = 7 histidine residues are also
present in a single fragment (fragment No. 7). While the
latter could be explained on the basis of clustering of the
amino acid residues in an isolated region of a long polypeptide
chain, such a clustering of the biologically active
prosthetic groups at a restricted region of the subunit is
unlikely since the acyl moieties attached to these groupse
in thio-ester linkage interact with multiple copies of the
two enzymic subunits of the complex, These findings are
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strongly suggestive of a remarkable sequence homology within
the ACP subunit, atleast in the domains where the 4
prosthetie groups are located. The occurrence of only 25
tryptic peptide fragments in two-dimensional tryptic peptide
maps in place of the expected 88 - 69 and the occurrence

of all the 6 « 7 histidine residues in a single fragment
would also support thllhhypothuu;

The possibilities of intrapeptide homologies have also
been indicated in other systems, A well documented example
s the Ckringles" in the heavy chain of plasminogen which
constitute a set of 5 homologous polypeptide domains, each
built up of a chain of about 180 amino acid residues
(Sottrup=Jensen gt al., 1978)s The 5 structural units
exhibit identical 3-dimensional architecture and show remarkable
gequence homologies, Based on these evidences it has been
suggested that these domains of the polypeptide chain have
resulted apparently from 5-fold internal repetition of the
same gene segment (Trexler and Patthy, 19833 Young et al.,
1979)« The amino terminal part of prothrombin has also been
shown to contain 2 "kringles", which bear close homology
to those of plasminogen (Magnusson et al., 1975). Internal
homology has also been reported in the amino acid sequence of
calmodulin (Iida, 1982), The primary structure of calmodulin
reveals 4 domains with similar amino acid sequences suggestéde
of intragenic duplication.

Computer mlyuii of the sequence of the 557 « residue
long ribosomal protein S, from E. goli has revealed that
this protein is probably made up of 6 homologous units each
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of which is approximately 88 residues long (Doolittle
et al. 1982),

Several examples of protein structures have been
shown to be architecturally built up of pairs of very
similar domains which have prebably evolved by gene
duplication within a polypeptide chain (McLachlan, 1979
Dixon, 19663 Ohno, 19703 Dayhoff, 1972). Examples of
such molecular structures are yeast hexokinase (McLachlan,
1979), bacterial ferredoxin (Watenpaugh et al., 1973),
muscle parvalbumin (Kretsinger and Nockolds, 1978),
penicillopepsin (Tang et al., 1978), rhodanese (Ploegman
et al., 1978) and chymotrypsin (Birktoft and Blow, 1972),
In these examples, the active centres have been shown to
lie between the two related halves of the molecule,
However, sequence homologies have not been recognized in
these polypeptides showing pairs of similar structural
domains,

The present studies indicate strongly the possibility
of intrapeptide homologies of amino acid sequences within
the unusually large acyl-carrier protein subunit of
citrate lyase from E, coli. This would support the
speculation that the prosthetic group carrying domains of
the large ACP subunit might have arisen from a sequence of
gene duplications which probably resulted in 4 or more

intrapeptide homologous regions in the large polypeptide
chain,
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Photoaffinity Labeling of Klebsiella aerogenes Citrate Lyase by

p-Azidobenzoyl Coenzyme A'

Amaresh Basu, Subhalakshmi Subramanian, and Churya SivaRaman*

ABSTRACT: p-Azidobenzoyl coenzyme A functions as a linear
competitive inhibitor for (35)-citryl-CoA in the citryl-CoA
oxaloacetate-lyase reaction catalyzed by the Klebsiella ae-
rogenes deacetylcitrate lyase complex (K; = 80 uM; (35)-
citryl-CoA K, = 67 uM). Inactivation is irreversible on
photolysis of p-azidobenzoyl-CoA in the presence of the de-
acetylcitrate lyase complex. Mg?* is not required for the
inactivation. Inactivation is blocked by (35)-citryl-CoA in

’EC citrate lyase multienzyme complex (EC 4.1.3.6) from
Klebsiella aerogenes is assembled from three dissimilar sub-
units «, B, and v of molecular weights 54000, 32000, and
10000, respectively (Carpenter et al., 1975; Dimroth & Eg-
gerer, 1975a). The v subunit functions as an acyl-carrier
protein (ACP)! with an essential acetyl function in thioester
linkage (Buckel et al., 1971) on a covalently bound CoA-like
prosthetic group (Oppenheimer et al., 1979). The « subunit
acts as an acyl transferase involved in the formation of
(35)-citryl-ACP" in the presence of citrate with the release
of acetate, while the § subunit functions as an acyl lyase
catalyzing the cleavage of the citryl-ACP intermediate to
oxaloacetate and acetyl-ACP' (Dimroth & Eggerer, 1975b).
Acyl coenzyme A (acyl-CoA) derivatives such as acetyl-CoA
and propionyl-CoA have been shown to serve also as substrates
for the transferase reaction, while (35)-citryl-CoA acts as a
substrate for the lyase reaction (Buckel et al., 1973; Dimroth
et al., 1977). The mechanism of action of the citrate lyase
complex requires the oscillation of the prosthetic group (or
of acyl-CoA in the acetyl-CoA-mediated reaction) between
the active sites on the a and 3 subunits (Srere & Singh, 1974).

The paper reports the use of p-azidobenzoyl-CoA as a
photoaffinity reagent for probing the acyl-CoA binding sites
of the complex.

Experimental Procedures

Products. NADH, N-hydroxysuccinimide, sodium dodecyl
sulfate (NaDodSO,),' citrate synthase, and malate de-
hydrogenase were from Sigma. DTNB! was from Calbiochem.
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the presence of ethylenediaminetetraacetic acid. p-Azido-
benzoyl-CoA has no effect on the acetyl-CoA:citrate CoA
transferase activity of both the deacetylcitrate lyase complex
and its isolated transferase subunit. The stoichiometry of the
CoA ester binding has been investigated by the use of p-
azido['*C]benzoyl-CoA as a photoaffinity reagent. The la-
beling is exclusively on the lyase 8 subunit of the citrate lyase
complex.

Sepharose CL-6B, Sephadex G-10, and Sephadex G-25 were
from Pharmacia Fine Chemicals. DEAE-cellulose (DE-52)
was from Whatman. p-Amino[carboxyl-'*C]benzoic acid (21
Ci/mol) was obtained from Radiochemicals Centre. All other
products were of the highest purity obtainable commercially.

Preparation of CoA Esters. Acetyl-CoA was prepared by
acetylation of CoA with acetic anhydride (Simon & Shemin,
1953). (3S)-Citryl-CoA was prepared enzymatically from
acetyl-CoA and citrate in the presence of K. aerogenes de-
acetylcitrate lyase and EDTA! (Dimroth et al., 1977) and
assayed with citrate synthase in the presence of DTNB.

p-Azidobenzoyl-CoA was synthesized as described by Lau
etal. (1977). p-Azido['*C]benzoyl-CoA was synthesized from
p-amino[carboxyl-'*C]benzoic acid without excessive dilution
of the radioactivity. The concentration of the reagent was
determined by using €xgs,m = 22.2 mM™' (Lau et al., 1977).

All acyl-CoA preparations were purified as described by
Moffat & Khorana (1961) by chromatography on a DEAE-
cellulose (CI~ form) column using a linear gradient from 0 to
0.2 M LiCl containing 0.003 N HCI. Samples of the CoA
esters were concentrated at 25 °C in a rotary evaporator and
desalted by filtration through a Sephadex G-10 column (1.0
X 50 cm).

Purification of Citrate Lyase. Citrate lyase complex from
Klebsiella aerogenes (NCTC 418) was purified by a modi-
fication of the procedure described carlier (Mahadik & Si-
vaRaman, 1968), sonic extracts being treated with ATP and
acetate at final concentrations of 0.3 and 1 mM, respectively,
for reactivating any deacetylcitrate lyase (Leena, 1979).

! Abbreviations: ACP, acyl-carrier protein; (35)-citryl-ACP, (35)-
citrylacyl-carrier protein; acetyl-ACP, acetylacyl-carrier protein; Na-
DodSO,, sodium dodecyl sulfate; DTNB, $,5’-dithiobis(2-nitrobenzoic
acid); Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride;
EDTA, ethylenediaminetetraacetic acid.

© 1982 American Chemical Society
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Table I: Effect of Photoactivated p-Azidobenzoyl-CoA on Transferase and Lyase Activities of Klebsiella aerogenes Citrate Lyase?

. % inhibition
p-azido-
benzoyl- trans- lyase
enzyme buffer CoA (uM) ferase act. act.
deacetylcitrate lyase 50 mM Tris-HCI (pH 8.0) + 3 mM Mg?* 0 0 0
80 0 25
112 0 42
160 0 50
168 0 58
50 mM Tris-HCI (pH 8.0) + EDTA 0 0 0
80 0 25
160 0 48
acyltransferase subunit 50 mM Tris-HCI (pH 8.0) 0 0
80 0
160 0

¢ Samples contained, in a total volume of 0.3 mL, 150 ug of deacetyl enzyme or about 25 ug of isolated « subunit. Aliquots were with-
drawn after a 5-min irradiation and activities assayed as described under Experimental Procedures. Controls in which p-azidobenzoyl-CoA

was absent showed no loss in the enzymatic activities.

Preparations were homogeneous in the ultracentrifuge and in
polyacrylamide gel electrophoresis and had a specific activity
varying between 70 ] /mg of protein and 90  |J /mg of
protein.

Enzyme protein in the purified complex was determined
from absorbance measurements at 278 nm by using the ab-
sorption index E% of 6.2 (Singh et al., 1976).

Preparation of Deacetyicitrate Lyase. Deacetylcitrate lyase
was obtained by treatment of the purified native enzyme with
neutral hydroxylamine according to the procedure of Buckel
et al. (1973).

Isolation of Citrate Lyase Subunits. Component subunits
were isolated in the electrophoretically pure and catalytically
active state after dissociation with urea by the procedure de-
scribed by Dimroth & Eggerer (1975b). Protein measure-
ments of the isolated subunit preparations were made by the
method of Lowry et al. (1951) with bovine serum albumin as
standard.

Assay of Enzymatic Activities. Citrate cleavage activity
of the native enzyme complex was determined by coupled assay
with malate dehydrogenase (Singh & Srere, 1971).

Acyl transferase activity of the deacetylcitrate lyase complex
and of the isolated « subunit was determined from the initial
velocity of the CoA transfer from acetyl-CoA to citrate in the
presence of EDTA by estimation of the citryl-CoA produced
with citrate synthase in the presence of DTNB (Dimroth et
al., 1977; Srere et al., 1963).

Acyl lyase activity of the deacetyl enzyme complex and of
the isolated B subunit was determined from the initial rate of
oxaloacetate formation on cleavage of (3S)-citryl-CoA in the
presence of Mg?*, oxaloacetate being assayed with malate
dehydrogenase (Buckel et al., 1973).

Kinetics. The K, for citryl-CoA and K; for p-azido-
benzoyl-CoA were calculated from the double-reciprocal plots
by least-squares analysis. p-Azidobenzoyl-CoA was tested at
two different concentrations of 30 and 60 uM with varied
initial concentrations of (3S)-citryl-CoA.

Photoactivation of p-Azidobenzoyl-CoA. Photoactivation
was carried out under a Philips black light lamp (125 W) with
the sample placed in a glass well kept at a distance of 2 cm.
Solutions were precooled and maintained at 0—4 °C in an ice
bath. Mixing was achieved by using a magnetic stirrer.

Incorporation of radioactivity into protein on photolysis in
the presence of the 4C-labeled reagent was measured by the
filter paper disk method (Mans & Novelli, 1961). Dried disks
were counted in 10 mL of dioxane-based scintillant on a
Beckman Model LS-100 scintillation system.

NaDodSO,—polyacrylamide gel electrophoresis of the en-
zyme photolyzed in the presence of the radioactive reagent was
carried out according to the method of Weber & Osborn
(1969). Samples were prepared by heating aliquots (50-100
rL) containing about 200 ug of protein with 1% NaDod-
SQ4  ina boiling water bath for 3 min. Gels were stained
with Coomassie brilliant blue R-250 and destained by diffu-
sion. Detection of radioactivity in the protein bands was
carried out by the method described by Saitoh et al. (1980).

Results

Effect of p-Azidobenzoyl-CoA. (1) Acyl Transferase Ac-
tivity. p-Azidobenzoyl-CoA had no effect on the acetyl-
CoA-mediated acyl transferase activity, both of deacetylcitrate
lyase from K. aerogenes and of the isolated « subunit. The
reagent was tried up to 160 uM final concentration.

(2) Lyase Activity. Kinetic studies were performed in the
dark to see the effect of p-azidobenzoyl-CoA on the lyase
activity of K. aerogenes deacetylcitrate lyase toward (3S)-
citryl-CoA. Assay mixtures at 25 °C contained 12.5 ug of
deacetylcitrate lyase, varying concentrations of (3S)-citryl-CoA
(up to 50 pM), 0-60 uM p-azidobenzoyl-CoA, 50 mM
Tris-HCI buffer, pH 8.0, and 3 mM MgSO,, in a final volume
of 1.0 mL. Double-reciprocal plots indicated that p-azido-
benzoyl-CoA was a competitive inhibitor with a K; of 80 uM.
The K, for (3S5)-citryl-CoA determined in this experiment was
67 uM.

Photoaffinity Labeling of Citrate Lyase with p-Azido-
benzoyl-CoA. The data on the effect of photoactivated p-
azidobenzoyl-CoA on K. aerogenes deacetylcitrate lyase are
summarized in Table I. Deacetylcitrate lyase treated with
p-azidobenzoyl-CoA (final concentrations 80-168 uM) and
photolyzed for 5 min showed no loss in acyl transferase activity.
The photoactivated reagent was also without effect on the
activity of the isolated transferase a subunit of K. aerogenes
citrate lyase. Under these conditions the lyase activity of the
deacetyl enzyme was inhibited 25%, 50%, and 58% in the
presence of 80, 160, and 168 M concentrations of p-azido-
benzoyl-CoA, respectively. The inactivation of lyase activity
was similar both in the presence of EDTA (10 mM final
concentration) and in the presence of Mg?* (3 mM final
concentration).

Another piece of evidence that p-azidobenzoyl-CoA is an
active-site directed photoaffinity label is the protection from
irreversible inactivation of the lyase activity by (3S)-citryl-CoA
(Table II). Inactivation in the presence of 112 uM reagent
is completely blocked by 200 uM (3S5)-citryl-CoA.
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Table II: Protection of Deacetylcitrate Lyase by (35)-Citryl-CoA
from Inhibition by Photoactivated p-Azidobenzoyl-CoA¢

p-azidobenzoyl- citryl- %
CoA (uM) CoA (uM) inhibition
0 0 0
112 0 42
112 44 31.5
112 74 25
112 200 0

@ The reaction mixture contained, in a total volume of 0.3 mL,
150 ug of deacetyl enzyme; 50 mM Tris-HCI, pH 8.0, 10 mM
EDTA, and the indicated amounts of the inhibitor and (3S)-citryl-
CoA. The mixture was irradiated for 5 min, and 0.05-mL aliquots
were assayed for residual lyase activity.

The isolated 3 subunit of K. aerogenes citrate lyase showed
very low activity; thus it was probably being extensively and
irreversibly denatured during the isolation procedure as re-
ported by Dimroth & Eggerer (1975b). The effect of p-
azidobenzoyl-CoA on the isolated subunit was therefore not
studied.

Quantitative binding studies were carried out with p-azi-
do['*C]benzoyl-CoA and deacetylcitrate lyase from K. ae-
rogenes. A plot of the inactivation of the lyase activity toward
(3S5)-citryl-CoA as a function of the covalent incorporation
of p-azido['*C]benzoyl-CoA after photolysis is shown in Figure
1. The activity of the enzyme which had been photolyzed in
the presence of various concentrations of p-azidobenzoyl-CoA
(0-100 uM) was determined by assaying aliquots from the
irradiated mixture. Controls photolyzed without reagent
showed no loss of activity and were taken as 100% activity.
The stoichiometry of binding was calculated by using a value
of 575000 for the molecular weight of K. aerogenes citrate
lyase complex (Mahadik & SivaRaman, 1968).

It will be seen from Figure 1 that the decrease in enzyme
activity is linear with the irreversible incorporation of C-
labeled reagent until about 30% inactivation. To check
whether the incorporation of “C-labeled reagent under limiting
conditions was selectively at the active site or not, the photolysis
with p-azido['*C]benzoyl-CoA (50 uM) was carried out in the
presence of (3S)-citryl-CoA (200 uM) and EDTA (10 mM).
This reaction was carried out in the absence of Mg?* to prevent
action of the enzyme on the substrate, the absence of the metal
having been shown to have no effect on inactivation with
photoactivated p-azidobenzoyl-CoA (Table I). Under these
conditions the enzyme retained its full lyase activity, and the
incorporation of radioactivity was completely blocked. In the
presence of 50 uM of the radioactive aryl-CoA derivative, the
enzyme was inactivated 25% in the absence of the substrate.
This would suggest that the linearity up to at least 25% in-
activation represents specific labeling of the active site by
p-azidobenzoyl-CoA.

On the basis of this assumption an estimate of the total
active sites per mole of enzyme was found by extrapolation
of the linear part of the plot by fitting of the least-squares line
for the data up to 25% inactivation. This extension was ob-
served to include also the value for 30% inactivation. The
stoichiometry of the number of active sites per mole of enzyme
obtained in this manner was 7.4. The extended extrapolation
would make this only an approximate estimate.

At concentrations of the reagent required for a higher degree
of inactivation, photolysis apparently results in significant
nonspecific incorporation even in the presence of Tris which
functions as scavenger (Bayley & Knowles, 1977). Nonspecific
binding of p-azidobenzoyl-CoA has also been reported for
acylglycine N-acyltransferase of beef liver at values above
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FIGURE 1: Determination of the number of active sites of lyase 8
subunits per mole of deacetylcitrate lyase complex accessible to p-
azidobenzoyl-CoA. The irradiated mixture in 300 uL contained 75
ug of deacetylcitrate lyase, 50 mM Tris-HCI, pH 8.0, 3 mM MgSO,,
and varying amounts of p-azido[!*C]benzoyl-CoA (0-100 uM). After
5-min photolysis, a 50-uL aliquot was withdrawn for the determination
of lyase activity and a 200-uL sample withdrawn for estimation of
14C incorporation.

about 30% inhibition (Lau et al., 1977).

An enzyme sample photolyzed in the presence of the *C—
labeled p-azidobenzoyl-CoA was dissociated, and the con-
stituent subunits were separated by NaDodSO,—polyacryl-
amide gel electrophoresis. The electrophoretic profile of the
separated subunits and the radioactivity distribution in the gel
are represented in Figure 2. The presence of activity exclu-
sively in the gel region containing the lyase subunit would
confirm the evidence obtained from the kinetic data, Figure
1, and Table II that the active site of this subunit is specifically
labeled on photolysis in the presence of the azidoaryl-CoA.

Discussion

p-Azidobenzoyl-CoA has been shown to have no inhibitory
effect on the acyltransferase activity of K. aerogenes de-
acetylcitrate lyase. That the enzyme complex might have
hindered the photoaffinity reagent from reaching the active
site on the transferase « subunit has been ruled out, since the
isolated « subunit is also not inhibited by p-azidobenzoyl-CoA
on photoactivation. The active site of the transferase subunit
itself apparently does not accept p-azidobenzoyl-CoA, possibly
on account of the bulky aryl group.

The substrate binding site of the lyase subunit, however,
accepts the aryl-CoA ester. The kinetic data establish that
p-azidobenzoyl-CoA acts as a potent competitive inhibitor of
the acyl lyase activity. The reagent presumably binds spe-
cifically to the CoA ester sites of the lyase subunits. Again
during photolysis a linear relationship is observed between
incorporation of the “C-labeled reagent and loss in activity
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FIGURE 2: NaDodSO -polyacrylamide gel electrophoresis of de-
acetylcitrate lyase labeled by photolysis in the presence of p-azido-
[**C]benzoyl-CoA. The irradiated mixture contained, in 0.5 mL, 400
ug of deacetylcitrate l?'ase, 50 mM Tris-HCI, pH 8.0, 3 mM MgSO,,
and 300 pM p-azido[*C]benzoyl-CoA. An aliquot of about 0.2 mL
was taken for electrophoresis. Gels were stained and sliced for de-
termination of covalently bound radioactivity as described under
Experimental Procedures. The histogram shows the profile of ra-
dioactivity in the separated subunits.

under limiting conditions of the reagent, the label being ex-
clusively on the lyase 8 subunit. The reagent would thus be
useful for selectively labeling the lyase active sites, having no
action on the acetyl-CoA binding sites of the acyltransferase
« subunits.

The lyase activity requires the presence of divalent metal
ions such as Mg?* (Dimroth & Eggerer, 1975b; Buckel et al.,
1973). Divalent metal binding has been shown more recently
to bring about a conformational change in the enzyme complex
from K. aerogenes (SivaRaman & SivaRaman, 1979). In the
present studies, the binding of p-azidobenzoyl-CoA to the lyase
subunit and the subsequent irreversible inactivation on pho-
tolysis have been shown to occur both in the presence of Mg?*
and in the presence of an excess of EDTA. These results might
suggest that (3.5)-citryl-CoA binding is independent of divalent
metals, while its cleavage requires the presence of Mg2*.

Although K. aerogenes citrate lyase has been shown to have
a hexameric a¢f¢y¢ structure (Carpenter et al., 1975; Dimroth
& Eggerer, 1975a), careful estimation of the prosthetic group
components have indicated that only four acyl-carrier proteins
carry pantetheine moieties (Singh et al., 1976). This has posed
the problem of the function of subunit combinations which are
devoid of prosthetic groups. An earlier suggestion has been
made that these subunits might function in citrate cleavage

o{ tke
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mediated by acetyl-CoA (Robinson et al., 1976). The ap-
proximate estimate of about seven sites on the lyase subunits
complex obtained in the present investigation is suggestive of
the fact that all the lyase subunits are accessible to citryl-CoA.
Thus in the intact organism the cleavage of citrate can proceed
both via the built-in prosthetic group and through the acyl-
CoA-mediated reaction.
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THE PRESENCE OF ESSENTIAL ARGININZ RESIDUES AT THE ACTIVE SITES
F CITRATE LYASE COMPLEX FROM KLEBSIELLA AFEROGENES
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The acyl-transferase and acyl-lyase activities of Klebsiella
aerogenes citrate lyase complex are inactivated by the arginine
specific reagents phenylzlyoxal and 2,3-butanedione, the former
reagent being the more potent inhibitor. Citrate and (33)-
citryl-CoA protect the transferase activity, while acetyl-CoA
markedly enhances the rate of the inactivation. (35)-Citryl-CoA
protects the lyase subunit in the complex from inactivation.

The kinetics of inactivation suggest the involvement of a single
arginine residue at each of the active sites of the transferase
and of the lyase subunits.

Citrate lyase (EC &4.1.3.6) from Klebsiella aerogenes is a
multienzyme compnlex comprising three non-identical subunits of
about 54 000 (©C), 32 000 (B ) and 10 000 () daltons
respectively (1). The smallest subunit (/) carries an essential
acetyl group in thioester linkage with a CoA like prosthetic
group and functions as an acyl-carrier protein (ACP) (2), 1In
presence of citrate and EDTA, the oC subunit functions as an
acyl-transferase catalysing the formation of (3S)-citryl-ACP
with liberation of acetate. The L subunit acts as an acyl-
lyase involved in the cleavage of the (38)-citryl-ACP intermediate
in presence of Mg2+ (3). The CoA derivatives, acetyl-CoA and
propionyl-CoA, serve as substrates for the transferase reaction,
while (38)-citryl-CoA functions as a substrate for the lyase

reaction (4,5).

Abbreviations : ACP, acyl carrier protein; Hepes, 4-(2-hydroxy-
ethyl)-l-piperazine-ethanesulfonic acid.

Communication No. 3199 from the National Chemical Laboratory.
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p—Azidobenzoyl-CoA has been shown recently by us to function .
as a ;hotoaffinity reagent specifically inhibiting the lyase
activity (6). Little is known, however, about the residues at
the catalytic sites of the enzyme complex, The present report
describes the involvement of arginine residues at the active

sites of the transferase and lyase subunits.

MATERIALS AND METHODS

Citrate lyase. Citrate lyase enzyme complex was purified
from K. aerogenes (NCTC 418) as described earlier (6,7).
Protein in the purified enzyme complex was estimated by its
absorbance at 278 nm (8). Deacetyl citrate lyase was obtained
as described by Buckel et al. (2).

Citrate lyase subunits. The catalytically active
transferase (oC) and lyase (B ) subunits were isolated by the
procedure of Dimroth and Eggerer (3). Protein in the isolated
subunits was estimated by the method of Lowry et al. (9)

using bovine serum albumin as standard.

Enzyme assays. The overall citrate cleavage activity of
the native enzyme complex and of the deacetyl citrate lyase as
well as the individual acyl-transferase and acyl-lyase activities
were determined as described earlier (6). Aliquots (10 to 20 ul)
of enzyme samples incubated with the arginine modifying reagent,
phenylglyoxal or 2,3-butanedione, were taken in a total volume
of 1 ml of the assay systems containing 50 mM Tris-HC1l buffer.
Under the assay conditions, the modifying reagents were without
effect on the coupling enzymes, malate dehydrogenase and
citrate synthase.

CoA esters. Acetyl-CoA was prepared by acetylation of CoA
with acetic anhydride (10). (3S8)-Citryl-CoA was prepared
enzymatically from acetyl-CoA and citrate in presence of
deacetyl citrate lyase and EDTA (5) and purified as described
by Moffatt and Khorana (11).

Reaction with arginine modifying reagents. Citrate lyase
(or the isolated subunit) was incubated at 300C with either
phenylglyoxal or 2,3=butanedione in 50 mM buffer solutions, pH 7.6,
The buffers tested were potassium phosphate, Hepes and Tris-HCl.
Borate buffer was not used as enzyme activities were markedly
lowered in the presence of borate. The reaction mixture was
shielded from light to avoid any photochemical effect when
2,3-butanedione was used as the probe (12). Enzyme incubated
with the buffer alone served as the control., Aliquots were
removed at different time intervals for assay of enzymatic
activities. The effect of various ligands on inactivation by
phenylglyoxal or 2,3-butanedione was studied after preincubating
the enzyme with the compound for 5 min at 300C followed by
addition of the stated amounts of the inhibitor. Aliquots were
removed thereafter at regular intervals of time and checked
for loss in enzyme activity.
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RESULIS

Inactivation of transferase activity. The acetyl-CoA
mediated acyl-transferase activity, both of deacetyl citrate
lyase complex and of the isolated transferase subunit, was
rapidly inactivated on incubation with phenylglyoxal or 2,3-
butanedione at pH 7.6. The maximum inactivation was in potassium
phosphate buffer, the inactivation being slightly less in Hepes
and markedly lower in Tris buffer. Kinetic studies were

therefore carried out in phosphate buffer.

1-6

A. Phenylglyoxal B. 2,3-Butanedione
'e2.0
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Figure 1 : Inactivation of the acyl-transferase activity of
deacetyl citrate lyase by oc-carbonyl reagents. The enzyme
§0.5 mg/ml) was incubated at 30°C in 50 mM phosphate buffer
pH 7.6) containing 10 mM EDTA and various concentrations

of the reagents. %A) Phenylglyoxal 2 mM (O), 4 mM (A)
7mM (O), and 10 mM (@). %B% 2,3=-butanedione 5 mM (OS,
10mM (AY, 20 mM (), and 30 mM (@ ). At the indicated
times, aliquots were assayed for transferase activity as
described in the text. Insets : Determination of the order
of the reaction with respect to phenylglyoxal (A) and
2,3-butanedione (B).
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Figure 2 ¢ Effect of ligands on the rate of inactivation of
the acyl-transferase activity of deacetyl citrate lyase by
phenylglyoxal., The enzyme (0.5 mg/ml) was preincubated with
the ligands for 5 min at 30°C in 50 mM phosphate buffer.

(pH 7.6) containing 10 mM EDTA followed by incubation with
5 mM phenylglyoxal. Control without phenylglyoxal éx g,

no added ligand (OO), 10 mM citrate (A), 0.5 mM (38)-
citryl-CoA %O), and 1 mM acetyl-CoA(e).Concentrations of
ligands and modifier are final concentrations. Aliquots
were assayed at specified time intervals for transferase
activity.

The results obtained with deacetyl citrate lyase and various
phenylglyoxal and 2,3-butanedione concentration are presented in
Figure 1. The inactivation rates follow pseudo first-order
kinetics, both plots being linear upto about 10% initial enzyme
activity. The reaction order (n) with respect to the arginine

reagent was determined from the plot of the logarithm of the
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apparent first order rate constant, K s, versus the logarithm of

app
the reagent concentration (13) and the value of n = 0.97 for
phenylglyoxal and of n = 0,91 for 2,3-butanedione suggest that
loss of activity results from reaction of one arginine residue
per acyl-transferase subunit (13 - 15), Similar results were

obtained in case of the isolated oC -subunit where a wvalue of

n = 0,93 was obtained with phenylglyoxal

- log (Kapp) (min™!)
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1 l 1
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-logI[M1]

log (% residual activity )
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Time (min)

Figure 3 : Inactivation of the acyl-lyase activity of
Heacetyl 01trate lyase by phenylclyoxal The enzyme

(0.5 mg ml) was incubated at 30°C in 50 mM phosphate buffer
pH 7.6) containing 3 mM MgSO, and phenylglyoxal 1.25 mM

O)y, 2.5 mM (A), 5 mM (1) $r 10 mM (®). Aliquots were
assayed for lyase activity at indicated times. Omission of
MgS0, from incubation mixtures had no effect on the
inactivation. The inset of the figure shows the determination
of the order of the reaction with respect to phenylglvoxal.
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Figure 4 : Protection of lyase activity of deacetyl citrate
Iyase from inactivation by phenylglyoxal. The enzyme

(0.5 mg/ml) was preincubated with various ligands in presence
of EDTA., Conditions were the same as described in Figure 2.
Control (X ), no added ligand (@®), 10 mM citrate (D?,l

0.5 mM citryl-Cod (O), and 1.0 mM acetyl CoA (A).

The effect of variows ligands on the rate of inactivation
of the transferase activity of deacetyl citrate lyase by
phenylglyoxal is shown in Figure 2. Citrate (10 mM) and (38)-
citryl-CoA (0.5 mM) decreased the rate of inactivation by 45%
and 55% respectively; while acetyl-CoA (1 mM) increased the rate
of inactivation 3=fold. Similar effects were observed with the
isolated transferase (OC) subunit. The effects of

2,3=-butanedione were similar to those of phenylglyoxal.

The reaction order for the inactivation was also
determined in presence of acetyl-CoA (1 mM)., A value of
n = 1.15 with phenylglyoxal under these conditions would suggest
that the rate of reaction of the essential arginine residue is

enhanced without the involvement of any additional residues.

495



Vol. 111, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Inactivation of lyase activity. The lyase activity of

deacetyl citrate lyase complex was also inactivated by the two
reagents. The rate of inactivation followed pseudo first-order
kinetics as shown in Figure 3. A value of n = 0,92 suggests the
minimal requirement of one arginine residue per subunit. The
isolated lyase subunit was not studied since it showed markedly
lowered activity, probably due to denaturation during the process
of isolation (3). The effect of ligands is shown in Figure 4,
Citrate (10 mM) had no significant effect; acetyl-CoA (1 mM)
reduced the inactivation slightly (15%); while the substrate
(38)-citryl-CoA (0.5 mM) more effectively protected against
inactivation by phenylglyoxal.
DISCUSSION

The presence of essential arginine residues has been
reported in several enzymes acting upon anionic cofactors and
substrates (16). Among the citrate enzymes, ATP-citrate lyase
from rat liver has been shown recently to carry an essential
arginine residue (13). The citrate lyase complex from
K. aerogenes has been shown in the present study to carry an
essential arginine residue in each subunit with enzymatic
activity. Protection studies against inactivation by arginine
specific reagents indicate that the arginine residue is present
at the citrate binding site of the transferase subunit, one of
the points of attachment of citrate to the transferase subunit
presumably being through the guanidino group at the active site.
Acetyl-CoA markedly increases the rate of inactivation of the
transferase subunit probably through a conformational change at
the citrate binding site making the essential arginine residue
more accessible to oc-carbonyl reagents. In the case of the
classical CoA transferases, a conformational change at the

carboxylate binding site of succinyl-CoA: 3-oxoacid CoA—»
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transferase has been suggested to explain the enhanced
reactivity of an essential thiol group on binding of acyl-CoA
substrates (17).

The acyl-lyase activity of the deacetyl citrate lyase
complex has also been shown in our studies to depend on an
essential arginine residue; the acyl-CoA substrate, (38)-citryl-
CoA, in this case protecting against inactivation by arginine

modifying reagents.
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SUMMARY Oxidation of the isolated deacetyl acyl-carrier
protein subunit of citrate lyase from Klebsiella aerogenes with

Cu"-o—phenantnrolino complex leads exclusively to intrapeptide
disulTide bridge formation indicating that the cysteamine and the
cysteine residues are located in close proximity. The S-acety-
lation of the cysteine residue in deacetyl acyl-carrier protein
subunit is catalysed by a citrate lyase ligase preparation in
presence of acetate and ATP., Reaction-inactivation of citrate
lyase results in deacetylation of the S-acetyl cysteamine residue
of the prosthetic group but not of the S-acylated cysteine
residue in the acyl-carrier protein,

Citrate lyase (EC 4.1.3.6) which catalyses the cleavage of
citrate in a two step sequence of reactions (1) is a multienzyme
complex containing tWo enzymes and an acyl-carrier protein (ACP)+
(2). The moct extensively studied of these complexes is the one

from Xlebsiella aeropgenes, the ACP subunit of which has been

shown to contain an S-acylated cysteine residue in addition to the
essential S-acetyl moeity on the cysteamine residue of the CoA-
like prosthetic group (3). Citrate lyase from K. aerogenes under-
¢oes rapid inactivation in the coursge of. the reaction it cata-

lyses witn loss of the essential acetyl groups to give inactive

deacetyl (HS-) citrate lyase (4). The HS-citrate lyase is re=-

7 v
LPregent Address: Department of Biochemistry, University of
Xentucky, Medical Center, Lexington Ky 40536,
tAbbreviations; ACP, acyl-carrier protein; SIS, sodium

dodecyl sulfate; DINB, 5,5'-(2-nitrobenzoic acid); DIE,
dithioerythreitol.
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activated either chemically by acetic anhydride (4) or enzymati-

cally by citrate lyase ligase in presence of acetate and ATP(5).
Some of the properties of the acylated thiol residues of

the ACP subunit of K. aerogenes citrate lyase and the probable
role of citrate lyase ligase in modification of the cysteine

residue of the subunit are reported here,
MATERTIALS AND METHOIG

Todo [2-1401 acetic acid (57 Ci/mol) was obtained from Radio-
chemical Centre, Amersham and diluted with cold iodoacetate to a

sp. act. of 20 Ci/mol. Sodium [1—1401 acetate (47,6 Ci1/mol) from
the Bhabha Atomic Research Centre, Bombay, was diluted with cold
acetate to about 3 Ci/mol before use.

S-Carboxymethyl derivatives of cysteine and cysteamine were
prepared by standard procedures (6,7).

Citrate lyase The pure enzyme (sp. act.~ 70 pmol.min"’mg'1) was
obtalned from K. aerogenes and assayed as described earlier (8).

Deacetylated ACP subunit Citrate lyase was dissociated with 6
urea In the presence of 10 mM dithiothreitol and the deacetylated
ACP subunit isolated in electrophoretically pure state by the
procedure described by Carpenter et al.(2), a Sepharose CL-6B
column (1 x 100 cm) being used for the separation. DProtein in the
isolated subunit preparation was determined by the method of
Lowry et al.(9) using bovine serum albumin as standard,

Oxidation with o—nhenanthroline—0u2+ complex The separated
deacetyl ACP subunit (0.8 meg) In 0.5 ml of 0,05 M potassium
phosphate buffer, pH 7.4 was treated with o-phenanthroline and co-
prer at concentrations of 100 pM and 20 pM respectively (10)., The
nixture was incubated for 30 min at 25°C and the reaction quenched
by adding 0.5 ml of 20% SISt solution. Aliquots of +he reaction
system were separately taken for SIE-polyacrylamide pgel electropho-
resis and thiol eroup estimation. Sulfhydryl proups were estimated
with DI¥B' (11) before and after the oxidation of the subunit,

SIS-polyacrylamide gel electrophoresis STE-gel electrophorenis
was carried oul by the method of Veber and Osborn (12) in the
absence of 2-mercaptoethanol.

Characterization of the S-acylated reesidues The S-acetyl residue
involved In the reactlon mechanlsm was characterized by a modi-
fication of the method described for fatty acid ACP (13). Citrate
lyase (1 mg) was reaction inactivated in a total volume of 0,2 ml
containing 0.2 mmol, citrate (pH 8.,0); 0.16 mol, Mg504 by incu-
bation for 15 min at 30°C., An aliquot was checked for'citrate
lyase activity by coupled assay with malate dehydropenase (14)

to confirm complete inactivation., The free sulfhydryl groups of
the reaction-inactivated enzyme were blocked with cold fodoacetate.
The thioester linkages were then cleaved with neutralized
hydroxylamine and dithiothreitol and the ibe%ated thiol proups
reacted with 1odo [ 14C ] acetate. The 5- é140J carboxyme thylated
residue in the protein was characterized Yy paper electrophoresis
of the acid hydrolysate., The experimental conditions

uped for the differential 1abeline and characterization of the
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[14C]carboxymcth 1 residue were similar to those described by
Dimpboth et a].(B{. A mixture of refercnce compounds, S-—-carboxy-
methyl cystelne and S-carboxymethyl cysteamine (2 pmol each), was
also separated under identifical conditions on a separate strip
of paper and their positions after migration visualised by
spraying with 0.1% ninhydrin in acetone. The strip with the
hydrolysed S~-carboxymethylated enzyme was out into pileces at the
end of the run and radioactivity located using a dioxane based
cocktail and a Beckman LS5S-100 C counter.

Citrate lyase ligase The acetate: HS- acyl=-carrier protein
enzyme ligase (AMP) was partially purified from K. aerogenes as
described earlier (15). The ligase preparation was ee om
citrate lyase activity.

; 2
P4CJ-acet11 citrate lyase The [140]‘acety1 labeled enzyme was
prepared by acetylatlion of HS-citrate lyase with citrate lyase

ligase in presence of g1-14c]-acetate and ATP, Citrate lyase
from K. aerogenes was deacetylated with neutralized hydroxyla-
mine (16) before the IEAE-cellulose step in the purification
procedure (17) and excess reagent separated by rfltration through

Sephadex G-25 (1.5 x 40 cm) using 0,05 M potassium phosphate buffer,
pH 7.6 containing 1.6 mM MgSO4. An aliquot withdrawn from the

protein fraction showed complete loss of activity. The deacetyl-
enzyme (250 mg) in 5 to 6 ml of the phosphate buffer was treated
with citrate lyase ligase in presence of ATP and acetate (8 uCi),
final concentrations of 6 mM and 0.5 mM, respectively; and
incubated at 25°C for 30 min. Adequate citrate lyase ligase was
used to reactivate to about 50% of the initial activity. The
protein was then precipitated by addition of an equal volume of
cold saturated ammonium sulfate solution and collected by centri-
fugation for 30 min at 50 000 g and 4°C, dissolved in a minimum
volume of 0.05 M potassium phosphate buffer, pH 7.6 and subjected
to DEAE-cellulose chromatography and gel filtration through
Sepharose CL-6B essentially as described earlier (17).

The radioactivity digtribution in the subunits was determi-
ned after dissociation of |14C|-acetyl citrate lyase (200 ng)
with 1% SI5 in the absence of 2-mercaptoethanol followed %y SIS=-
¢el electrophoresis, The gel was stained, destained and the
regions corresponding to the subunite were cut and checked for
radioactivity as described by Saitoh et al., (18).

The extent of deacetylation of[1 C]—acetyl citrate lyase on
reaction-inactivation was estimated by exhaustive dialysis of
the completely inactivated enzyme agajinst 0.05 M potassium
phosphate buffer, pd 7.5 and determination of the remaining
protein-bound radiocactivity,

RESULTS

Uxidation of deacetyl ACP The effect of g_-phenanthro]ine—C02+

on the content of -SH groups of the isolated deacetyl ACP subunit
is shown in Table 1. The content of 2-SH/mol in deacetyl ACP is
in agreement with the presence of a cysteine and a cysteamine

residue in the ACP molecule (19)., Oxidation with the reagent
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Table 1. Oxidation of Bulfthydryl groups of deacetyl ACP by
o-phenanthroline-"u* complex.

System -S1/mol of ATP2
Deacetvl ACP 1.9

2
Deacetyl ACD + g—phrnnn?hrnﬁfn-—“u" n.3

(‘nm‘»]nr

e e SIS 2

The {aclated Aemcetv]l ACPY wam oxidized with o-phenanthrnline-

et
u’ complex (as Ades¢rihed under Materialn and Yethinds) and the
reduction in thiol groups estimated,

The values given are an
average of three separate estimations,

8yr = 9379 (2n),

results in a decrease to about 7.3 -SH/mol, SDS-gel electropho-
resis of aliquots from the reaction mixture showed that the
molecular weight of the oxidized subunit was unchanged, This wns
established by electraphoresis along with the unoxidized ACP,
Interpeptide cross-linking 1s apparently excluded and oxidation
results exclusively in intrapeptide disulfide bridge formation
between the thiol groups of the cystamine residue on the prosthetic
group and of the cysteine residue in the polypeptide chain of the
ACP subunit.

Acetylation of HS-citrate lyase by citrate lyase ligase The

distribution of the radioactive label in the subunits of [14C]~
acetyl citrate lyase obtained on acetylation of HS-citrate lya«e

by citrate lyase 1igase in presence of [14C]-acetnte and ATP 1s
shown in Fipure 1. Acetylation by the ligase is specifically of
the ACP subunit, radioactivityv being associated exclusively with
the region in the gel containing the 10 000 daltons ACP (¥) subunit,
the 54 000 daltons acyl transferase (o) and the 32 000 daltons

acyl lyase (ﬂ) subunits carrying no radioactive label,

S-Acylated residues of regotion-inactivated citrate l1yase The

characterization of the J-acylated residues present in reaction-
inactivated citrate lyase ia shown in Fipure 2, It can be seen

from Figure 2 that total reaction-inactivation of citrate lyase

113



Vol 114 No. 1.1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

500~
400
Z 300}
T 200
% 100f
o
T 28 T 1 1
2 2 4 6 8 10
MIGRATION (cm )
| §
% F: +
s
Bk i L s , - [143 .
rijure 1. CIDB-polyacrylamide pel electropnoresis of Cj=acetyl

citrate Yyase prepared as described under Vateriils and ‘‘etnods.
Tne pel wap stained and sliced for determination of proteir bound
radioactivity. Tne nistopram shows tae profile of radioactivity
in the separated acyl transferase (4), acyl lyase (f) and ACP (j)
subunits,

results in the complete los:s of acetyl groups on the cysteamine
moeity of the prosthetic group, while U-acetylated cysteine
regi1dues are still presgeunt in the inactivated enzyme, Rsaction-
inactivation resulte in the selective deacetylation of the acetyl-
S-cysteamine residues of the prosthetic groups.

rartial deacetylation was also observed on reaction-inacti-
vation of z14c}—aoety1 citrate lyase. The specific radioactivity
of tne active enzyme and of the reaction-inactivated complex are
siowrn in Tadble 2, The presence of about 30% of the initial radio-
activity in protein bound form after total reaction-inactivation

and the findiny tnat the cysteamine residues of tne prosthetic
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Figure 2. The histogram ?hows the distribution of radiocactivity

between the S-carboxymethyl derivatives formed after differential

labeling of S—aT?zyiated resicdues of reaction-inactivated citrate
C
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lyase with iodo -acetate, See text for details, A, S~
carboxymethyl cysteine; B, S—carboxymethyl cysteamine,

groups in the inactivated complex are fully deacylated would indi-
cate that the [140]—§cety1 moeities are retained only on the
cysteine residves of the ACP subunits, The results are sugrestive

of the role of citrate Iyaée 1igage in the modification of the

Table 2, FEffedt of reaction-inactivation on protein-hound
radioactivity of ['4c]-acetyl citra‘e lyrse.

Enzyme cpm/mg
f .
i"c}-acetyl citrate Jyase 13070
[14c] akesst cistwtos tgkse atter 4120

reaction~inactivation

(1‘C}-Acety1:citrate lyase (430 pp) was incubated in a
total volume of 1 ml of the reaction mix‘ure containing 1 mmol
citrate; 3 pmol, MpSO‘ and SO umol, Tris-lC1 buffer, p4 R.N,

Aliquots tested after 15 min {ncudbation at 3N°C ahowed complete
loa+ of citrate lyane activity, DNRadioactivity was measured as
deacribe? in the text,
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cysteine residues of the ACP subunite to acetyl-S-cysteines in
addition to the acetylation of the prosthetic groups in presence
of acetate and ATP, The acetylation of thP cysteine residue
occurs even under conditions where HS~citrate lyase is only

partially reactivated.

DISCUSSION

The presence of an S-acylated dysteaqine and an S-acylated
cysteine residue in the ACP eubunit‘or ciﬁrate lyase from
K. aeropgenes has posed the problem of the;nature of the biologi-
cally active acyl-carrier in the engyme complex (3). Affinity
labeling of HS-citrate lyase with iodoacetate in presence of
excess DIE was shown by Dimroth and Eggerer (21) to result exclu-
sively in the carboxymethylation of the cysteamine residue to
yield a carboxymethylated complex inaccessible to reactivation
either chemically with acetic anhydride or enzymatically by citrate
lyase ligase. The present studies provide direct evidence that the
cysteamine residue functions as the;bioloéically active acyl-
carrier, the reaction-inactivated citrate 1yase being devoid of

acetyl-S-cysteamine while still retaining S-acetylated cysteine

residues,

liumerous instances of the presence of amino acid residues
with modified side chains as constituents of proteins have been

reported ir the 1iterature (22). The in vivo mechanisms of such

modifications are not often understood. The data presented here
suggest the involvement of citrate lyase ligase in the acetyla-
tion of cysteine residues in the ACP subunits of the K. aerogenes
citrate lyase complex., The possible function of this modification
might be to protect against intrapeptide disulfide bridge forma-
tion with the juxtaposed sulfhydryl residue on the prosthetic

group of the enzyme in the deacetylated form.
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