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ABBREVIATIONS

List of abbreviations used other than the accepted ones.

ACP
DINB

DIT

1%
ca

MDH
OAA
SDS
Tris~HCl

Acyl carrier protein
5,5'=Dithiobis (2-nitrobenzoate)
Dithiothreitol

Absorbance index (1% w/v protein)
Malate dehydrogenase (EC 1.1.1.,37)
Oxaloacetic acid

Sodium dodecyl sulfate

Tris(hydro 1)aminomethan
hydrochl(hy org:.w ’ ne ¢
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GENERAL INTRODUCTION




CIIRATE ENZYMES

Citrate funtions as a key intermediate in diverse
metabolic pathways. Four different groups of enzymes are
known which catalyze the synthesis or dissimilation of
citrate through a lyase reaction involving an equilibrium
between citrate on the one hand and oxaloacetate and an
acetyl-moiety on the other. These are :
(a) Citrate lyase [citrate oxaloacetate-lyase (pro-3s-
CH,C00™ ——> acetate); EC 4.,1.3.6], an enzyme found only
in procaryotes, which catalyzes the dissimilation of citrate
into oxaloacetate and acetate in presence of divalent metal
ions such as Mg2* or Mn2* (Eqe 1).

H2+

Citrate™ Oxaloacetate™ + Acetate™! (Eq. 1)

(b) ATP-citrate lyase [ATP: citrate oxaloacetate-lyase
(n£9r3§rCHZCOO' —> acetyl-CoA and ATP dephosphorylating);
EC 4,1.3.8], which is a cytosolic enzyme found mainly in
eucaryotes and responsible for the generation from citrate

of 2-carbon moieties which enter a number of biosynthetic
pathways., Its occurrence in Chlorobium limicola has been
reported recently (Ivanovsky et al., 1980; Antranikian et al.,
1982). The enzyme requires ATP, CoA and a divalent metal

ion such as Mg2+. Mn2+ or Co2+ for the cleavage of citrate
(Eq. 2).

M2+

Citrate™ + CoA + ATP"4 Acetyl-CoA + Oxaloacetate™2

+ ADF™> 4 ;2 (Eq. 2)
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(e) gi~Citrate synthase [eitrate-oxaloacetate lyase (pro-3s-
CH,CO0™ ~=—=> acetyl=CoA); EC 4.1,3.7] (gi~Citrate synthase),
which catalyzes the formation of ecitrate by the overall
reagtion shown in eq. 3+ It is the most widely distributed
of the three citrate enzymes being present in both procaryotes
and eucaryotes,

Citrate™ + CoA + H*— Acetyl-CoA + oxaloacetate 2
+ H)0 (Bq. 3)

(d) re-Citrate synthase [citrate oxaloacetate~lyase (pro=33-
CH,C00™ == agetyd=CoA)] (re-citrate synthase, EC not yet
been assigned) which has been found in some anaerobic
microorganisms. The enzyme exhibits a stereochemistry opposite
to that of gi-citrate synthase as well as the other enzymes,
The three citrate enzymes, citrate lyase, ATP-citrate

lyase and gi-citrate synthase show close resemblances in the
stereospecificity of the reaction they catalyze as well as
in their cofactor requirements, coenzyme A and the citrate
lyase prosthetic group (and their acetyl-derivatives)
substituting for one another in mediating the three enzyme
catalyzed reactions (Robinson gt gal., 1976). On account of
the occurrence of citrate lyase exclusively in primitive
forms of life and from its simplest cofactor supplement
requirements, it has been suggested that citrate lyase may
represent the earliest of the three citrate enzymes to
evolve (Srere, 1974).

The present thesis embodies studies on some aspects
of the structure and function of eitrate lyases. The
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literature on this group of enzymes is therefore reviewed
in the rest of this chapter., Although recent reviews have
not appeared, earlier work has been discussed extensively
in reviews by Dagley, 1969; Lowenstein, 1969; Spector, 1972;
Srere, 1965; 19683 19723 19743 1975; Srere and Singh, 1974,

A1 CITRATE LYASE (EC 4,1,3,6)

iL.l QOCCURRENCE : From an analysis of the products of
fermentation of citrate by Klebsiella aerogenes and Aerobacter
dndologenes Defner and Franke (1939) and Brewer and Werkman
(1939) suggested that oxaloacetate and acetata are the initial
¢leavage products, Citrate lyase, the enzyme responsible
for the initiation of the fermentation of citrate was first
characterized by Dagley and Dawes (1953) in K. zerogenecs
and Escherdichia ¢oli and independently by Gunsalus and his
group in E. goli (Gillespie and Gunsalus, 1953) and in
Streptococous fagcalls (Grunberg - Manago and Gunsalus, 1953).

Citrate lyase has been found to occur only in bacterial
sources, mainly as a cltrate induced aetivity, Table I
summarizes the various sources in which the activity has
been detected. The only source in which citrate lyase has
been shown to be present constitutively is Streptococcus
diacetilactis (Harvey and Collins, 1961), Detectable
levels of citrate lyase have been reported in the organism
grown on a lactose medium without citrate, the level
inereasing considerably with eitrate supplements,

Citrate lyese is present in the photosynthetic bacteria

Hhedopseudomonas gelatinosa and Rhodopseudomonas palustris



JZABLE Z,1: SOURCE OF CITRATE LYASE

Nature of Bacteria
activity

Reference

1+ Constitutive

2+ Induced

Harvey and Collins
(1961

and Dawes

Dagle
(1853%)
Grunberg-iMana

and Gunsalus %0953)5
Dagley (1954)

Gillespie and
Gunsalus (1953)

O'Brien (1975¢)
Harvey and Collins
(1961

Harvey and Collins
(1961

O'Bri .
(‘19593n b

W:gksgsser ﬁ *

a al,
{1373] Soheeb st 2l
Giffhorn and Kuhn
(1980)

K .
(1o75) <5 &k

1th .
) M

*Known earlier as Aerobacter aerogenes ;

also known as

Klebsiella pneumoniae and Enterobacter aerogenes.



grown anaerobically on ecitrate under illuminated conditions.
. Slostridium sohenoides, an anserobic spore-former, is
characterized by its ability to grow on a medium containing
citrate as the carbon and energy source. Walther gt al.
(1977) have shown that citrate lyase from this source is
highly unstable except in the presence of glutamate. The
presence of glutamate is also required for the citrate
cleavage activity of the L. sphenoldes enzyme (Antranikian
et al., 1982).

4L.2 METABOLIC SIGNIFICANCE : The anaerobic metabolism of

eitrate by K. gerogenes, A« indologenes and S. faegalis is
through a sequence of reactions which has been termed the

citrate fermentation pathway (Degley and Dawes, 1953;
O'Brien and Stern, 1969)., The pathway is initiated by the
cleavage of citrate catalyzed by citrate lyase to yield
oxaloacetate and acetate. The oxaloacetate formed is then
degraded further by oxaloacetate decarboxylase to pyruvate
and CO,s There is no involvement of hydrogen transfer in
this pathway and ATP production is only from acetyl-CoA
which is formed from pyruvate.

An alternate pathway for anaercobic breakdown of ecltrate
has been shown to occur in Proteus rettgeri, since
oxaloacetate decarboxylase is not formed by this organism
(Kroger gt al., 1974). In the modified pathway, a part of
the eitrate is cleaved by eitrate lyase to generate
oxaloacetate, while the rest of the gitrate is simul taneously
oxidized through the tricarboxylic acid cycle to generate



reducing power which is utilized for the reduction of
oxaloacetate to succinate via malate and fumarate,generating
a mol of ATP, Yet another modification of this pathway
occurs in E. goli. This organism does not econtain
. oxaloacetate decarboxylase (Luttgens and Gottschalk, 1980)
and the tricarboxylic acid eycle is repressed under anaerobic
growth conditions (Amaransingham and Davis, 1965). Thus the
organism has to catabolize a second substrate like glucose,
lactose or pyruvate, in order to gain reducing power for
succinate formation from oxaloacetate (Luttgens and Gottschalk,
1980).

In studies on $. typhymurium which is capable of growth
on ecitrate, both aercbically and anaerobically Kulla (1983)
failed to obtain mutants lacking citrate lyase activity.
It was therefore suggested that citrate lyase in E. ggli and
in the strain of §. tvphvmurium probably serves as a
protective agent by breaking down excess intracellular citrate
which might otherwise interfere with vital cell functions by
chelating divalent metal ions,

The diverse pathways involving citrate lyase as the key
enzyme for the anaerobic metabolism of citrate are deseribed
schematically in Figure 1,

Anaerobic phototropic bacteria Chlorobium thiosulfato-
philum and Rhodospirulium rubrum, have been shown to contain
enzyme systems catalyzing the formation of ketoacids from
acyl=-CoA esters by ferrodoxine-dependent carboxylations
(Evans and Buchanan, 1965), Citrate lyase has been postulated
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as a key enzyme for this reductive carboxylic acid cycle-

a proposed new autotrophic pathway of 602 assimilation for
green sulfur bacteria (Evans gt gl., 1966), but Beuscher and
Gottschalk (1972) failed to detect citrate lyase activity in
the extracts of these organisms, Recently Ivanovsky et al.

(1980) have reported the presence of ATP-gcitrate lyase
activity in two strains of (., limigola forma thiosulfato-
phylum, The ATP-citrate lyase of C. limigola has been
partially purified by Antranikian gt al. (1982). These are
the only reports on the occurrence of ATP-citrate lyase in
procaryotes,

3 ¢ In mieroorganisms,
such as S. diagetilactis and L. gitrovorum in which ecitrate
synthase is not formed, ecitrate serves as a substrate for
citrate lyase only and the enzZyme is not under regulation
(Giffhorn and CGottschalk, 1975a), Many bacteria, however,
also contain citrate synthase, an antagonistic enzyme to
citrate lyase., Citrate lyase in these organisms has to be
under stringent control to prevent the simultaneocus
functioning of both the enzymes and consequent energy loss
through futile cycles, The diverse regulatory mechanisns
which have been observed are reviewed briefly.

(1) Regulation in K. aerogenes :

0'Brien and Stern (1969) demonstrated that Na' is
specifically required for the growth of K. gercgenes
(NCTC 418) under anaerobic conditions on e¢itrate as sole

source of energy. This requirement was shown to be for the

s,,'



oxaloacetate decarboxylase from this source, the second
enzyme of the citrate fermentation pathway. The organism
has no other pathway for ecitrate catabolism and its
oxaloacetate decarboxylase has an absolute requirement of
Na® ions for activity (Stern, 196 ). Under anaerobiec
conditions, the citric acid cycle is turned off as a result
of repression of 2-oxoglutarate dehydrogenase activity
(O*Brien, 1975a; Wilkerson and Bagen, 1972)., Under aerobic
conditions of growth on citrate, citrate lyase and
oxaloacetate decarboxylase are not induced while all the
enzymes of the citric aecid eycle are formed and cells grown
with or without Na* utilize citrate exclusively through
this cycle. O'Brien gt al. (1969) observed that both the
pathways are operative when the cells are grown under
coentrolled serated conditions in which no oxygen tension is
detected in the cultures, Under these conditions, citrate
degradation proceeds mainly through the fermentation pathway
in the presence of Na' and through the eitriec acid eyele in
the absence of Na',

Citrate lyase from K. agrogenes undergoes rapid
reaction inactivation in the course of the reaction it
catalyzes in vitro (Singh and Srere, 1971) through
deacetylation (Srere gt 8l., 1972). The presence in
K+ aerogenes of a distinet eitrate lyase ligase, an enzyme
which reacetylates the inactive deacetyl citrate lyase in
the presence of ATP and acetate or acetyl adenylate has
been shown by Schmellenkamp and Eggerer (1974). The citrate



lyase ligases from $. diacetilactis (Bowien and Cottsehalk,
1977) and R. gelatinosa (Antranikian and Gottschalk, 1982)
have been obtained pure.

Kulla and Gottsehalk (1977) performed a number of
growth shift experiments to study the mode of regulation of
citrate lyase and eitrate synthase activities in K. gerogenes.
In cells grown anaerobically on citrate, the citrate lyase
activity inecreases rapidly after the initial lag period
until the end of growth phase (12 h). During the early
growth phase no deacetyl eitrate lyase could be detected,
but after about 15 h there was a steady inecrease in the
amount of the deacetylated enzyme and at the end of 24 h
incubation, a considerable amount of inactive enzyme was
present, Growth shift experiments were carried out after
the organism was grown in continuous culture with ammonia as
the growth-limiting substrate., Specific activities of
citrate synthase and citrate lyase before and after treating
with acetic anhydride, were monitored after growth shifts
from anaeroblc growth on eitrate to aerobic growth on eitrate,
aercbic growth on glucose, anaerobiec growth on gluecose and
anaerobic growth on glucose plus nitrate. Growth shifts
from “"enaerobiec eitrate” to "aerobic eitrate" resulted in
the induction of eitrate synthase while the synthesis of
citrate lyase  reased considerably and the active citrate
lyase was slowly inactivated by deacetylation., A shift from
"anaerobic eitrate” to "aerobic glucose" resulted in a rapid
inactivation of eitrate lyase and induction of citrate
synthase, the steady state level being considerably lower than
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that observed in a shift to "aerobic citrate®, This was

due to the catabolic repression of ecitriec acid cycle enzymes
by glucose (Gray gt al., 1966). However, there was no

rapid inactivation of citrate lyase when the culture was
shifted to "anaerobic glucose" and growth difficulties were
observed in the organism with a drop in eell population,
This was attributed to the simultaneous functioning of the
two antagonistic enzymes resulting in futile cyecles, The
cells apparently suffered from a shortage of glutamate since
the decrease in cell population was partially overcome by
supplementing the medium with 2-oxoglutarate, These results
indicate that citrate lyase is inactivated only under
aerobic conditions, however, no deacetylation activity could
be detected in the cells incubated with glucose under
aerobic conditions. The citrate lyase of K. aerosenes is
subjected to reaction-inactivation in yitro but this does
not play a role in the regulation of citrate lyase activity
in vivo, as it does not become inactive under anaerobie
conditions in the presence of glucoses Thus the inactivation
process somehow involves oxygen or the respiratory chain,
Oxygen does not play a direet role since a shift from
"anaerobic citrate® to "anaerobic giucose plus nitrate®

also resulted in the inactivation of eitrate lyase, Cells
grown in batech cultures with citrate under anaercbic
conditions, when suspended in "aerobic glucose" medium,

were found to lose citrate lyase activity completely

within 90 min., Chloroamphenicol delayed this inactivation
process and 2,4~dinitrophenocl prevented it., It was
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concluded from this result that the inactivation of

K. gerogenes citrate lyase is energy dependent and electron
transport fo oxygen or nitrate was required for inactivation.
Some other examples of %energy-dependent inactivation® are
of nitrate reductase in K. aerogenes, Proteus mirabilis and
Ee. goli (Van'T Reit gt al., 1968; deGroot and Stouthamer,
19693 1970a,b,0; Showe and De Moss, 1968) and of aspartate
transcarbamylase of Bagillus subtilis (Waindie and Switzer,
1973) which are inactivated by O,~dependent electron
transport.

SivaRaman and SivaRaman (1979) have shown that the
binding of divalent metal cofactor brings about a
conformational change in the enzyme complex from K. gerogenes,
the metal-free conformation being catalytically inactive
in the cleavage of c¢itrate., They have suggested that
conformational modulations could be a pessible mode of
regulation, The energy requirement could be for the
formation or utilization of metabolite(s) acting either
directly as modulators or indirectly through complexing of
Mg”*, Dlair et gl. (1967) had speculated earlier that the
inactivation of citrate lyase by ATP by its ability to
chelate metal ions may play a role in its regulation.

ii) Regulation in R, gelatinosa :

Another mode of regulation of citrate metabolism,
besides the induction and repression of enzymes of the two
divergent pathways under different growth conditions, is
through a loss of the essential acetyl moiety on the
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¢citrate lyase through enzymatic deacetylation. Vhile

K. aerogenes does not contain any citrate lyase deacetylase
activity which can inactivate the enzyme (Kulla and
Gottschalk, 1977), R+ Zelatinosa has a citrate lyase
deacetylase which is regulated by the conditions of growth.
2. gelatinosa utilizes citrate rapidly under anaerobie
conditions in presence of light (Schaab gt al., 1972) and
the regulation of the two antagonistic pathways has been
shown to be through covalent modification and to follow a
pattern distinet from that in K. aerogenes. The futile
cycle is avoided by deacetylation of the enzyme after citrate
is completely exhausted from the medium when ecitrate is made
available, citrate lyase is converted from the inactive SH
form to the active S-acetyl form (Giffhorn and Gottschalk,
1975a,b)s The deacetylase is a small protein of M, 14 300
(Giffhorn gt al., 1982) and has been obtained pure by
Giffhorn gt al., 1980. The deacetylase of R. gelatinosa is
highly specific and does not inactivate citrate lyases from
K. gerogengs and S. diagetiloctis., The citrate lyase
deacetylase is strongly inhibited by Le-glutamate (Giffhorn
and Gottschalk, 1975b). The intracellular glutamate
concentration thua' has a regulatory effect on ecitrate lyase
activity., Ciffhorn gt al. (1980) have shown that the
intracellular pool size of Leglutamate is in turn proportional
to the levels in the medium of citrate, its precursor.

Thus a high congentration of eitrate, signals that it can be
cleaved via the fermentation pathway, while at low
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concentrations eitrate lyase is activivated by citrate lyase
deacetylase and all the citrate is utilized for biosynthesis
of L-glutamate. This organism also contains a eitrate lyase
ligase (Giffhorn and Gottschalk, 1975a) which activates
deacetylated citrate lyase in presence of ATP and acetate.
The citrate lyase ligase has been purified and has been
shown to have a requirement for ADP for its stability
(Antranikian and Gottschalk, 1982), Antranikian et gl.
(1978) have shown that depletion of citrate from the medium
results in inactivation of the ligase and of the citrate
lyase activities, while addition of citrate leads to rapid
activation of the ligase which in turn activates citrate
lyase.

Thus the regulation of eitrate lyase activity in
S« gelatinosa is by deacetylation and acetylation brought
about by two enzymes, citrate lyase deacetylase which in
turn is regulated by intracellular L-glutemate concentration
and citrate lyase ligase whose activity is controlled by
citrate levels in the medium,

A similar mechanism of regulation of citrate lyase
was observed in R. palustris (Giffhorn and Kuhn, 1980).
Both the enzymes, citrate lyase ligase and citrate lyase
deacetylase are present in this organism also and these
enzymes were found to cross react with citrate lyase from

L. gelatinosa.
(1i1) Begulation in C, sphenoides :

Antranikian gt al. (1982) have studied the regulation
of citrate lyase in G, gphenoides. In this organism the
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activity of citrate lyase is not regulated by acetylation

and deacetylation. The enzyme requires high concentrations

of Leglutamate for its activity. Thus the intracellular
concentrations of Leglutamate directly regulates the

citrate lyase activity. The intracellular concentration

of glutamate iz in turn directly proportional to the ¢citrate
in the medium, decreasing with the depletion of eitrate
resulting in decreased citrate lyase activity. VhiWe in the
Rhodospirillaceae the regulation of citrate lyase is indirectly
through the action o glutamate on the deacetylase and the

ligase, in the Clostridium glutamate directly interacts
with citrate lyase to regulate its activity.

(iv) Begulation in P. rettgeri :

The oxaloacetate produced by the citrate lyase in this
organisnm is reduced to succinate as oxalcacetate
decarboxylase is not formed (Kroger gt al., 1974). It was
observed that citrate lyase was induced under anaerobic
conditions only with citrate as the growth substrate, while
citrate synthase activity is considerably lowered. Besides
the induction and repression mechanism, other modes of

regulation have not been studied in this organism.

(v) Regulation in E. coli :

E. goli has been characterized by its inability to
grow on eitrate as sole substrate (Koser, 1923), Under
aerobic conditions 1ts inability to grow on eitrate has been
attributed to the permeability barriers of its membrane
(Lara and Stokes, 1952), However, under anaerobic conditions



it can utilize citrate if the medium is supplemented with
peptone or carbohydrates (Vaughn gt al., 1956) and citrate
lyase was shown to be responsible for its catabolism (Dagley,
1954; Wheat and Ajl, 1955a). Luttgens and Gottschalk (1980)
later found that the cells grown on e¢itrate plus glucose
under anaerobic conditions have c¢itrate lyase and all the
enzymes required for the reduction of oxaloacetate to
succinate, while oxaloacetate decarboxylase is not detectable.
This indicated that in E. goli cells, further catabolism of
oxaloagetate occurs only through its reduction to succinate,
Thus E. goll requires reducing power for succinate formation
from oxaloacetate and this is achieved by catabolism of a
second substrate, Citrate lyase was shown to exist in the
active acetylated form as long as the second substrate was
present and was deacetylated rapidly as soon as the second
substrate was exhausted (Dagley, 19543 Kulla,1976), It has
been suggested that citrate lyase in E. goli has a protective
rather than a catabolic role (Kulla, 1983)., ‘The function of
the enzyme according to this hypothesis is to reduce the
intracellular citrate pool, which otherwise may chelate
divalent cations and interfere with important cell functions.
Under aerobic conditions this problem is assumed not to
arise since the cells are impermeable to citrate.

Recently, however, it has been reported that certain
plasmids help E, coli to grow on citrate under aerobic
conditions (Smith et al., 19783 Ishigurc et al., 1981),

(vi) Regulation in other organisms :
In A. cloacae, growth on citrate is unaffected by the

presence or absence of Na* under both aerobic and anaerobic
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conditions (O'Brien and Geisley, 1974). Under anaerobic
growth conditions, citrate metabolism proceeds mainly
through the fermentation pathway, the tricarboxylic acid
cyele being repressed by the lack of synthesis of
2-oxoglutarate dehydrogenase, Under aerobic conditions,
however, ecitrate lyase was repressed while 2-oxoglutarate
dehydrogenase activity was induced., The presence of Na'

in the medium did not lead to a repression of 2~oxoglutarate
dehydrogenase as in the ecase of (. gerogenes, Under aerated
conditions, when oxygen tension in the medium is zero,
citrate lyase activity was induced while oxaloacetate
decarboxylase activity was lowered rendering the fermentation
pathway inoperative beyond the initial citrate cleavage.
Under such conditions of controlled aeration, futile cyeles
lead to energy loss and cell depletion.

8. Lvphimuriup requires Na® specifically for the aerobic
growth on eitrate (0'Brien gt al., 1969)., Cells grown on
cltrate under aerobic conditions contained the enzymes of
the citrate fermentation pathway and all the enzymes of
the eitric acid eyele. Thus, two separate routes of ecitrate
catabolism are operational in the cells, but the mode of
regulation of the two antagonistic pathway is not known,
Recently Kulla (1983) obtained a mutant of S. typhimuprium
in which the mode of regulation of ecitrate lyase under
anaerobic conditions resembled the E, coli (system, the
citrate lyase being deacetylated as soon as the cosubstrate
is exhausted or removed,

The growth of 8. faecalis on ecitrate under anaerobiec
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conditions has been shown to depend on the presence of
ca®* and biotin in the medium which are required for its
oxaloacetate decarboxylase activity (Sachan and Stern,
1971b). ‘

Lactic acid bacteria such as S. diacetilactis and
L. gitrovorum lack citrate synthase activity and citrate
is metabolized only through the fermentation pathway.
Thus there is no need for regulation of citrate lyase
activity in these organisms (Giffhorn and Gottschalk, 1975a).
In 8. diacetiigctis citrate utilization was found to be
dependent on a plasnid DNA as cells cured with acridine
orange were unable to grow on eitrate (Kempler and MeKay,
1979)e A plasmid of 5.5 megadalton was found to be missing
in Cit™ mutants. It was shown by Kempler and MeKay (1979)
that the loss of the plasmid results in loss of c¢citrate
permease activity, the cells still retaining citrate lyase
activity although less than in the parent cells,

Citrate transport in a number of citrate utilizing
bacteria is mediated apparently by the membrane bound
oxaloacetato[::rboxylase which is induced only in the
presence of the substrate. K. aerogenes (NCTC 418) cells
require Na* specifically to grow anaerobically on citrate
(Stern and Sachan, 1970). These authors (Sachan and
Stern, 1971a) also showed that oxaloacetate decarboxylase
specifically requires Na* for its activity and thet
citrate binds to this protein and competitively inhibits
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the decarboxylase reaction. Johnson gt al. (1975) econfirmed
the findings in studies on :vesicles prepared from
K. gerogenes cells grown anaerobically on citrate,

However, in some strains of K. gerogenes, differences
in the metal requirement for citrate transport has been
observeds Eagon and Wilkerson (1972) have shown that
citrate transport in K. gerogenes UGa~I is K*-dependent.
Na® inhibits the uptake of eitrate by strains UGa~I and
ATCC 12658 and has no effect on citrate uptake by strain
PRL-RB (Wilkerson and Eagon, 1974),

Sachan and Stern (1971b) have shown that S. faecalis
requires Ca®* and biotin for citrate uptake, this was
explained on the basis of the specific requirement by the
membrane bound OAA-decarboxylase of S. faecalis for Cas®
and biotin for decarboxylation,

Transport system in S, diacetilactis has been shown
to be an energy requring process (Harvey and Collins, 1962),
Collins and Harvey (1968) observed that spontaneous
mutation in §. diacetilactis results in Cit™ mutants which
have lost the ability to transport citrate while retaining
citrate lyase activity. Later, Kempler and MeKay (1979)
showed that the eryptic Cit™ mutants lack citrate permease
activity which is assoclated with a 5,5 megadalton plasmid,

& goll cells cannot uitlize extracellular citrate
under anaerobic conditions and it was generally believed
that there is no transport system for the substrate
(Gunsalus, 1958), However, under anaerobic conditions
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E+ gold can utilize citrate if another substrate like
glucose, lactate or pyruvate is present in the medium
(Vaughn gt ale., 1950). Thus E. goli is able to form a
transport system under anaerobic conditions but the nature
and specific requirements of this system are not known.

It was reported by Smith gt gal. (1978) that certain
thermosensitive H, plasmids from some strains of G,
Xyphimuriun can medlate citrate utilization by E. goli
under aerobic conditions, A number of isolates of
naturally occurring Cit* E. goli strains have been ohtained
from several birds and mammals, but the cit? phenotype was
always found to be asscciated with plasmids (Ishiguro gt al.,
19783 sato gt al., 19785 Ishiguro et gl., 1981). Recently
Hall (1982) has reported the isolation of a spontaneous
m;xtant of E. goli K~12 which is able to utilize citrate
aerobically as a sole source of carbon, The cit* phenotype
resulted from two mutations in two genes and these two
together have been found to specify a citrate transport
system,

The citrate transport system in 8. ityphimurium
has been found to be inducible and is complex. The presence
of three separate transport systems has been reported in
this source for tricarboxylic acids by Imal gt al. (1973).
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PURIEICATION OF CITRATE LYASES
Citrate lyase has been obtained pure from K. aerogenes,

S« diacetilactis, R. gelatinosa, S. faecalis, C. spenoides
and E. goli. The purification procedures are deacribed
briefly below 3 '

(1)

The enzyme from this source was the earliest to be
obtained pure. An eight-fold partial purification was
reported by Degley and Dawes (1955). The enzyme was
obtained pure from K. gerogenes (N TC 418) by SivaRaman
(1961). The steps involved eptomycin sulfate treatment,
adsorption on alumina C gel followed by selective elution,
DEAE-cellulose chromatography and ammonium sulfate
fractionation., Modifications of the original procedure
have been deseribed, inciuding a final filtration through
Sephadex G-200 (Mahadik and SivaRaman, 1968) or Biogel
A 1.5 m (Singh and Srere, 1975), treatment with salmine
sulfate and CN-gellulose replacing alumina C gel and
DEAE~-cellulose chromatography (Bowen and Mortimer, 1971).

The purity of the enzyme preparation has been
established by ultracentrifugation (SivaRaman, 1961),
electrophoresis in free solution (Bowen and Rogers, 1963)
and polyaerylamide gel electrophoresis (Singh and Srere,
1971)« The pure enzyme from this source has an absorbance
index E%ﬁm of 6,2 at 278 nm and a specific activity 70 umol
min"tng™t at pH 7.4, 28°C and 10 mM MgCl, (Singh gt al.,
1976).



A procedure suitable for preparation on large scale
has been reported by Dimroth gt al. (1977). This involves
the precipitation of the alumina C eluate with polymin HS
(ethyleneimine polymer), followed by elution and gel
filtration through Sephadex G=200,

(1)

The purification of citrate lyase from this source
was reported independently by Singh and Srere (1975) and
Kummel gt 2l. (1975). The procedure of Singh and Srere
(1975) involves protamine sulfate treatment, ammonium
sulfate fractionation, gel filtration through Biogel A 0,5 m
and DEAF~-cellulose chromatography., The final preparation
was homogeneous as Jjudged by sedimentation velocity and
sedinentation equilibrium experiments and has a specific
activity of 200 umol min“lng'l at pH 7.2 in presence of
2 mM MgQl, at 25°C,

Kummel gt ale (1975) obtained a 38-fold purification
of citrate lyase from this socurce. The procedure involved
cetyltrimethylammoniuvm bromide treatment, treatment with
alumina C gel, Sepharose 6B and DEAE~Sephadex A-50 ¢olumn
chromatography. The enzyme prepuration was homogeneous
in the ultracentrifuge and on polyacrylamide gel
electrophoresis and had a specific activity of 125 umol.min -
mg™ at pH 7.2 in presence of 2 mM MgCll,. Citrate lyase
ligase activity was found to be assoclated with the
preparation of citrate lyase (Kummel gt ale.s 1975). This
was shown by Bowlen and Cottsehalk, (1977) to be an
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impurity which could be completely separated from the
lyase complex after alumina C gel treatment.

(111)

The enzyme from this source was purified by Beuscher
et al. (1974). The procedure involved protamine sulfate
treatmént. DEAE-gellulose chromatography and gel filtration
through Sepharose CL-6B. The purified enzyme had a
specific activity of 138,8 umolemin™tmg™t at pH 7.2, 30°C
in the presence of 3 mM MgClz.

Giffhorn and Gottschalk (1978) were later able to
erystallize the enzyme from this source, The steps
involved were treatment with cetyltrimethylammonium bromide,
alumina C gel treatment and DEAE-cellulose chromatography.
The active fraction from the DEAE-gellulose column was
concentrated by ultrafiltration till turbidity[::g allowed
to erystallize. The enzyme crystals had a specific
activity of 358 umol.minflmg'l. The erystals suspended
in 3 M ammonium sulfate were stable for several months at
a%e.

(iv)

Hiremath gt al. (1976) obtained pure citrate lyase
from 8. fagealls. The method invelved the initial
reactivation of deacetyl citrate lyase with sodium acetate
and ATP, The subsequent steps were streptomyecin sulfate
treatment, adsorption and elution from alumina C gel,
ammonium sulfate fractionation, DEAE-gcellulose



29

chromatography and gel filtration through Sepharose CI, 63,
The enzyme which was homogeneous by ultracentrifugation
and gel electrophoresis had a specific activity of 90 umol.
min~‘mg™t at pH 8,0, 30°C in the presence of 20 mM MgSOy, .

(v) citrate lvase from Clostridium sphenoides:

A 72=-fold purification of citrate lyase from
L. gphenoides was obtained by Antranikian et al. (1982).
In contrast to citrate lyases from other sources the
activity of this enzyme was strictly dependent on the
presence of L-glutamate., All the buffers used in purification
contained 150 mM L-glutamate for stabilization of the
enzymes The procedure involved protamine sulfate treatment,
amnmonium sulfate fractionation and Sepharose 63
chromatography. At this stage the protein solution
containing ligase activity was treated with ATP and acetate
to reacetylate any deacetylated enzyme, The activated
enzyme was then fractionated by ultracentrifugation in a
sucrose density gradient and gel filtration on Sephadex
G-200, The pure enzyme ad a specific activity of 60 umol.,
min“lms.l.
(vi) Citrate lvage from Escherichia goli :

Partial purification of citrate lyase from E, goli
had been reported by Dagley and Dawes (1955); Wheat end
AJL (1955) and Bowen and SivaRaman (1960).

Nilekani and SiveRaman (1983) purified the enzyme by
a procedurs which involves treatment with streptomyein
sulfate, precipitation with salmine sulfate followed by
elution, alumina C gel treatment, ammonium sulfate



fractionation, DEAE=-cellulose and Sepharose CL~6B
chromatography. The enzyme was polydisperse in gel
electrophoresis and showed multiple states of aggregation
on analytical ultracentrifugation. The purity was
established from the three component subunits obtained on
SDS=polyacrylamide gel electrophoresis. The pure enzyme
had a specific activity of 125 umol.min~‘mg=1,

EROPERILES OF CIIRAIE LYASE

(1) Stability:

Bowen and Rogers (1963) studied the stability of pure
K. gercogenes citeate lyase, The half life of a 0.3% protein
solution at =14°C is about 4 weeks, dilute solutions being
even less stable, At 2o°c. 20% of the activity is lost
within 5.5 h at a protein concentration of 0.3%, compared to
only 5% at 4°C, Crude extracts were found to be relatively
unstable, losing 70% of activity in 4 days at =-20°C (Dimroth
and Eggerer, 1975a). At higher temperature, however, the
crude enzyme was relatively more stable than the purified
enzyme, Cysteine did not stabilize the enzyme from heat
inactivation,

Presence of Mgz+ increases the stability of pure
citrate lyase from X. gerogenes (Eissenth .l gt al., 1966),
Inactivation observed at low Mg2' concentrations (0,025 =
1,0 mM) was partially reversed by raising the Mg®'
concentration to 2,5 mM (Blair et al., 1967). At higher
protein and Mg?® concentrations, the rates of both the
reversible and irreversible inactivation were reduced.



EDTA and adenine nucleotides enhanced inactivation at low
Mga’ concentrations by chelation of metal ions. Though
ca®* competitively inhibits the enzyme in pre -ence of Mg>"
it was shown to protect the enzyme from inactivation in
dilute solutions (Blair gt al., 1967). Partially purified
enzyme from K. gerogenes has been shown to be stable for
long periods when freeze-dried in presence of bovine serum
albumin, sucro e and MgS0,, the loss in activity being only
10% after a month (Gruber and Mollering, 1966),

Active citrate lyase was shown in later studies to
carry an essential acetyl moiety linked by thicester linkage
to a sulfhydryl group on the enzyme (Buckel gt gl., 1971).
Treatment with neutral hydroxylamine or with oxaloacetate
in presence of Mg resulted in deacetylation and formation
of catalytically inactive HS-c¢citrate lyase., Citrate iyase
labeled with !1“c!-acetate was found to lose one third of
its activity within &4 deys at 4°C and this correlated with
the loss in radicactivity indicating that spontaneous
deacetylation of the active acetyl enzyme causes irreversible
inactivation on storage. The inactive HS-citrate lyase
can be reactivated either chemically by acetic anhydride
(Buckel gt al., 1971) or enzymatically by HS-citrate lyase
ligase in presence of ATP and acetate (Schmellenkamp and
Eggerer, 1974),

Citrate lyase preparations obtained from R. gélatinosa
were reported by Beuscher et al., (19749 to be largely
deacetylated and to contain considerable amounts of the
oxidized enzyme. The enzyme could be reactivated only



after reducing with DIT or DIE, followed by reactivation
with acetic anhydride, Citrate lyase crystallized from
Re gelatinosa was found to be stable for 8 months at 4°C
when suspended in 3 M ammonium sulfate.(Giffhorn and
Gottschalk, 1978).

Singh and Srere (1975) observed that the purified
enzyme from $. discetilactis could be stored frozen at
«90°C for weeks without appreciable loss in activity.

They also observed that the enzyme loses activity above
pH 8.1 through a dissociation process,

The stability of pure citrate lyase from S. faegalis
was studied by Hiremath gt al. (1976). The enzyme is
stablé when stored at 0° <0 -20°C in presence of ammonium
sulfate, removal of ammonium sulfate deereasing the
stability. Repeated freezing and thawing of the enzyme
solution resulted in loss of activity and appearance of
multiple peaks in sedimentation profiles,

Partially purified citrate lyase from E. goli rapidly
loses activity particularly in dilute solutions or on
prolonged dialysis (Wheat and Ajl, 1955). Nilekani (1980)
has reported the stability of pure citrate lyase from
E. goli. The enzyme is stable at 0°C in 0,05 M potassium
phosphate buffer, pH 7.4 containing 1,6 mM Mgs0, and
ammonium sulfate, but loses activity rapidly if ammonium
sulfate is removed from the solution. Freezing and
thawing of the enzyme also leads to loss of activity.

Antranikian et al. (1982) have examined the stability
of pure citrate lyase from C. gphenoides. L~Glutamate was
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found to have a stabilizing effect on the purified enzyme,
The enzyme was stable in presence of high concentrations
(150 mlM) of Leglutamate but at low concentration (7 mM)
the enzyme was completely inactivated within 3 min at
0°c, In presence of high levels of glutamate the enzyme
could be s *red for &4 days at 4°C or for 2 months at -20°C
without measurable loss in aetivity. But at 30°C the
enzyme loses activity rapidly. The inactivation in
absence of glutamate is reversible and not a result of
deacetylation. The inactivation was corelated %o a
transition from star and ring forms to an undefined form
seen in electron mierographs.

Ri_optimun:

The optimum pH of citrate cleavage by citrate lyases
from K. gerogenes (Dagley and Dawes, 1955), E. goli (Dagley
and Dawes, 19553 Wheat and A31, 1955b) and 8. faecalis
(Hiremath gt al., 1976) is around 8,0. The pH optimum
reported for the enzymes from S. dilacetilactis (Harvey and
Collins, 1963) and R, gelatinosa (Beuscher gt al., 1974)
is around 7,0 to 7.3, The enzyme from S. diacetilactis
has been shown to lose activity above pH 8.1 and at pH 8,7
to undergo dissociation giving rise to two species with
sedimentation coefficients of 5,3 S and 3.5 § (Singh and
Srere, 1975)s The pH optimum for the C. gphenoides enzyme
has been reported to be between 6,5 and 7.0 (Antranikian
et al., 1982),
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(111) Metal requirements:

Citrate lyases have an absolute requirement for divalent
metal ions for the cleavage reaction, Dagley and Dawes
(1955) showed that partially purified enzymes from
K+ 2erogenes and E. goli dre active in presence of Mg2*,
an", an’, Fe?""’ or 0024-‘ ca2+. Srz*. Baz"', m2+ and H52+
could not substitute for the active metal ioms. Ca2' was
found to act as a linear competitive inhibitor of enzyme
activation by Mg?*, Mn?* and other active metal ions.

Dagley and Dawes (1955) postulated from the metal ion
activation studies, that only those metal ions which have a
restricted ionic radius of 0,72.+ 0,08 ® can activate
citrate lyase, while those such as Ca®' (0,99 £) with ionic
radius outside this specific range have no activation effect,
The pH optimum of citrate lyase is in the range of
740 = 842, which approximately paralles the stability of
metal-citrate complexes (Bobtelski and Jordan, 1945), On
this basis Dagley and Dawes (1955) assumed that the substrate
for citrate lyase is a metal-citrate complex that binds to
the enzyme through the metal. The findings of Harvey and
Collins (1963) that a 1:1 complex of citrate and divalent
metal ion probably acts as a substrate for the
8. diacetilagtis citrate lyase was in agreement with the
suggestion. Free Mg®* was stated to act as a competitive
inhibitor, probably by binding at the active sites of
the enzyme. Ca®* ions do not activate the enzyme, but do
act as a competitive inhibitor to magnesium,
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Later, however, Ward and Srere (1965) suggested from
pulsed nuclear magnetic resonance studies on the partially
purified citrate lyase of S. diagetilactis using Mn°* as
the activating metal, that a binary complex of metal-
enzyme probably acts upon citrate rather than the enzyme
acting upon a metal-gitrate complexs Although they failed
to observe a ternary lex of metal=citrate~enzyme
using the pulsed technique, they recognized that the
formation of such a complex could not be ruled out, since
on addition of citrate to the binary metal-enzymes complex
the reaction proceeds immediately and the steady-state
concentration of a ternary ccmplex ecculd be quite low.
They also obtained evidence in these studies that Ca2*
competes for the binding site of Mn®* on the enzyme.

Recently SivaRaman and SivaRaman (1979) have reported
on the nature and stoichiometry of metal cofactor binding
by pure cltrate lyase from K. aerogenes. Ultracentrifugal
studies showed that in buffers of adequate ionic strength
there was no change in the subunit structure of the enzyme
on binding of divalent metal ions, The nature of metal
binding was studied by using radiocactive 54Mn612 and
equilibrium dialysis. The binding isotherm, Scatchard
and Hill plots indicated a sipg@ificant extent of positive
cooperativity in metal binding. The total number of
binding sites were shown to be 18/mol of enzyme. These
studies indicated that metal binding brings about
conformational changes, Regulation of citrate lyase
activity through such a proeess has been discussed



by these authors,

Metal requirements of pure citrate lyase from
B. gelatinosa was reported by Beuscher gt al. (1974).

The metal ions indescending order of effectiveness in
activating the enzyme were Mg2*, Mn?*, ®°*. 2% and
Ni2*, cu®* and Fe* could not activate the enzyme at

all, Hiremath (1977) studied the effect of various metals
on S. faecalis citrate lyase and observed that maximum '
activity is obtained with Mg?® followed by Mn2*, zn?* and
Fe2*, 0o?* ana cu?* gave very low ectivity while ca2*,
Ba®*, Hg®* and N12* showed none. The enzyme from

L+ sphenoides has been shown by Antranikian gt al.{1982)
to require divalent metal ions, Mg®® being the most
effective. Mn2* and Co2* could partially replace Mg2*
while 2%, N12*, cu®* and a®* did not activate the
enzyme,

Citrate lyese is a multienzyme complex having two
separate enzyme activities, an acyl~transferase activity
catalyzing the formation of a citryl-enzyme intermediate
and an acyl-lyase activity catalyzing the subsequent
cleavage of the eitryl intermediate, Only the lyase
reaction has been shown to have an absolute requirement
for divalent metal ions, while the transferase reaction
occurs even in presence of EDTA (Buckel gt al., 1973;
Dimroth and Eggerer, 1975).

(iv) Resgtion kinetiecs :
The kinetice of the eitrate lyase catalysed reaction



are complex for the following reasonss

(1) Citrate lyase multienzyme complex has two separate
enzymatic activities associated with an acyl-carrier
protein and the cleavage of citrate proceeds through a

two step reaction (Dimroth and Eggerer, 1975b).

(b) The enzyme shows an unique behaviour of reactione
inactivation (Singh and Srere, 1971) through the
spontaneous hydrolysis of the unstable eitryl-intermediate
to citrate and inactive enzyme (Dimroth and Eggerer, 1975b).
(¢) The existence of the substrate, citrate, in various
forms of chelates with divalent metal ions, such as Mg2',
{d) Oxalcacetate, one of the reaction product, existing
in both keto and enol forms, both of which are capable

of chelating divalent metal ions.

Some of these factors were not recognised during
the earlier studies on the kinetics of the citrate
cleavage reacyion, Consequently, these observations are
of linited significance. The earlier work on the
kinetice is summarized here in brief,

Cne mol of citrate is stoichiometrically broken down
into one mol each of oxaloacetate and acetate by eitrate
lyase from K, aerogenes (Dagley and Dawes, 1973%a and b3
Dagley and Dawes, 1955) and E. goli (Dagley and Dawes,
19555 Wheat and Ajl, 1955b). That the reaction does not
require coenzyme A was shown by removing the cofactor
from crude extracts of K. 2erogenes and B, goli with
lowex-1 (Dagley and Dawes, 1955), Harvey and Collins
(1963) showed for the first time by spectral analysis



that the keto isomer of oxaloacetate is produced during
the reaction catalyzed by the enzyme from S. diagetilactis
and this was later confirmed by Ward and Srere (1965),
That K. aerogenes citrate lyase also yields the keto-
isomer was demonstrated by Tate and Datta (1964) by
carrying out the reaction at 2°C and pH 7.4 to decrease
the spontaneous equilibration of oxaloacetate isomers.
Citrate lyase resembles citrate synthase in this respect
since the reaction catalyzed by the latter enzyme also
involves the keto-form of oxaloacetate (Englard, 1959),

The equilibrium of the reaction catalyzed by citrate
lyase under optimal conditions favours breakdown of citrate.
By using large excess of the enzyme from E. ¢oli (Wheat
and AJl, 1955b) or from K. gerogenes (Bowen and Rogers,
1963b) it was shown that the reaction goes virtually to
completion, The reversibility of the reaction could only
be shown by radicactive exchange between 1"colabeled
acetate and citrate in presence of oxaloacetate, Mg’
and citrate lyase from 8. faecalis (Gillespie and
Gunsalus, 1953) and from K. aerogenes (Bowen and
Rogers, 1953b3u 4

The equilibrium constant ealculated for the cleavage
of citrate to oxaloacetate and acetate is about 1 M
(Burton, 1955). Several attempts were made to determine
the equilibrium constant of the enzyme catalysed eitrate
cleavage. Earlier studies by Smith gt gl. (1956) and
Harvey and Collins (1963) are of doubtful significance,
since they did not take into account the complexities of



the reaction.

‘ The equilibrium constant K, (citrate™)/(0AA™2 keto)
(acetate™) was calculated by Tate and Datta (1965) who
obtained a value of 3,08 & 0,72 M™T at a limiting
concentration of citrate (2 mM) in presence of excess
MgCl, at 25°C and using triethanolamine-HCl buffer, pH 8.4,
/which has no complexing effect on Mg2*, The value
obtained by Guynn gt al. (1973) is 2,22 & 0,16 M™% at

PH 7.0 in 0,025 M potassium phosphate buffer at 38°C and
10> M free Mg2*, It was also observed that the value of
Kopg Varies with the change in Mg2* concentration., When
(Mg2*) proe = O the Ky was 1,0 & 0,07 ML while at
(M8%*) g = 1072 M the K was 9. The effect of
oxaloacetate~inhibition in these cases was minimised by
reducing the substrate concentration,

(v) Stereospecificity of gitrate enzvmes:

Ogstonln enzyme catalyzed lyase reactions, the two
-CHZCOOH groups of ecitrate are distinguished from each
other (Ogston, 1948), Although there are no stersoisomers
of citric acid, modifications of one of the two methylene
srouﬁs will give rise to a number of assymetric isomers.
Thus there are potential prochiral centres in citrie acid,
The two methylene groups for example can be represented by
an extension of the standard R (rectus)/s (sinister)
convention (Cohn gt ale., 1966), This mode of representation
is pictorially shown in Fig. 2. Here gitric acid is
represented in a Fischerprojection with R/S convention
labeling of the molecule. Here C-3 is one of the R
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pro=chiral centres, Fig. 2a shows citric acid depicted

as a pentane derivative with the backbone carbon atoms
numbered 1 to 5. Fige. 2b shows the perspective depiction
with the central carbonyl group abovethe plane of the paper
and the hydroxyl group below the plane, both being on the
right of the carbon backbone. The two -CHZCOOH groups

are distinguished by the pro-R and pre~S system

(Hirschmann and Hanson, 1-9_7—1-)-and a;;r-c;ing to convention
the pro-S part of the molecule is designated with hgie
higher numbers (Figs 2b), On the seme basis the hydrogen
atoms of the methylene groups at (:5 and c#. which represent
the other two pro-chiral centres,; of citric acid, ean

also be distinguished, Thus the H atom on C-2 in Fig, 2b
ean be represented as the pro (2%, 3R) hydrogen atom of

the eitric acid molecule,

A number of investigations have led to the
understanding of the stereospecificity of the different
enzymes involved in the synthesis and breakdown of
citrate (Eggerer gt al., 19703 Retery, 19703 Lenz gt al.,
19713 Wunderwald et al,., 19713 Srere, 1975). From these
investigations it has been well established that in the
reaction catalyzed by the citrate synthase of the citric
acid ecycle, the acetyl moiety of acetyl-CoA attacks on the
si~-face of oxaloacetate (Hanson and Rose, 1963) and the
resulting cittate has C-4 and C-5 derived from this acetyl
molety. Citrate lyase and ATP-¢citrate lyase have been
shown to have the same stereospecificity. Using erude



preparation of citrate lyase from §. faecalis, Gillespie
and Gunsalus (1953) showed that the enzyme removes the
pro-BS-cnchOH group as acetate, which is the acetate moiety
put on by gl-citrate synthase, Similar results were
obtained by Wheat and Ajl (1955) using a partially purirfied
preparation of E. goli citrate lyase. Buckel gt al. (1971)
have studied the stereospecific reaction of citrate lyase
using '#c-labeled citrate and purified citrate lyasé from
K. aerogenew. They observed that (5 - 1%C) (38)-eitrate
gives 14
while |1 - “‘cf (33) eitrate yields unlabeled citrate
“c-oxaloaoetate. Srere and Bhaduri (1964)
nave shown that ATP eitrate lyase alzso removes the
pro-ﬁ&-CHZCOOH groupn of eitrate as acetyl-CoA.

The only exeeption among the citrate enzymes to the

C-~acetyl-citrate lyase and unlabeled oxaloacetate

lyase and 1

si-attack stereospecificity is shown by re~citrate
syntheses found in certain anaerobic bacteria. This
enzyme catalyzes the synthesis of ¢itrate in which the
pro-(ia)—CHchOH group of citrate (C-1 and C-2) is
derived exclusively from the acetylemoiety of acetyl-CoA
(Cottschalk and Barker, 1966; Stern and Bambers, 1966).
Stereospecificity of all citrate enzymes including
the rg~citrate synthase has been shown to be similar
with respect to the two pro-gchiral centres of citrate
involvirg the C-2 and C-4 methylene groups. Using the
chiral acetates (3) (2§. 3H) acetate and &) (23. 3u)
acetate it was found that an inversion of configuration
of the protons on the'methqune group of acetyl moiety
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takes place during the reaction catalysed by all the
citrate enzymes (Eggerer gt al., 19703 Klinman and Rose,
19713 Reter gt al., 19703 Buckel gt al., 1971b).

(vi) Inhibition by oxaloacetate:

Citrate lyase from K. gerogenes and E. goli comes
under product inhibition by oxaloacetate (Dagley and
Dawes, 19553 Wheat and Ajl, 1955b). Acetate and pyruvate
have no inhibitory effect. Later Bowen and Rogers
(1963a) observed that the inhibition was time dependent
and did not result in any change in absorption spectra
or sedimentation behaviour of the enzyme. They observed
that malate also causes irreversible inactivation of the
enzyme while other carboxylic acids like oxalate,
suceinate, oxaloglutarate, tartarate, oxalosuccinate and
isoecitrate have no inhibitory effect.

Eisenthal gt al. (1966) investigated the structural
features of the inhibition by using different analogues
of oxaloacetate. The inhibition was found to be
irreversible and removal of oxaloacetate by malate
dehydrogenase and NADH did not reverse the inhibition.
The inhibition by oxaloacetate and its analogues was
also found to be dependent on the presence and the
nature of divalent metal ions, Inhibition in presence
of Goz* was more severe than that with M32+, while caz*
was less effective than Mg2*, The pH profile of the
inhibition indicated the possible involvement of the
enolic form of oxaloacetate and probably of two different



Mg®*-oxaloacetate (enolic) complexes. The hypothesis was
supported by the fact that analogues such as
dimethyl-oxaloacetate and ketomalonate, which cannot
enolise, do not show any inhibitory effect in presence
of Mg?*, while the derivatives which could yield enolic
forms, inhibited the enzyme., From these results the
authors postulated that the structural requirement for
an inhibitor is a Qh straight chain, 1 : 4 dicarboxylic
acid with an ionizable ~hydroxyl groupe.

Buckel gt al. (1971a) showed later that the mechanism
of inactivation by oxaloacetate is through the loss of
essential acetyl groups of the eniync to give the inactive
deacetylated citrate lyase. The inactivated enzyme can
be reactivated by chemical or enzymatic reacetylation,

(vii) Essential acetvl aroup:

Buckel gt al. (1971a) provided the earliest evidence
for the involvement of protein bound essential acetyl
groups in the reaction mechanism of X, agrogenes citrate
lyase., The evidences in support of this were the
following:

(a) Active citrate lyase was inactivated irreversibly on
treatment with hydroxylamine, This inactivation was

apparently caused by deacetylation since 14

C-aceto-
hydroxamic acid was produced on treatment of '*C-labeled
enzyme with hydroxylamine.

(b) Treatment of 1“C~1aboled enzyme with oxaloacetate
or eold citrate in presence of Mg>' resulted in the loss

of the 1“c-labeled as acetate which could be separated



from the enzyme protein by gel filtration., This
observation led to the conclusion that an aeyl exchange
takes place during the reaction catalyzed by the enzyme,
(¢) The kinetics of hydroxylaminolysis of standard
thicesters like N-succinyl-Seacetyl cysteamine were found
to be similar to the hydroxylamine inactivation of the
enzyme, The mercaptans, dithiothreitol or dithiocerythreitol
were also able to inactivate citrate lyase. These data
clearly showed that the linkage of the essential macetyl
moiety was through thioester bonds.

(d) Citrate lyase inactivated by hydroxylamine, mercaptans,
oxaloacetate in presence of Mg* or by reaction-
inactivation, could be reactivated chemically with acetic
anhydride,

Further evidence for acetyl exchange was obtained in
experiments with stereospecifically labeled 1“C—c1trate
(Buckel gt al., 1971a)., Use of 15-1401-(1§)-citrate as
a substrate for citrate lyase reaction results in 140—
labeled enzyme and non-radiocactive oxaloacetate, while
11=14C|=(3R)-c1trate yields 'c-labeled oxaloacetate and
unlabeled enzyme, This data could be explained only on
the basis of the turn over of the acetyl moiety during
the course of ecitrate cleavage through a two step reaction:
(1) an acyleexchange reaction with the formation of a
¢citryl-enzyme intermediate and (2) an acyl-lyase reaction,
the eitryl-intermediate being cleaved at the si~-face of

of oxaloagetate.
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These findings were substantiated and extended to
citrate lyases from other sources., Srere gt al. (1972)
observed that after deacetylationg the oxidation of the
liberated thiol groups prevented acelylation by acetic
anhydride. This was confirmed by inactivating the enzyme,
either by reaction~inactivation or by hydroxylamine
treatment, in the presence of DINB, Under these
conditions, the enzyme could be reaetivated only after
prior incubation with dithiothreitol. Deacetyl citrate
lyase from several other sources like S. diacetilactis,
K. aerogenes, R. gelatinosa and L. gltrovorum could be
reactivated chemically with l-acetyl imidazole (Kummel
et ale, 1975)s It was shown by Buckel gt al. (1973)
that only the deacetyl citrate lyase could be
reactivated with acetic anhydride, while the carboxy-
methylated derivative of the enzyme could not be
reactivated,

In addition to chemical reactivation, deacetyl
citrate lyase is also reactivated by a specific enzyme,
acetates SH (acyl-carrier protein) citrate lyase ligase
(AMP), The enzyme was first characterized by Schemellenkamp
and Eggerer (1974) in cell extracts of K. gerozenes and
was shown to catalyze acetylation of deacetyl citrate
lyase in presence of ATP and acetate, The ligase was
partially purified from 8. faegalis (Hiremath gt al.,
1976) and was found to acetylate the deacetyl enzyme from
K. aerogenes also., In contrast the homogeneous ligase
preparation from $. diagetilactis was specific for the
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citrate lyase from only this source, having no action on
eitrate lyase from R, gelatinosa or K. gerogenes (Bowien
and Gottschalk, 1977). The ligase purified from

Be gelatinosa acetylates the deacetyl citrate lyase from
e palustrig in addition to the one from R. gelatinosa
but has no effect on the enzymes from K. aerogenes,

S. diagetilactis and C. gphenoides (Antranikian and
Gottsehalk, 1982).

An interesting observation made by Buckel gt al.
(1973) was that the métive deacetyl citrate lyase
cleaves citrate catalytically in presence of Mg>* and
acyl~CoA derivatives such as acetyl-CoA or (3S)=-eitryl-
CoAs In presence of acetyl-CoA, citrate is cleaved to
oxaloacetate and acetate, while (38)-citryl-CoA itself
is broken down to acetyl-CoA and oxaloacetate in presence
of Mg?*, Using c-1sbeled eitrate it was shown that
during the acyl-CoA mediated citrate cleavage, the acetyl-
moiety of the acetyl-CoA is liberated as free acetate
while the pro-(}ﬁ)-a!zCOOH group of citrate is transformed
to acetyl-CoA. In the presence of EDTA, (33)-citryl-CoA
was shown to accumulate in the acetyl-CoA mediated reaction.
These results clearly established the multienzyme nature
of eitrate lyase involving two reactions; an acyl exchange
which is independent of Mgz"' and an aeyl lyase reaction,
which is Mgz* dependent, in which the citryl-intermediate
is cleaved. The formation of the postulated citryl
intermediate was established by isolation of citrybGoA
which accumulates in presence of HS-citrate lyaseg eitrate,
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acetyl-CoA and EDTA, Buckel et al, (1973) alse observed
that acetyl-dephospho-CoA and propionyl-CoA could replace
acetyl=CoA in the mediated citrate cleavage reaction. The
sequence of the reaction catalyzed by propionyl-CoA is

Propionyl=CoA + citrate se== citryl-CoA + propionate

Citryl=ColL =m== acetyl-CoA + oxaloacatate

Citrate lyases from S. diacetilactis (Singh and
Srere, 1975), R. gelatinosa (Kummel gt al., 1975),
S. faccalis (Hiremath gt al., 1976) and E. goli (Nilekani
and SivaRaman, 1983) have also been shown to be acetyl=-

enzymes.

(viii) Reaction inactivations

Citrate lyase from K. gerogenes undergoes rapid,
irreversible inactivation in yitro during the course of
citrate cleavages This unique phenomenon of reactione
inactivation has been termed as "suicide® (Singh and
Srere, 1971).

Earlier work by Wheat and AJl (1955b) with partially
purified E. goli citrate lyase had shown that the rate of
citrate cleavage decreased to zere during the course of the
reaction. They attributed this inactivation to the reaction
product oxaloacetate, which was known to inhibit the enzyme
irreversibly. It was, however, shown later by Singh and
Srere (1971) that the irreversible reaction inactivation
could not be due to oxaloacetate since oxaloacetate
(both keto and enol forms) at a concentration level 1000
fold more than that produced during the citrate lyase
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catalyzed reaction, failed to inactivate the K. gerogenes
enzyme completely. Even under conditions where the
oxaloacetate formed was removed continuously from the
reaction system by coupling the reaction with malate
dehydrogenase and NADH, there was no decrease in the rate
of inactivation, The process of reaction-inactivation was
found to follow simple first order kinetics. fThe nature
of divalent metal cofactor was shown to effect the rate

of reaction-inactivation. Amongst the several metals
tested Zn2* gave the slowest rate while Mg>' gave the
highest rate of inactivation (Singh and Srere, 1971). The
initial rate of citrate cleavage was however, much less

in the presence of Zn2' than in the presence of Mg>'.
Although the mechanism of reaction-inactivation is not
well understood, it is known that the reaction~inactivation
progess leads to the loss of the essential acetyl moiety

of the enzyme, This was concluded from the fact that reaction
inactivated enzyme could be reactivated chemically by acetic
anhydride (Srere gt ales 1972)s A possible mechanism of
reaction-inactivation was suggested by Buckel gt al. (1973)
on the basis of the labile nature of the citryl-intermediate
from analogy with the spontaneous hydrolysis of Citry-CoA
observed at alkaline pH, Dimroth and Eggerer (1975b)
sugzested that this process is poscibly due to the hydrolysis
of the citryl-intermediate to citrate and inactive deacetyl
enzyme catalysed by the transferase ( ) subunit of the
citrate lyase complex, since such as effect on l1,5-1“c[-
citryl-ACP was observed in presence of the isolated
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-subunit,

On the basis of their reaction-inactivation behaviour,
citrate lyases from different sources can be classified
under two groupsj ones which undergoes rapid reaction-
inaetivation such as the enzymes from K. gerogenes
(Singh and Srere, 1971) and R, gelatinosa (Kummel gt al.
1975) and others which show only a weak reactione-
inactivation like the enzymes from $. diacetilactis (Singh
and Srere, 1975), L. gitrovorum (Kummel gt al.,1975) and
S+ faecalis (Hiremath gt 2l.,1975)s The process of
reaction-inactivation of the enzymes follows first order
kinetics and the rate constants (K;) for the enzymes from
K. aerogenes (Singh and Srere, 1975), E. goli (Nilekani
and SivaRaman, 1983), $. diacetilactis (Singh and Srere,
1975) and S, feagalis (Hiremath, 1977) at 25°C in presence
of Mg?* were found to be 1,21, 0,32, 0,06 and 0,07 min~t
respectively. The corresponding value of Ki in presence
of zna* for the enzymes from K, serogenes and
S. diecetilactis are 0,17 and 0,014 min™t,

The weak reactidn-inactivation observed was throu
to be due to the presenci of an HS-gitrate lyase
acetylating activity associated with the native citrate
lyase complex (Kummel gt al., 1975), since such an activity
could be detected in the citrate lyase preparations from
S« dlacetilactis and L. gitrovorum but not in enzymes from
&+ aerogenes or R. gelatinosa. However, Hiremath et al.
(1976) showed that the enzyme complex from é. faecalis,
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which also undergoes weak reaction-inactivation does not
contain any acetylating activity. Bowien and Gottschalk
(1977) later found that the acetylating activity observed
earlier in the enzyme complex from $. diacetilactis was
actually an impurity which could be separated from the

citrate lyase complex.

(ix) Melecular welghit

Citrate lyases in crude cell extracts of E. goli
and K. gerogenes were shown to sediment with a distinet
125 - 168 component' seen only in citrate grown cells (Bowen
and Dagley, 1955; Dagley and Sykes, 1956). Later, using
a homogeneous preparation of K. gaerogenes citrate lyase
SivaRaman (1961) obtained a Szo.w value of 16, The molecular
weight of citrate lyase from K. gerogenes which was earlier
reported as 314 000 - 318 000 (Bowem and Rogers, 1963a)
was shown by Mahadik and SivaRaman (1968) to be considerably
higher a)nd a value of 575 000 was obtained from transient
state sedimentation equilibrium ultracentrifugation., The
higher value was confirmed by Bowen and Mortimer (1971)
and obtained a value of 566 000 by transient state method
and 550 000 by high speed sedimentation method,
Carpenter gt al. (1975) and Singh et al. (1976) also
reported similar values,

Citrate lyases from all other sources have been
found to resemble the K., gerogenes enzyme in their
molecular weights. [ gelatinosa citrate lyase has a
molecular weight of 530 000 - 560 000 (Beuscher gt al.,



1974). Pure citrate lyase from 8. diagetilactis has a
molecular weight of 585 000 and a 820.w value of 16.8,
Hiremath gt al. (1976) reported the molecular weight of
S. faecalis citrate lyase as 600 000 with a‘Szo.w_value
of 17.1 S. The molecular weight of the enzyme from
£+ sphenoides has been shown recently by Antranikian gt al.
(1982) to be around 515 000 using gel filtration and
sucrose density gradient., The native enzyme from E. goli
has been shown to exist in multimeric states of aggregation.
In addition to the major 16.6 S component, 10 S, 20.4 S,
23.7 8 and 30 S species have been observed in sedimentation
profiles (Nilekani and SivaRaman, 1983).

Citrate lyase from K. gerogenes dissociates
reyersibly in buffers of low ionic strength and in the
absence of divalent metal ions (Mahadik and SivaRaman,
1968), In 1 mM potassium phosphate buffer, pH 7.5
containing 2 mM EDTA an half-molecule of 273 000 daltons
sedimenting at 10,3 S was obtained while in 1 mM potassium
phosphate buffer, pH 7.4 containing 1 mM EDTA an additional

component sedimenting at 6,5 S was observed. ng*

at a
concentration of 2 mM or an inerease in the ionic strength
of the buffer completely reversed the dissociation of the
enzyme complex. Bowen and Mortimer (1971) and Dimroth

et ale (1973) also observed similar behaviour, No such
dissociation was shown by the enzyme complex from

S. faggalis (Hiremath, 1977).



(x) Subunit structure : 4

Early investigations on the subunit structure of
cltrate lyase from K. gerogenes were based on analytical
ultracentrifugation under denaturdagon conditions (Mahadik
and SivaRaman, 19683 Bowen and Mortimer, 1971). The
heterogeneous nature of the dissociated system and the low
resolution of the technigue were probably responsible for
the erroneous conclusions drawn from these, Bowen and
Mortimer (1971) observed the presence of two components
of 33 000 and 54 000 daltons on SDS-polyaerylamide gel
electrophoresis, but the 54 000 dalton component was
believed to be an artifact, since a value of 33 000 dalton
was calculated from sedimentation equilibrium runs and
no heterogeneity was apparent from the sedimentation
profiles,

The presence in the enzyme from K. aerogenes of a
small subunit having a molecular weight of about 10 000
daltons was first reported by Dimroth et al. (1973) and
this component was shown to function as an acyl-carrier
protein (ACP), The prosende of two other non-identiecal
subunits of 55 800, 33 800 in addition to an 11 900 dalton
subunit was reported by Singh gt al. (1974) from SDS-
polyacrylamide gel electrophoresis analysis., The molecular
welghts of the three different subunits were determined
precisely by Carpenter gt al. (1975) using various
techniques such as sedimentation equilibrium in 6 M
guanidinium-HCl, SDS-polyacrylamide gel electrophoresis
and filtration through 6% agarose beads in presence of
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6 M guanidinium-HCl, The values reported by them for the
three subunits of K, gerogenes citrate lyase were 54 000
( )9 32000 ( ) and 11 000 ( ) daltons, Dimroth and
Eggerer (1975a) obtained similar estimates for the
molecular weights of the three subunits., The exact molecular
weight of the -subunit(ACP) computed from its amino acid
sequence analysis is 9378 (Bewreuther gt gl., 1978). The
molecular weights of the subunits in the citrate lyases
from K. aerogenes and other sources is summarized in Table II.
" The 54 000 dalton subunits in K. gerogenes (Dimroth
and Eggerer, 1975a) and in E. goli (Nilekani and SivaRaman,
1983) have been shown to function as the acyl-transferase
( ) subunit and the 32 000 dalton subunit as the acyd-
lyase, while in other sources the functions have been
attributed to the two subunits through analogy with those
of corresponding size in the K. aerogenesg complex. The
smallest subunit in all cases except in the E. goli enzyme
functions as the ACP ( ) subunit and has been shown to
containthe pantothenate moiety. E. goli citrate lyase
differs markedly from the enzyme from other sources in the
unusually large size of the ACP subunit which carries
4 pantothenate moieties on a single polypeptide chain of
85 000 daltons (Nilekani and SiveRaman, 1983) unlike the
10 000 dalton K. gerogenes citrate lyase ACP with a single
prosthetic group (Dimroth, 1975).
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Table II. Molecular weights of subunits of citrate lyase complex from different sources

Source
Subunit ...Em.Ew. E mlmp.mmbmhl E BF tridium Esmﬁo
aerogenes® diacetilactis® faecalis® gelatinosa sphenoides® sonsf
HH&M«HWﬂmmm 54 900 54 000 54 000 55 600 56 000 54 000
Sm.ma ; 32 000 32 000 37 000 31 600 32 000 32 000
»%A : 10 000 12 000 14 000 11 400 11 700 85 000

8carpenter et al. (1975)
dmwbmw and Srere (1975)
®Hiremath et al. (1976)
dGifrhorn and Gottschalk (1978)
®Antranikian et al. (1982)

fNilekani and SivaRaman (1983)
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(xi) Subunit stoichiometry ¢

The presence of a low molecular weight (ACP) subunit
in the citrate lyase enzyme complex of K. gerogenes has
posed difficulties in the estimation of the stoichiometry
of this subunit in the complex from gel scans after
separation by SDS-polyacrylamide gel electrophoresis and
staining with dye. Such gel scans of K._asrogenes enzyme
showed the presence of the and subunits in equimolar
amounts with a computed content of 6 copies of each in
the complex (Dimroth and Eggerer, 1975a; Carpenter gt al.,
1975)s Dimroth and Eggerer (19753) observed, however,
that the value for the -subunit determined by this
procedure varied with the period of staining. This was
attributed to the loss of the small subunit by diffusion
from the gel., SDS-gel scans yielded an approximate ratio
of 1:1:0,7 for the and subunits of K. aerogenes
citrate lyase (Dimroth and Eggerer, 1975a; Carpenter gt al.,
1975). The three subunits were, however, assumed to
occur in equimolar proportions on the considerations of
symmetry and the known losses of the ~gubunit in the
assay process.

Attempts were also made to estimate the stoichiometry
of the ACP subunit in the complex by chemical and
microbiologiogl assay of the prosthetic group component
which is exclusively assoclated with the ACP ( ) subunit.
The values obtained by this approach were in the range
of 3 = 5 ACPs/mol of the enzyme complex (Srere gt al.,
19723 Dimroth, 1975)s A value of 3 = 4 mol pantothenate



per mol enzyme was also obtained by Singh gt al. (1975)

by using_14

C~labeled pantothenate and a pantothenate-less
mutant of K. aerogepes. The '*

enzyme when doubly labeled with IBHl-citrate yielded in

C=pantothenate-labeled

l3Hl-acety1-l1acl-pantothenate complex which showed on
SDS-polyacrylamide gel electrOphorésis that the labeled
agetyl is also exclusively associated with the ACP
subunit,

Srere gt al. (1976) used a novel technique of amino
acid sequencing to establish the presence of equimolar
amounts of the three subunits in the holoenzyme from
K. gerogenes. Each of the separated subunits were sequenced
upto 10 residues from the N-terminus., Subsequently the
holoenzyme was sequenced and the ratios of the amino
acids released at various positions were quantitated,

From these values the ratio of the three subunits in
citrate lyase was calculated to be 1l:1:1. It was eoncluded
from the determined stoichiometry and the earlier estimates
of the prostnetic group that in the holoenzyme two chains
of the acyl carrier protein lack pantothenate moieties.

" The subunit stoichiometry of citrate lyase complex
from 8. fagealis was determined by Hiremath (1977) using
gel scans of Coomassie Brilliant blue stained SDS-
polyacrylamide gels. As in the case of the K. aerogenes
enzyme the molar ratio of and subunits was found
to be 1:1:0.7. Pantothenate assay in both S, fasgalis
(Hiremath, 1977) and S. diacetilactis (Singh and Srere,



1975) indicated the presence of only 4 mols of
pantothenate in the holoenzyme. Electron microscopic
studies carried out on the enzyme supports the hexameric
structure of ecitrate lyase and these are reviewed in the
following sections,

The subunit stoichiometry of citrate lyase complex
from £. goli has been recently reported by Nilekani and
SivaRaman (1983) and have shown from SDS-gel scans that
the enzyme complex consists of six copies each of the

~ and =-subunits and a single copy of the ~subunit,
This is the first report of a citrate lyase having a
subunit stoichiometry which differs from the general
hexameric structure of 6 6 6 Observed in the
enzyme complexes from K. gerogenes, S. faecalis,
Se diacetilactis and R. gelatinosa.

(xii) Subunit organization :

Preliminary electron microscopic studies carried out
on R. gelatinosa citrate lyase using negative staining
techniques (Beuscher gt al., 1974) revealed two types of
projections, a ring like structure (160 A diameter)
assumed to be the face on view and a sandwich pattern
(100 A thick) consisting of two parallel rows of density
which was assumed to be the side on view, The ring
structure was shown to be made up of three large ellipsoidal
structures (axes of 58° and 49A) and three small spheres
(diameter 43°A) arranged in alternate sequences, Two such

rings were shown to face each other in a hexameric



structure. At the time these studies were carried out,
Re gelatinosa citrate lyase was thought to be made up of
only two types of subunits and the location of the 10 000
dalton subunit was not considered., Citrate lyase from
Ko 2erogenes has also been reported to exhibit similar
profiles in electron micrographs (Dimroth and Eggerer,
197%a3 Schramm, 1981).

Antranikian et al. (1982) observed the presence of
three distinet configurational projections in electro-
micrographs of citrate lyases from R. gelatinosa,

S. diacetilactis and C. gphenocides. These forms were
designated as "ring®, "star® and "triangle® forms, It
was assumed that the intensity maxima represent the
large ( ) subunits and the minor ones ( ) subunits,

The smallest subunit ( ) was not resolved, The relative
proportion of "triangles" was very small, representing
only about 1% of all molecules and was thus assumed to

be a transition between the other two forms. In citrate
lyases from R. gelatinosa and S, disgetilactis the"ring®
form accounted for about 90% and the "star" form about
8beusk of the total molecules, In the C. sphenoides
enzyme, which requires glutamate for activity, the star
form predominated over ring forms in presence of
glutamate. Removal of glutamate resulted in the
appearance of undefined particles, In solutions containing
citrate lyase from S, diacetilactis, it was observed tmt
the proportion of stars increased with inclusion of
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citrate or its analogue, tricarballylate, indicating
that the two forms are interconvertible .

‘ The arrangement of all the 18 subunits in the multi-
enzyme complex from R. gelatinosa and their cooperation
during the enzyme reaction was studied in detail by using
cross-linking reagents and immunoeleectron microscopy with
antibodies directed against native ecitrate lyase and the
isolated subunits (Zimmermen gt gl., 1982). From results
obtained in these studies working model has been proposed
based on the observed star and ring forms of citrate lyase
as shown in Figure 3. In the face on view, the ring form
is made up of alternating large ( ) subunits and middle
sized ( ) subunits with each large ( ) subunit carrying
one of the small subunit ( ) as a polar cap., Each layer
comprising three copies of each subunit represents a
structural unit, According to the model, the ring form
(Figure 3a) represents the configuration of the enzyme
where acyl-transfer ogcurs on the =-subunit (ACP) forming
a citryl-S-ecitrate lyase intermediate. At this stage a
rotation oceurs around the vertical axis of the ~subunit
resulting in the star form (Figure 3b) where the citryl
residue on the =~subunit (ACP) is assumed would be
brought close to the active site of ~subunit (lyase).

In the star form the eitryl intermediate is eleaved into
free oxaloacetate and acetyl=-S—~citrate lyase and the
enzyme returns to the ring form by the reversal of the
postulated rotation. The triangles are assumed to be a

transition form.
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The following evidences led to the recognition of
the multienzyme nature of the citrate lyase.
(a) Bueckel gt al. (19712) showed using specifically
labeled 14C-gitrate that the K. aerogenes enzyme catalyzed
citrate cleavage through a two step reaction, with the
formation of a eitryl intermediate which is cleaved in
the next step to oxaloacetate with the regeneration of
active acetyl enzyme,
(b) Buckel gt al. (1973) found that inactive deacetyl
Ko aerogenes citrate lyase can catalyze the eleavage of
citrate in presence of acetyl-CoA or citryl-CoA, Using
these two CoA derivatives they showed conclusively that
the cleavage reaction proceeds via two distinct enzymatic
steps.,
(¢) Dimroth gt al. (1973) showed the presence of a small
molecular weight (10 000 daltons) subunit in the K. gerogenes
citrate lyase which funetions as an acyl=carrier protein.
The subunit ecarries the covalently bound CoA-like prosthetic
group (Srere gt ale., 1972; Dimroth, 1975; 1976; Robinson
et al., 1976), The presence of two other non-identical
subunits having molecular weights of 54 000 ( ) and
32 000 ( ) daltons in addition to the ACP ( ) subunit
was shown by Singh et al. (1974).
(@) Dimroth and Eggerer (1975b) established unequivocally
the multienzyme nature of citrate lyase from K. gerggenes
by isolating and characterising the funetion of each

subunit,
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The 54 000 daltons ( ) subunit was shown to catalyze
the formation of l1.§—1acl-citryl—ACP and acetate in presence
of 10 000 daltons acetyl=ACP and||1,5-'%C|-citrate. Thus
the subunit was shown to be an acyl-transferase,

. =subunit
Acetyl=ACP ¢+ Citrate =z=w=wmes=== Cliryl-ACP + acetate
The catalytically active form of th: isolated subunit

wag found to be as & dimer ( ) and the reaction was shown
10 occur in presence of EDTA, being independent of the
presence of divalent metal cofactors such as Mg>t, The
32 000-dalton ( ) subunit was shown to function as an
lyase subunit catalyzing the cleavage of l1.5—140!-c£try1-
ACP to |1-1%C|-oxaloacetate and the acetyl-ACP,

-subunit + Mg>*
Citryl-ACP =z : Acetyl-ACP +

oxaloacetate

This subunit has an absolute requirement of divalent
metal ions like Mg?¥ for activity.

Further, the active complex, which was identical to
the native enzyme in its sedimentation behaviour as well as
its specific activity, was reconstituted from the three
separated subunits.

Citracalate lyase from Clostridium tetanomorphum has
been shown to resemble citrate lyase in being a builtein
multienzyme complex with subunits of similar molecular
weights, functions, stoichiometric proportion and similar
prosthetic group composition indicating similar mechanisms
off action (Buckel and Bobi, 1976).
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Citrate lyase from E. goli has recently been shown
to have similar enzyme subunits as the XK. gerogenes enzyme,
although the associated acyl-carrier protein ( ) subunit
is a single large polypeptide chain earrying 4 covalently
bound prosthetic groups (Nilekani and SivaRaman, 1983).

(xdv) Effect of citrate analogues :

Sullivan gt al. (1977) and Stallings gt al. (1979)
have studied the effects of hydroxyecitrates on citrate
enzymes, All the four isomers of hydroxycltrate were
found to function as linear competitive inhibitors for
citrate in the reaction catalyzed by citrate lyases from
K. gerogengs and $, diacetilactis. The kinetic constants
are reproduced in Table III, It is evident from the Ki
values that €288, 38)-2-hydroxycitrate is the strongest
inhibitor and the (2B, 38)=2v¢hydroxycitrate isomer the
weakest for the X. agrogenes citrate lyase, while for the
Se diagetilactis enzyme (28, 3R)=2~hydroxycitrate is the
strongest inhibitor and the (2R, 33) isomer the weakest.

Except (28, 3R)=2-hydroxyeitrate, all the other
isomers were found to serve as a substrate for the eitrate
lyase reaction, (2R, 3R)=-2-hydroxycitrate undergoing the
fastest reaction in presence of citrate lyase. +The
inactivation by hydroxycitrate isomers was shown to be due
to the loss of the essential acetyl moiety from the enzyme
complex through a process of reaction-inactivetion similar
to that in presence of citrate.

From the varying abilities of the four isomers to



inactivate citrate lyase and to undergo reaction in
presencn 0Of citrate lyase and from the postulated
conforaatlions of metal citrate chelates, interesting
speculations vere nade regarding the gecmetry of substrate
binding to the enzyme (Stellings gt 8le., 1979)e It was
postq}ated that 1f hydroxycitrate binds in a "citrate like®
manner, then the C3 - Ca bond of the substrate is oriented
in a position favcourable for ecleavare, However, in
alternate modes of binding, in which the terminal hydroxyl
and the central hydroxyl groups are involved, the enzyme
is inhibited probably as & result of nonproductive
binding,

Recently Rokita gt al. (1982) have renorted the use
of a novel fluorinated analogue of citratey 3-fluoro=3-
deoxycitrate (3-fluorocitrate), as a mechanistic probe
for the eitrate utilizing enzymes. Making use of
differential abilities of acetic anhydride and ascetdte
10 reactivate lnactive citrate lyase, the authors have
shown that J3-fluorocitrate inactivates at two points
during the reaction of acetyl—-citrate lyase. First the
inhibitor can form a mixed acetic acid-3-fluoroceitrie
acid anhydride intermediate which diffuse away from the
active site leaving the enzyme in the deacetylated,
inactive form, which can be reactivated by acetic anhydride.
It can also inactivate the enzyme by forming the 3=
fluorcecitryl=-5S~enzyme intermediate which renders the
enzyme inactive, since J-flucrocitrate cannot bLe cieaved
between the C2 and C3 positions, Then3—f1uorocitryi-s—
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enzyme is not reactivated by acetic anhydride but the
3=-fluoroccitrate is displaced by nucelophilic acetate ion
or treatment with sodium acetate, Ixperimental data
indicated a 1:1 distribution of inactive enzymes initially
between the two types of inactivation,

Zable 111
Enzyme Inhibitor Km Ki
. (eitrate)
uM
Klebsiella (28,38)=2=hydroxycitrate 57 8
ci%ﬁf%i‘“m (2By33)=2~hydroxycitrate 52 1
Ayass (3R,38)-2-hydroxycitrate 59 178
(28,3R)-2-hydroxycitrate 36 51
Tricarballylate# 160 1090
3=fluorocitrate* 160 43
m (28,88 )~2-hydroxycitrate 245 279
citrate (2Ry35)=2~hydroxyeitrate 253 168
lyase

(2R,38)=2~hydroxycitrate 232 419
(28, 3R )=2-hydroxycitrate 254 248

Reproduced from Sullivan et al. (1977)
*Values taken from Rokita gt al, (1982)
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‘XV) Amino acgid compnositi

Holoenzvme : The amino acid composition of K. gerogenes
citrate lyase holoenzyme was estimated by Bowen and Rogers
(1965) using high voltage paper electrophoresis for
separation of the component amino acids in the aecid
hydrolysate, Singh et al., (1976) used the more standard
method of ion exchange chromatography for the automated
analysis of the amino acids and observed considerable
differences in the contents of several residues reported
by Bowen and Rogers (1965), Singh gt al. (1976) also
reported that all the three subunits of the enzyme complex
contain methionine at the N-terminus and not lysine as
reported by Bowen and Mortimer (1971).

The amino acid composition of the enzyme complex
from §. faegalis was shown to be markedly different from
the K. aerogenes enzyme (Hiremath, 1977)., The partial
specific volume of the enzyme from §. faegalis was
caleculated from the amino acid data and a value of 0,742
ml.g™t was obtained. The corresponding value for the
K. aerogenes enzyme is 0.737 ml.g ™t (Singh gt al., 1976).
The amino aeid composition of purified ecitrate lyase from
L goli was reported by Nilekani (1980) and was found to
resemble that of the XK. gerogenes enzyme,

Subunits : Singh gt al. (1976) determined the amino
acid composition of the isolated (Mr 54 000) and
(Mr 32 000) subunits of K. aerogzenes citrate lyase, The
anino acid sequence for ten residues from the Neterminus

was also determined for each of the subunits, All had
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methionine as N~terminal residue and leucine at the 8th
position. Mieroheterogeneity was observed in the
subunit sequence, proline and arginine occurring in equal
proportions at the 4th position,

The amino acid composition of the isolated ACP ( )
subunit of K. gerogenes citrate lyase was first reported
by Dimroth gt al. (1973). The ACP subunit contains a
cysteamine and a cysteine residue, both acylated. Zhis
was shown by treating the ACP first with unlabeled iodo-
acetate followed by deacetylation and subsequent treatment
with lodo|2-'%Clacetate. Analysis of the acid hydrolysate
of the 1l'c-hbeled ACP showed that the radioactive label
was equally distributed in both cysteamine and cystefine,

Dimroth and Eggerer (1975a) showed by affinity
labeling of deacetyl citrate lyase by iodoacetate in presence
of excess dithioerythreitol that the cysteamine residue of
the ACP subunit is apparently the biologically active
acyl-carrier,

Beyreuther gt al. (1978) determined the complete
amino acid sequence of the ACP subunit of K. gerogenes
enzyme complex. The ACP subunit is made up of 78 residues
and the total absence of tyrosine and histidine residue
were unique features., The molecular weight of ACP subunit
computed from the amino aclid sequence and the prosthetiw
group was 9378. Circular dichroism studies indiecated a
high degree of helical content.

The acyl=-carrier proteins of citrate lyase and
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citramalate lyase (Dimroth and Loyak, 19773 Buckel and
Bobi, 1976) were found to be similar in their amino acid
compositions. The structure of prosthetic groups of the
two enzymes also appeared to be identical. However, the
ACP of eitrate lyase differs markedly from the ACP of fatty
acid synthetase from E. goli (Dimroth gt al., 19733 Vagelos,
1973)e The prosthetic group of fatty acid synthetase
contains 4~phosphopantetheine while the lyase ACP contains
adenine, phosphate and sugar residues in addition to
phophopantetheine.

Hiremath (#977) has reported the amino acid compesitions
of the isolated subunits of the enzyme from $. faecalis.
The ACP subunit of S. fagcalis enzyme contains four histidine
residues while that from K. gerogenes has none., ACPs of
both these enzyme contain a single cysteine residue which
is acylated in the native enzyme., The amino acid
composition of E. goli subunits (Nilekani, 1980) resembles
that of K. gerogengs subunits more than that of 8. Lfaecalis
The ACP subunit of E. goldi however, showed the presence
of tyrosine which is not present in the ACPs of

K. gerogenes and §. faecalis enzyme
(xvi) Mmmumm;a :

Srere et al. (1972) observed for the first time that
citrate lyase from K. gerogenes contains covalently
attached pantothenate moieties. Microbiological assays
showed that about 3 mols of protein-~bound pantothenate

are present in a mol of the pure enzyme. Since pantothenate
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could be detected only after alkali and alkaline phosphatase
treatments it was assumed from analogy with the fatty
acid synthetase system, that the prosthetic group was
4-phosphopantetheine covalently bound to the enzyme,
Since earlier work by Buckel gt al. (1971a) had shown that
citrate lyase contains essential acetyl groups in a thiocester
linkage it was assumed that these groups are on the
h4-phosphopantetheine moieties, The prosthetic group was
later shown to be associated with the 10 000 dalton -
subunit of the K. aerogenes citrate lyase (Dimroth gt al.,
1973). This established the acyl-carrier protein (ACP)
function of the -subunit. Later work indicated that the
prosthetic group of citrate lyase is more complex than the
h4-phosphopantetheine in the fatty acid sunthetase system.
Dimroth (19753 1976) showed that the prosthetic group of
citrate lyase contains adenine, ribose, phosphate,

-alanine, cysteamine and pantoic acid. By analysis of
the products of chemical and enzymic degradation Robinson
et al, (1976) proposed the structure 3'(or 2!') 2" (5%
phosphoribosyl) dephospho~CoA for the prosthetic group.
That the site of attachment of the second ribose moiety to
the dephospho-CoA is at the 2' position has been inéicatod
from NMR and mass spectrometry studies.(Oppenheimer gt al.,
1979)« The proposed structure for the prosthetic group is
(19 s 27 ) (5%~phosphoribosyl) dephospho=Coh.

Dimroth (19753 1976) showed that the prosthetic

group of the ACP is bound through a phosphodiester linkage
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to a specific serine residue. Beyreuther gt al. (1978)
sequenced the ACP subunit and showed that the prosthetic
group is linked through the 5" phosphoribosyl moiety te
.serm-ﬂ» of the polypeptide chain, This was shown by
treating the ACP with alkali to convert theserine residue
carrying the prosthetic group to dehydroalanine by

-glémination, followed by Nan’Hh reductién of dehydro=-
alanine to JH alanine. The position of the modified serine
residue was then located by Edman degradation.

Robinson gt al« (1976) reported that the isolated
prosthetic group of citrate lyase could substitute for
coenzyme A in the citrate synthase and ATP-citrate lyase
catalyzed reactions. The prosthetic group is the first
compound which has been found to substitute for CoA in the
ATP-citrate lyase catalyzed reaction. The isclated
prosthetic group can also serve as a substrate for acetate:
SH (acyl=-carrier protein) enzyme ligase (AMP) from
K. gerosenes. Acetyl-CoA and citryl-CoA in turn substitute
for the prosthetic group in the reactions catalyzed by de
deacetyl citrate lyase from K. aerogenes (Buckel g% al.,
1973) and by the separated and subunits (Dimroth gt
aley 1977b). The close similarity in the mechanism of
agtion of the three citrate enzymes which catalyzes the
same bond making and breaking reaction has led to the
suggestion that these enzymes have possibly evolved from
a common ancestral enzyme (Robinson gt ale., 1976).
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(xvii) Immunological behaviour :
Citrate lyase from K. gerogenes, E. goli and
2. diacetilactis were found to be immunologically distinct

(Singh and Srere, 1975). In double diffusion studies it
was shown that pure citrate lyase from 8. discetilactis and
E. goli does not cross react with rabbit antisera against
the purified citrate lyase from K. geregenes. The
precipitation bands were observed with rabbit antisera
against purified 8. diacetilactis citrate lyase only with
its own antigen,

Giffhorn (1881) found that the antibodies to native
eitrate lyase from R. gelatinosa cross reacts only with the
citrate lyase from R. palustris, but did not form any
precipitation bands against citrate lyases from K. aerogenes,
S. diacetilactis or C. gphenoides. Another interesting
observation made by them was that only the antibody against
purified -subunit of R. gelatinosa citrate lyase complex
formed precipitin bands with citrate lyase from R. palustris
while anti- end anti- subunit antibodies did not cross-
react. This suggested that the common antigenie
determinants were located only on the large ( ) subunit

of the enzyme complexes from R. gelatinosa and R. palustris,
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Citrate lyase (citrate oxaloacetate lyase, EC 4.1.3.6)
which catalyzes the cleavage of citrate to oxaloacetate
and acetate in the presencd of divalent metal ions like

24 and Hna*

Mg is & key enzyme in the anaerobic fermentation
of citrate, Much attention has been focused on this

enzyme on account of its built-in multienzyme structure
and its phylogenetic significanee in the evolution of

other ¢itrate enzymes, The earlier studies on this

enzyme has been reviewed in the Introduct®8y Chapter of
this thesis,

Although the subunit structure of citrate lyase
complexes from several sources has been well documented,
the nature of the substrate binding sites and details of the
mechanism of its action are not understood. An attempt
was therefore made té study some aspects of the nature of
the active sites of the enzyme subunits of the complexes
from K. gerogenes, S. faecalix and E, goli; the mechanism
of inhibition by some substrate f£for the acyl-transfer
reaction and the structural features of the acyle-carrier
protein subunit, The results of these investigations are
reported in the present thesis under three sections and
the significant findings are briefly enumerated in the
following General Summary.
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Eart L.

p=-Azidobenzoyl=-Col, which carries a photoreactive
azide group, was synthesized and used as a photocaffinity
reagent for probing the ccyl=-CoA binding sites of eitrate
lyase from K. gerogencs, S. faecalis and . goli.

pwfzidobenzoyl=CoA was found to have no inhibitory
affect on the acyl-transferase activity of the purified,
native clitrate lyasé complex from K, aerogenes as well as
of the isolated acyl~transferase ( ) subunit. The
substrate binding sites of the acyl=lyase ( ) subunit,
however, have been shown to acecept the aryl-CoA ester.
p~-Azidchenzoyl-CoA was shown by kinetic data to funection
in the dark as a linear competitive inhibitor for (38)-
citryl=Cod in the eitrate lyase reaction, having an
inhibitor constant, Ki = 80 uM, In these experiments the
£ value for (38)=citryl=Col was found to be 67 uM.
Irreversible inactivation ogccurs on photolysis of the
reagent in the presence cof deacetyl=gitrate lyase complex.
The binding of p-azidobenzoyl=CoA to the (38)-citryl-CoA
binding site of the lyase subunit on photolysis has been
shown to occur both in the presence of Mg2' as well as in
the presence of sxcess of EDTA, These results would
suggzest that (38)-eitryl-CoA binding to the lyase subunit
is independent of divalent metals, while iits cleavage

requires the presence of Mgz+.
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That the birbeling is exclusively on the lyase ( )’
subunit of the multienzyme complex was shown'by using
p—azidOn!1“G!~b¢nzoy1-coA. The stoichiometry of the Coiw
eﬁzor binding was also investigated by the use of p~azidoe
| Cl=benzoyl=CoA, and a titre of about seven sites per
moel enzyme complex was obtained., This establishes for the
first time that all the active sites on the sig lyase
subunits present in the hexameric complex are indeed
accessible to (38)=citryl-Coi.

Similar results have been cbtained with the purified
citrate lyase complex froa Streptogoccus Zagealis, an
enzyme which shows only slow reaction~inagtivation compared
to the K. serogengs enzyne, The isclated acyl-lyase ( )
subunit of E. goll citrate lyase, which is not inactivated
in the process of separation as extensively as the
ecorresponding subunits from K.agrogenas, has been shown
to be inhibited by p~azidobenzoyl-CocA in the dark,

Part 1.

p~Azidobenzoate, monochloroacetate and Lemalate have
been shown to function as suicide substrates for bacterial
citrate lyase,

p~Azidobenzoate in the dark causes a rapid and almost
complete and irreversible inactivation of citrate lyases
both from K. asrogenes and £. faeealis. The inactivation
process follows first order kinetics; deviation being observed
with the K. aerggengs enzyme with atiainment of a plateau
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level of activity. In presence of p-azidobenzoate (10 mM)
and EDTA (10 mM), approximately 90% inasetivation oceurs in
about 20 min, the Kapp Values being 0,09 min™t for the

. aerogenes enzyme and 0,10 min™  for the 3. faegalis enzyme.
In the presence of Maz* (3 mM), however, p-azidobenzoate

(10 mM) inactivates at a merkedly slower rate, the rate
constants of inactivation being 0,0235 min™' and 0,008 min~t

for the enzymes from K. aerogenes and S. faeggalis,

respectivelys, The effeet is indicative of a conformational
change in the enzyme complex on binding of the metal ecofactor,
The comparatively slower rate of inactivation of the Se faecalis
enzyme in the presence of metal, which presumably reflects

& correspondingly slower rate of formation of the mixed
anhydride intermediate, might explain the weaker reaction-
inactivation behaviour of the enzyme from this source compared

to the complex from K. gerogenes. The enzyme inactivated by

p-azidobenzoate 1s reactivated by acetie anhydrides and not
agetate, indicating that the meshanism of inactivation is
probably through a direct deacetylation and not by the
formation of a p-azibenzoyl-Seenzyme intermediate, the latter
even if formed is likely to hydrolyze rapidly. Mono-
chlorcacetate shows similar inactivation characteristics

as p-azidobenzoate, being however less effective than the
latter in 1ts inactivation,

L-galate differs from p-azidobenzoate and monochloro-
acetate in the mechanism by which 1t inactivates citrate
lyase; the enzyme inactivated by malate being partially
reactivated by acetate. L-lalyl-S-enzyme intermediate



accumulation apparently occurs in this case,

The acyl=carrier protein (ACP) subunit of the
K. gerogenegs enzyme contains two acetylated thiol groups,
one contributed by the cysteamine residue of the prosthetic
group and the other by the cysteine residue in the poly-

peptide chain, The thiol group uvf the cysteamine residue in

the deacetylated enzyme ics acetylated by the enzyee citrate
lyase ligase in presence of acelate and ATF, UWe have shown

by the use of !‘“clulabeled acetate that the ligase enzyme

is also responsible for the modification of the cysteine

residue in the ACP subunit. Post translational modifications

of amino acid residues have been extensively documented but

the mechanisms of such ip ylvg changes are not always understood.

Reaction-~inactivation of XK. gerogenes citrate lyase
which results in the loss of the essential acetyl moliety
has been shown not to deacetylate the modified ecysteine
residue of the ACP subunit,

The proximity of the two thiol groups generated after
deacetylation of the ACP subunit with neutral hydroxylamine
was studied using o-phenanthroline-Cu’* complex whieh is
known to oxidize thiol groups only to the level of disulfide,
Evidence is presented for the Jjuxtapesition of these groups
which results in intrapeptide disulfide bridge formation.
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PHOTOAFFINITY LABELING OF CITRATE LYASE BY p-AZIDOBENZOYL
COENZYHE A

SUMMARY

p~Azidobenzoyl coenzyme A functions as a linear
competitive inhibitor for (338)-citryl-CoA in the citryl-CoA
oxaloacetate-lyase reaction catalyzed by the Klebgiella
aerozenes deacetyl citrate lyase complex (Ki = 80 uM; (38)-
citryl-CoA K = 67 uM). Inactivation is irreversible on
photolysis of p-azidobenzoyl-CoA in the presence of the

deacetyl citrate lyase complex, Mzz" is not required for the
inactivation. Inactivation is blocked by (38)=eitryl-CoA

in the presence of ethylenediaminetetraacetic acid,
p~Azidobenzoyl~CoA irreversibly inactivates also the acyl-
lyase activity of deacetyl eitrate lyase from S. faegalis,
(38)~citryl=CoA protecting the inactivation., The isolated
acyl=lyase ( ) subunit of the ecitrate lyase complex from

E. goll which was obtained without excessive inactivation was
also inhibited irreversibly on photolysis in presence of
p-azidobenzoyl-CoA,

p-Azidobenzoyl=CoA has no effect on the acetyl-CoA:
citrate CoA transferase activity of both the deacetylcitrate
lyase complex and is isolated transferase subunit.

The stoichiometry of the CoA ester binding has been
investigated by the use of p—azidolmclbenzoyl—coA as a
photoaffinity reagent with Klebgiells aerogenes citrate
lyase, The labeling is exclusively on the lyase ( )
subunit of the citrate lyase complex.
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INTRODUCTI@N

The citrate lyase multienzyme complex (EC 4,1,3.6) has
been obtained pure from a number of bacterial sources
(SivaReman, 19613 Singh and Srere, 1975; Hiremath gt al.,
19763 Giffhorn and Gottschalk, 19783 Antranikian gt 8les
19823 Nilekani and SiveRaman, 1983), The enzyme complex from
K. aerogenes, which has been studied the most, has been
to be assembled from three dissimilar subunits and
of molecular weights of 54 000, 32 000 and 10 000,
respectively. The ~subunit functions as an acyl-carrier
protein (ACP) with an essential acetyl moiety in thiocester
linkage (Buckel gt al., 1971) on a covalently bound ecoenzyme
A-like prosthetic group (Oppenheimer gt al., 1979). The

-subunit acts as an acyl transferase involved in the
formation of (38)-eitryl-ACP in presence of eitrate with
the release of acetate, while the =subunit funetions as an
acyl=lyase catalyzing the cleavage of the citryl-ACP
intermediate to oxaloacetate and acetyl-ACP (Dimroth and
Eggerer, 1975b). Acyl-Cofnzyme A (acyl-CoA) derivatives
such as acetyl-CoA and propionyl-CoA have been shown to
serve also as substrates for the transferase reaction, while
(38)=citryl-CoA acts as a substrate for the lyase reaction
(Buckel et al., 19733 Dimroth gt gl., 1977).

The subunit structure of the citrate lyase complex
from several sources has been studied in detail, but the
nature and stoichiometry of the substrate binding sites
have not been investigated. This chapter deseribes the



use of p-azidobenzoyl=CoA as a photoaffinity reagemit for
probing the acyl-~CoA binding sftes of the complex from
diverse sources.

Photoaffinity labeling is usually achieved by
incorperating a chemically inert but photochemically labile
group in the natural ligand or an inhibitor which competes
with the ligand for its specific receptor site. Reversible
inaetivation behaviour can be studied in the dark, By
irradiation of the system, the photolabile group is converted
to a highly reactive species which reacts irreversibly by
chemically combining, often indiscriminately, with funectional
groups, specifically those located at or near the active
ligand binding site because of the high loeal concentration
of the reagent obtaines thqrc. The specificity is further
enhanced by the use of scavengers in the reaction system,

A number of reviews have covered the various aspects of
affinity labeling (Knowles, 1972§ Creed, 1974; Bayley and
Knowles, 19773 C:uowdhry and Westheimer, 1979).
p~Azidobenzoyl-CoA having an aryl nitrene system has
been used earlier as affinity labels for enzymes using
agyl=CoA, such as acyl-CoAiglyeine Neacyl-transferase
(hothg} al., 1977) and transgerboxylase (methylmalonyl-CoAs
pyruvate carboxy-transferase) (Poto et al., 1578).



MAIERIALS

Streptomyein sulfate was a product of Hindustan
Antibioties Ltd., Poona, FElectrophoresis grade aegrylamide
NgN' methylene bisacrylamide and N,N,N?',N'-tetramethyle
ethylenediamine (TEMED) were obtained from Fastman Organic
Chemicals, USA,

Peptone powder was from Bengal Irmunity Co., Ltd.,
Calcutta; Yeast extract was a preparation of Difco
Laboratories, USA,

NADH from yeast (disodium salt - 3H,0 grade II1)s
Adenosine 5'=~triphosphate (disodium salt) from equine musclej
citrate synthase from pig heart (type 111, specific activity
155 \mel.min"l.mg"l protein); crystalline bovine serum
albuming N-hydroxysuccinimide; dithiothreitols Trizma base
and sodium dodecyl sulfate (SDS) were from Sigma Chemicals
Co.y USAs 5,5'-dithiobis (2-nitrobenzoate) (DINB) was
obtained from Calbloghem, USA, Dieyclohexylecarbodiimide
(DCC) and 2-mercaptoethancl were from Fluka AG, Bucks SG.

p-Aminobenzoic acid was obtained from BDH Ltd.,
Englend and p-aminocarbonyle|'*c|~benzoic acid (21 Ci/mol)
was obtained from Amersham, UK,

Analytical grade urea was obtained from BDH (India)
Ltd, and was reerystallized from agueous ethanol and stored
dry over P205 in vacuun, Urea solutions were prepared
fresh before usae,

Solvents required for ester preparations were dried
Just before use. Ethyl acetate was dridd by distilling
over anhydrous 12003 whikh tetrahydrofuran was dried by
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refluxing over sodium followed by distillation,.
All other products were of the highest purity
obtainable commerecially,

Qrzandsms:

Klebsiella aerogenes (NCTC 418) was maintained routinely
on nutrient agar slants containing 2,0% agar, 0,3% beef
extract, 0,5% NaCl and 0.5% peptone, pH adjusted to 7.0 by
NaOH, The organism was subcultured every month., Before
transfering into the citrate growth medium, the organism was
ineeulated into nutrient broth, and grown anaerobiecally to
increase the eell population.

Streptogogcus faegalls (strain 10 Cl) was a gift from
Professor I.C. Gunsalus, University of Illinois, USA and
was maintained routinely in nutrient agar stabs., Before
subculture or transferring into the citrate growth medium,
the organism was inoculated inte an enrichment medium
comprising 0,5% glucose, 0.5% lactose, 0.6% liver extract,
045% yeast extract, 0.6% sodium acetate and the usual trace
elements, pH adjusted to 7.6 with NaOH, The organism was
grown for 24 hr at 37°C and then transferred back to the
stabs, The organism was subcultured every 2 - 3 weeks.

Eagherdchia goll (ATCC 8739 Crooke's strain) was
maintained routinely on nutrient ager slants and subeultured

every 2 - 3 weeks.

Buifers @
All the buffers used were prepared water, double
distilled in glass, Phosphate buffers of different molarities

and pH were prepared by mixing and diluting I M stock solutions
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of dipotassium hydrogen phosphate and potassium dihydrogen
‘phosphate in the proportions given by Green and Hughes (1955).
Tris-HCl buffers of desired pH were prepared by neutralizing
Trizna base with 1 N HCl, All the buffers required for
purification, except the 0,03 M phosphate buffer, pH 7.0

used for extraction of the enzyme frem the cells, contained
146 mM MgSCy,.

Alunina C _gel:
Preaged alumina C gel (grade A) was obtained from
Calbioghem, USA and had a solid content of 3.25%.

DEAE-gellulose:

The anion exchanger DE=-52 was obtained from Whatman
Ltd.y, England, Before use the exchanger was washed with
several changes of water, the fine particles being removed
in the first wash, For fast equilibration with the buffer,
the exchanger was washed by decantation with three lots of
100 ml of 0.5 M potassium phosphate bufref, pH 7.5 eontaining
1.6 mM Mgs0,, followed by washing three times with 200 ml
lots each of the appropriate initial strength of potassium
phosphate buffer, pH 7.5 containing 1.6 mM MgsS0, used in
the chromatography. The exchanger was then packed under
pressure in a column of 1.5 x 30 cme When in use, the
column was run under controlled pressure to give a flow
rate of 18 ml/h.

DEAE-gellulose (Cl =form):

The following treatment was given to the DEAE-gellulose

(DE=52) used for the separation of CoA-esterss



~3

DEAE=cellulose (20 g) was washed successively with 50 ml of
1 N HCl, 200 ml of water, 50 ml of 1 N NaOH, 200 ml of water
and finally with 50 ml of 1 N HCl. All the washings were
done by doeﬁntation except the acid washings which were
done rapidly on a sintered glass funnel, After the final
treatment with HCl, the material was washed thoroughly

with water until the washings were neutral and the ion
exchange resin packed under pressure in a 1 x 8 em colump.

Sepharose CL~OB:

Sepharose CL-6B was obtained from Pharmacia Fine
Chemicals, Uppsala, Sweden, as a wet suspension, It was
thoroughly washed with water to remove the preservative
used and was equilibrated with 0,05 M potassium phosphate
buffer, pH 7.5, which wes also used as the elution buffer,
The equilibrated Sepharose CL-63 is packed into 2 column
(245 x 110 cm) under gravitational pressure, The column
gave a consistent flow rate of 14 - 16 ml/h.

Powdered ammonium sulfate was used in the early steps
of the enzyme purification procedures, The quantities of
ammonium sulfate required to get the desired saturation
were read off a nomogram in which concentrations are
expressed in terms of saturation at 0 - 3°C, In the later
stages of purification cold, saturated solutions of
ammonium sulfate neutralized with ammonia was used for the
precipitation.

(=)



EXPLrIMENIAR PRUCEDURLD

Erotein determination:

Protein measurements at all stages of purification and
of the isolated subunits were made by the method of Lowry
&t ale (1951) using bovine serum albumin as standard. The
golour developed was read at 500 nm or 750 nm. Samples
gontaining streptomycin sulfate were dialysed overnight
against water before protein determination. Enzyme protein
in the purified citrate lyase complex from XK. gerogenes
was determined from absorbance measurements at 278 nm

using the absorption index E%im of 6.2 (Singh gt 2l., 1976).

Inzyme assay:

Tow different methods were employed to determine
enzyme activity. In the early stages of purification the
activities were routinely measured by the procedure described
by Mahadik and SivaRaman (1968), The test medium contained
in a total volume of 3 ml: 150 umol Tris-HCl, pH 840,

300 umol sodium citrate and 30 umol MgSDh. The reaction
wag initiated by adding about 10 ug of the enzyme sample.
The reaction was stopped by adding 3,0 ml of 10% (w/v)
trichloroacetic acid, The keto acids formed were
estimated by the method of Friedman and Haugen (1943).

Citrate lyase activity of the pure enzyme complex
was determined by coupled assay with malate dehydrogenase
(Singh and Srerey 1971). The reaction mixture placed in
1 ml cuvette contained in a total volume of 1 mlj 50 umol
Tris-HClL buffer, pH 8,03 5 umol sodium ecitrate; 3 umol
Mgs0, 3 10 = 15 ug malate dehydrogenase and 0,2 umol NADH,
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The reaction was initiated by adding 0.5 ug of citrate lyase
contained in a volume of 10 uvl., The temperature was
maintained at 30°C' The progress of the reaction was
monitored by the deerease in optiecal density at 340 nm,
A decrease of 6,22 in the optical density correspond to
1 umol of oxaloacetate formed. The amount of enzyme

required for catalysing the e¢leavage of 1 umol of citrate

per min represents 1 U of the enzyme,

Aecyl transferase. Acyl transferase activity of the
deacetyl citrate lyase complex and of the isolated -

subunit was deternined from the initizl veloeity of the CoA
transfer from acetyl-Cold to ¢itrate in nresence of EDTA

by estimation of citryl-CoA produced with citrate synthase
in presence of DINB (Dimroth gt al., 19773 Srere gt 8l.,
1963), The reaction mixture contained in a total volume

of 1 ml: 50 umol Tris-HCl buffer, pH 8,03 5 umol ecitrate;

2 umol DINB; 0.5 umel acetyl-Coi, 1,1 U of eitrate synthase
and 10 umol EDTA., The resction was initiated by the
addition of 25 ug of deacetyl citrate lyase or 10 ug of
isolated ~subunit,

Acyl lvage. Acyl lyase activity of the deacetyl
enzyme gomplex and of the isolated -subunit was determined
from the initial rate of oxalecacetate formation on cleavage
of (38)-eitryl=CoA in the presence of Mga+, oxaloacetate
being assayed with malate dehydrogenase (Puckel gt al.,
1973)« 1 ml of reaction mixture contained 50 umol



Tris-HCl buffer, pH 8.03 3 umol MgSO“; 10 ug malate
dehydrogenase; 0,2 umol NADH and 0,5 umole eitryl-CoA,
The reaction was initiated by adding 25 ug of deacetyl
citrate lyase or isolated =subunit,

Qotical density:

Optical density measurements were carried out on a
Beckmen DU, Model-26 (Spectrophotometer) or Shimadzu Model
UV~210 A spectrophotometer, Inzyme kinetics were done
mainly on Shimadzu instrument equipped with & strip chart

recorder,

Ri measurements :
A Philips precision pH meter, Model PR-9405 and a
Global digital pH meter Model DPH 500 with a combination

glass electrode wwere used for all pH measurements,
Sondugtivity measurements:
Conductivity measurements were carried out on a

Systronics Model 303 direct reading econductimater.

Ultracentrifugation:

Ultracentrifugation runs were cerried out in an
analytical Spinco ultracentrifuge Model E equipped with
phase plate Schlieren optics and a Rotor Temperature
indicator and Control deviece for maintaining constant
temperature. All runs were carried out at 2 - 5°C and
59 780 rpm and were used to check the homogeneity of the

enzyme preparations,

Ultrafiltration:
Concentration of the enzyme solutions obtained in the
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f£inal step of isolation of the holoenzyme and of the isolated
component subunits were done by ultrafiltration in an
Amicon ultrafiltration cell of 10 ml capacity using a

PM=-10 membrane,

Disc gel electrophoresis was carried out by the method
deseribed by Davis (1964), 5% acrylamide gels were prepared
by polymerization with 0,07% ammonium persulfate. The
separating gel contained Tris+HCl buffer, pH 8.9, the
sample and stacking gels were omitted. Excess ammonium
persulfate was removed by a preliminary electrophoresis
for 1L h, Samples containing 50 » 100 ug of protein, 30%
sucrose and Bromophenol blue as tracking dye in a total
volume of 50 -~ 100 ul were loaded on top of the gel.
Electrophoresis was carried out at 4°C and a constant
current of 4 mA/tube using Iris-glycine, pH 8.3« Protein
bands were visaulized by staining the gels for 2 - 10 h
with 0.20% Coomassie Brilliant Blue R250 prepared in water
containing 45.4% methanol and 9.2% glaciali acetic acid.
Destaining was carried out by diffusion in a sclution
containing 7.5 glacial acetic acid and 5% methanol in

Vate!'.

Growth of orgenisms:

Klebsiella aerogenes (NCTC 418) was grown without
seration for 18 -~ 20 h at 30°C in 10 L flasks filled to
the neck with the citrate medium deseribed by Dagley and
Deawes (1953a). The medium consisted of trisodium citrate
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O.4g per litre of the solution, The pH was adjusted to

740 with 2 N NaOH, (NHA)ZSO“ and MgS0,.7H,0 were autoclaved
separately in 1.0 litre of water, to avoid precipitation

of Mg?* as magnesium phosphate, and mixed with the rest of
the medium just before innoculation., The organism was
adapted to the citrate growth medium by two successive
subgultures, the final inoculum was 10% of the final medium.,
Cells were grown for about 20 h and harvested by
centrifugation at 12 000 g in a Model A~12 Sharples Super
Centrifuge. The yield was about 20 ~ 22 g of wet cells for
each 10 L of the medium. The cells were frozen at -20°C
for 24 h before extraction of the enzyme., The citrate
lyase activity was found to be stable for more than a week
when the cells were kept frozen at - 20°C,

Streptocoecus faecalig, strain 10 C1 was grown in an
enrichment medium before innoculating in citrate growth
medium, The ingredients per litre of the citrate growth
medium are, triscdium citrate, 2H20. 10 g3 KHZPO&, 2 g3
(NH, )50, 1 g5 MgSO,.7TH,0, 044 g; yeast extract 5 g;
and peptone powder, 5 g« The pH was adjusted t0 7.2 with
2 N NaOHe The cells were harvested after growing for a
period of 24 -~ 30 h at 37°C, in a Sharples supercentrifuge
and were washed once with 2 L of 0,03 M potassium phosphate
buifer pH 7.,0¢ 10 L of the medium yielded about 10 - 15 g
of wet cells. The cells were found to be unstable on
storing and thus processed further within a week of
freezing at -20°C.
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Escherichia goli (Crooke's strain) was grown withsut
aeration at 30°C for 18 = 22 h in a medium deseribed by
Dagley (1954), The gomposition of the medium was as follews:
KHZPOA. 90 g3 trisodium eitrate, 50 g; peptone, 56 g;
glucose, 10 g3 Mgsch.7ﬂzo. 2 g and water to make upto 10 L
after adjusting the pH to 7.2 with 5 N NaOH, After a growth
of 18 = 22 h the medium was supplemented with glucose
(1 g/1itre) and after 1 h the cells were harvested and
frozen at -20°C,

Extraction of cells:

The frozen cells of K. gerogenes, S. faeecalis and
Ee. goll were thawed and suspended in 0,03 M potassium
phosphate buffer, pH 7.0 in the proportion of 1 g wet cells
to 3.5 = 4,0 ml of buffer and disrupted in a Biosonik III
sonicator (Browniill Scientific Co., USA), Sonication
was done twice for three minutes each at 20 ke (300 W),
A batech of 100 -~ 220 g of cells were worked upon at a
time, Cell debris was removed by centrifugation at 50 000 g
for 60 min in a Spinco Model-L ultracentrifuge, and the
clear supernatant was adjusted to a protein coneentration
of 0,5% with the same buffer used for sonication.

PURIFICATION OF Ko AEROGENES CITRATE LYASE

Citrate lyase complex from K. gerogenes was purified
by a modification of the procedure described earlier
(Mahadik and SivaRaman, 19$8), sonic extracts being treated
with ATP and acetate for reactivating any deacetyl ecitrate
lyase formed on storing (Tikare, 1979), All the steps of
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purificetion were cartied out at O - 4°C and without storage
at any stage. All the buffers used for purification
contained 1,6 mM MgSQ, for stabilization of the enzyme, The
outline of the purification procedure is described below,
ireatment with ATP and acetate:

The sonic extract in which the protein was adjusted to
a concentration of 0.5% was treated with ATP and acetate at
a final concentration of 0,5 mM and 1 mM, respectively., The
solution was kept stirred for 45 min to reactivate any
deacetyl citrate lyase formed during storage, by the action
of deacetyl citrate lyase ligase.

Nueleic acids were precipitated by stirring the above
solution with 1,4% streptomycin sulfate for about 30 min,.
After this the solution was allowed to stand for another
30 min and then the precipitate was removed by spinning
at 50 000 g for 40 min,

Eractionation bv Alumine C _gel:

Elrgt gel treatment, The supernatant obtained in the
previous step was treated with 10 ml of alumina C gel
under constant stirring. 5% of the total activity was
adsorbed by the gel at this step. The gel was separated by
centrifugation at 3 000 g for 15 min and discarded.

Second gel treatment. To the supernatant obtained
after the first gel treatment step more of the same gel was
added (200 m1/600 ml of the extract) under gently stirring.
After stirring for 15 min and standing for 15 min, the gel



was separated by centrifugation at 3 000 g for 20 min and
the supernatant was discarded, About 90 -« 95% of the
enzyme activity was adsorbed on the gel.

.0 activ: aluminag C _gel. The enzyme
adsorbed on alumina C gel was eluted in 0,05 M phosphate
buffer, pH 7.0 (200 ml/600 ml extract) by homogenizing in a

glass tube with a close fitting ground glass pestle. The
gel was discarded after removal by centrifugation and the
supernatant containing the enzyme activity was treated

further,

Powdered ammonium sulfate was added to the eluate from
alumina C gel to a saturation of 0,2 (20 g/200 ml) and
the mixture stirred for 15 min, The precipitate formed was
removed by centrifugation for 30 min at 50 000 g and
discarded. The supernatant containing the enzyme activity
was then treated with ammonium sulfate to 0.5 saturation
(38 g/200 ml). The solution was stirred for 15 min and
then allowed to stand for 15 min longer. The precipitate
containing the enzyme activity was collected by centrifugation
at 50 000 g and dissolved in the minimum wvolume of 0,05 M
potassium phosphate buffer, pH 7.5 (5 = 6 ml), The solution
was then dialysed overnight against 500 ml of the sane
buffer to remove ammonium sulfate,

The dialysed solution (8 « 9 ml) was centrifuged ot
10 000 g for 15 min to remove turbidity and the clear
solution was loaded on a DEAE~-gellulose column (1,5 x 30 em)



which was equilibrated with 0,01 M potassium phosphate
buffer, pH 7«5+ Protein was eluted by & linear concentration
gradient of phosphate buffer, pH 7.5, from 0,01 M to 0.3 M.
Fractions of & ml were collected and an aliquot from each
fraction was checked for enzyme activity. Fractions
eontaining maximum activity were pooled (about 25 - 30 ml)
and the protein precipitated by adding dropwise an equal
volume of cold saturated ammonium sulfate solution. The
precipitate was collected by centrifugation at 50 000 g
for 30 min and dissolved in 2 ml of 0,05 M potassium
phosphate buffery; pH 7.5.

Gel giltration:

The enayme solution obtained from the previous step
was loaded on a Sepharose CL~6B column (2.5 x 110 cm)
preequilibrated with 0,05 M potassium phosphate buffer,

PH 75 Elution was carried out with the same buffer and
fractions of 3 ml were collected on an automatic fraction
collector. Each fraction was checked for enzyme activity
and the fractions with high enzyme activity were pooled
(about 20 ml). The protein was either collected by
precipitation with cold neutral saturated ammonium sulfate
solution or concentrated by ultrafiltration through a

PM=10 membrane.

PURIFICALION OF Ss FAECALIS CITRALE LYASE

Purification of eitrate lyase from §. faecalis was
carried out according to the procedure described by Hiremath
8t al. (1976). A brief outline of the procedure is
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deseribed here.

The cell free extract was adjusted to 0.5% protein
and then treated with acetate and ATP (1 mM and 0.5 mM
final conecentration respectively). The mixture was kept
stirred for 45 min,

Streptomyein sulfate (1% final econcentration) was
added under constant stirring. The precipitate formed was
removed after 1 h of stirring by centrifugation at 50 000 g
for 45 min,

Aluning C _gel fractionation :

First gel ireatment. The supernatant from the above
step was treated with alumine C gel (3 ml/200 ml extract)
and stirred for 10 min, The gel was removed by spinning
and discarded,

The supernatant obtained in the
above step was treated with more of alumina C gel(33

(33 m1/200 nl of eemtract) and stirred for 15 min, The gel
was then separated by centrifugation at 2 000 g and the
supernatant discarded. About 95% of the activity present
was adsorbed on the gel.

Mashing of the gel. The gel containing the enzymic
activity was homogenized in 0,01 M potassium phosphate
buffer, pH 7.0 (100 m1/200 ml extract). After 10 min the
gel was removed by centrifugation and the washings
discarded.



homogenized in 0,05 M potassium phosphate buffer, pH 7.0
(100 m1/200 ml extract) for 15 min, removed by centri-
fugntion and discarded, The supernatant containing the
enzyme activity was treated further,

Ammonium sulfate fractionation:

The enzyme solution from the above step was treated
with powdered ammonium sulfate to 0,5 saturation (29 g/
100 ml). After stirring for 10 min the preecipitate formed
was removed by centrifugation at 50 000 g for 30 min and
discarded, Powdered ammonium sulfate was added to the
supernatant obtained from the previous step to get 0.8
saturation (23 g more) and the solution was stirred for
30 min, The precipitated enzyme was collected by
centrifugation at 50 000 g for 30 min and dissolved in
0.05 M potassium phosphate buffer (4 - 5 ml) and dialysed
against 500 ml of the same buffer for 16 h,

LEAE-gellulose ghromatography:

The turbidity from the dialysed protein solution was
removed by centrifugation at 10 000 g for 10 min and
loaded on a DEAE~¢ellulose column (1 x 30 em) equilibrated
with 0,05 M potassium phosphate buffer, pH 7.5. The
column was eluted by a linear concentration gradient of
phosphate buffer from 0,05 M to 0,75 M, Fractions with
maximun enzyme activity were pooled and the protein
precipitated by adding powdered ammonium sulfate to 0,8
saturations The precipitate was collected by centrifugation



and dissolved in a minimum volume of O,1 M potassium
phosphate buffer, pH 7.5 (about 2,0 ml),

Sel filtration:

The enzyme solution was then loaded on a Sepharose
CL~6B golumn (1.5 x 180 em) which was equilibrated with
6.1 M potassium phosphate buffer, pH 7.5. Elution was done
with the same buffer and fractions of 3 ml size were collected,
Enzyme activity was checked in the usual manner and the
fractions with highest enzyme activity were pooled.
Concentration was done either by precipitation with ammonium
sulfate (0.8 saturation) or by ultrafiltration using a

PM 10 membrane).

PUREIFICATION OF B, COLL CITRALE LYASE

Citrate lyase from E, ¢0li was purified according to
the procedure described by Nilekeni and SivaRraman (1983),.
A brief cutline of the procedure is described here.

The cell-free extract was treated with streptomyein
sulfate at final congentration of 1l.4%, After stirring
for 45 min the precipitated nucleic acid was removed by
centrifugation at 50 000 g for 45 min,

Salmine sulfate treatuent:

The enzyme aetivity was then preocipitated by treating
the above supernatant with freshly prepared 0,5% salmine
sulfate in 0,05 M phosphate buffer, pH 7.4 at a proportion
of 10 m1/100 ml of supernatant having a protein
concentration of 3 mg/ml., After stirring for 30 min the
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precipitated protein was collected by centrifugation at
50 000 g for 40 min,

Flution of ¢
precinitate:
The protein pellet froam the above step was suspended
and homogenized for 20 min in 0,05 M phosphate buffer,
pH 7.4 eontaining 0.5 M NaCl (15 m1/100 ml of extract).
The undissolved material was removed by centrifugation and
to the clear supernatent 0,05 M phosphate buffer, pH 7.4
was added to dilute the sodium chloride eoncentration to
0.15 M, where upon the enzyme was reprecipitated.

Areatment with CQ-gelluiose:

The diluted solution was then treatsd with G52
cellulose equillibrated with 0,05 M phosphate buffer, pH 7.4
containing 0415 M NaCl and stirred for 10 - 15 min, On

removal of CM~-gellulose a g¢lear solution was obtained,

Alumina C _gel treatgent:

Alumina C gel was added to the above supernatant
(30 m1/100 ml of CM-gellulose treated extract) and after
15 nin of stirring the gel was removed by spinning at
3 000 g for 20 min and discarded,

Ammoniun sulfate froctionation:

Finely powdered ammonium sulfate was added to the
above solution till 0,6 saturation and stirred for 20 min,
The precipitated protein was then collected by centrifugation
at 50 000 g for 30 min and dissolved in 0,05 ¥ phosphate
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buffer, pH 7.4 (4 = 5 ml) and dialysed against 0,01 M
phosphate buffer, pH 7.4 for 12 h.

The dialysed protein solution (8 - 9 ml) was spun at
10 000 g to remove turbidity and the clear sclution was
loaded on the DEAE-cellulose column equilibrated with 0,01 M
phosphate buffer, pH 7.4. Protein was eluted from the
column by a linear concentration gradient (0,01 to 0.12 M)
of phosphate buffer, pH 7.4. Citrate lyase activity in
each fraction was monitored; the fractions containing
maximum activity were pooled (about 25 ml) and the protein
precipitated by slow addition of an equal volume of eold,
neutralized saturated ammonium sulfate solution., The
precipitate was separated by centrifugation at 50 000 g
for 30 min and dissolved in 0,05 M phosphate buffer, pH 7.4
(about 2 ml).

Gel f£iltration:

The above protein solution was then subjected to
gel=filtration through a Sepharose CL=-6B column (2.5 x
110 em) equilibrated with 0,05 M phosphate buffer, pH 7.4,
Elution was done with the same buffer and fractions of
3 ml were collected, Enzyme activity was checked as usual
and the fractions containing high enzyme activity were
pooled and protein precipitated by addition of an equal
volume of cold saturated ammonium sulfate solution. The
precipitate was collected by centrifugation at 50 000 g for
20 min and dissolved in 0,05 M phosphate buffer, pH 7.4
(about 1 ml),
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PREPARATION OF COENZYME A DERIVATIVES

p~Azidobenzoyl-CoA was prepared by acylation of coenzyme-
A with Ne~hydroxysuccinimide ester of p-azidobenzoic acid
by the procedures described earlier (lLapidot et al., 1967;
Al=-Arif end Blecher, 19693 Lau et al., 1978). All the
steps were carried out in the dark,

(a) p-8zidobenzoic
acid was prepared from p-aminobenzoic acid by diazotization
and treatment with sodium azide, p-Aminobenzeoic acid
(10 mmol) was suspended in 50 ml of & N sulfuric acid
(precooled to 0°C) and dissolved by dropwise addition of a
solution of sodium nitrite (12 mmol in 12 ml of water).

After p-aminobenzoic aeid is completely dissolved (about

15 = 20 min) a 12 ml solution of sodium azide (12 mmol)

was added, After 60 min of stirring at O - 4°C, the precipitate
formed was collected by filtration and washed thoroughly

with ice cold water till the washings were neutral, The
precipitate of p-azidobenzoic acid was then air dried,
p-azidobenzoic acid. p-Azidobenzoic acid (10 mmol) was
dissolved in a solution of Nehydroxysuccinimide (10 mmol)
in dry ethyl acetate (50 ml). To this a solution of
dicyclohexylearbodiimide (10 mmol) in dry ethyl acetate
(about 5 ml) was added and the reaction mixture was kept

at room temperature for 20 h, Dicyclohexylurea which
precipitates out was removed by filtration and the filtrate
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was concentrated under vacuum in a rotary evaporator. The
white crystals of the ester were reerystallized from ethanol
and was used without further purification. This ester was
stable when stored in dark,

(about 2,5 umol) was dissolved in 2 ml of water and the
pH was adjusted to 8,0 by adding KHCO (about 2 mmol), To
this was added a solution of N~hydroxysuccinimide ester of
p~azidobenzoic acid (20 molar excess to CoA) 'in 3 ml of
tetrahydrofuran that had been freshly distilled over
sodium, The reaction mixture, a single phase, was kept
stirred. The reaction was complete within 4 h as indicated
by the disappearance of free -SH groups on titration of
aliquots with DINB, After an interval of 2 h, 1 ml more
of tetrahydrofuran was added to maintain a homogeneous
solution, After the reaction was complete the nmixture
was diluted to 100 ml with eold water and loaded on a
DEAE-gellulose (Cl =form) column for the separation of

the CoA ester.

Ereparation of agetyl-CoA:

Acetyl=-CoA was prepared hy a method similar to the
preparation of succinyl-CoA as described by Simon and
Shemin (1953). 10 mg of coenzyme A was dissolved in 1 ml
of water and the pH was adjusted to 8,0 by adding KHCOB.
To this was added acetic anhydride to a final concentration
of 4,7 mM*f The Mixture was kept in an ice-bath and

stirred. Formation of acetyl-CoA was monitored by checking



93

an aliquot of 10 ul for the disappearance of thicl groups
by titration with DINB, The reaction was complete within
10 min as monitored by the disappearance of sulfhydryl
groups. 7To prevent spontaneous hydrolysis of acetyl-CoA at
the alkaline pH, the mixture was acidified to pH 4 - 5 by
1 N HC1,

Ereparation of (38)-citrvl-CoA:

(38)=citryl=CoA was prepared enzymatieally from
acetyl-CoA and citrate in presence of K. aerogenes deacetyl-
citrate lyase and iIDTA., The procedure was similar to that
described by Dimroth gt al. (1977). The incubation mixture
contained in a total volume of 2 ml: 100 umol Tris~HC1
buffer, pH 8,03 200 umol citrate; 20 umol acetyl=-CoA; and
20 umol EDTA. The reaction was started by adding 100 ug
of deacetyl-citrate lyase from K. gserogenes. After about
60 min the mixture was acidified with HCl to pH 3,0,
diluted to 100 ml with water and applied to a column of
DEAE~gellulose (Cl -form) for purification,

CoA-esters were purified by DEAE=-cellulose (Cl =form)
chromatography as deseribed by Moffat and Khorana (1961).
The solution containing the CoA-derivatives were diluted
to 100 ml with distilled water and loaded on a DEAE-
cellulose column (1 x 8 em)s The column was washed with
water till the eluate showed no absorbance at 260 nm, The
column was then developed with a 500 ml volume of a linear
gradient of O to 0,2 M LiCl in 0,003 M HCl. Fractions of
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6 - 7 ml were collected at a flow rate of 60 ml/h. The
presence of CoA derivatives were checked by the abscrbance
at 260 nm. Appropriate fractions were pooled and
concentrated on a rotary evaporator under reduced pressure
at 30°C. Removal of LiCl was achieved by passing the
concentrate (2 - 3 ml) through a Sephadex G-15 column

(1 x 50 em) equilibrated with water.

s Riits o1 O Lo A O 7 &

(a) p=Azidobenzoyl=CoA. p-Azidobenzoyl-CoA was
estimated from its extinction coefficient value of 22.2
40,4 m¥™L at 265 nm in 0.1 M sodium phosphate buffer,
pH 7.0 (Lau et al., 1977).

(b) (38)=gitryl-CoA. Citryl-CoA was estimated
enzymatically using citrate synthase (Buckel et al., 1973).
An aliquot of eitryl-CoA solution was taken into 1 ml of
assay mixture containing 50 umol Tris~iClL, pH 8+0 3}

2 umol DINB and about l.1 U of citrate synthase. The
increase of absorbance at 412 nm was used for determination
of citryl-CoA,

(e) Agetvl~Coh, Acetyl=CoA was determined using
citrate synthase and oxaloacetate (Srere gt al.s 1963).

1 ml of test medium contained 0,05 M Tris-HCl, pH 8.0
2 umol DINB; 1 umol oxaloacetate and l.1 U of citrate
synthases 10 ul of acetyl-CoA solution was added and the
absorbance at 412 nm was noted after the completion of

the reaction.



99

Deacetyl eitrate lyase was obtained by treatment of
the purified native enzyme complex from K. gerogenes,
S+ fsecalls or E. goll with neutral hydroxylamine according
to the procedure of Buckel gt al. (1973). Citrate lyase
enzyme complex (about 10 mg protein) in 1 ml of 0,05 M
potassium phosphate buffer, pH 7.5 was treated with neutralized
hydroxylamine (0,2 M final eoncentration). The solution was
incubated at 25°C for 30 min, After this period excess
hydroxylamine was removed by passing the solution through
a column of Sephadex G=-25 (1 x 40 cm) equilibrated with
0,05 M potassium phosphate buffer, pH 7.5. Protein was
monitored by the absrobance at 280 nm, The fractions
containing protein were pooled, Aliquots checied for citrate

cleavage showed complete loss of activity.

58s The subunits
of eitrate lyase complex from K. gerozenes were isolated in
electrophoretically pure and catalytically active state after
dissociation with wurea by the procedure described by
Dimroth and Eggerer (1975b)s. 25 mg of pure citrate lyase
from K, aerogenes in a total volume of 3 ml of 0,01 M
potassium phosphate buffer, pH 7.0 was treated with 5 M urea
and incubated for 2 h at 0 - 4°C to dissociate the subunits,
The solution was loaded on a DEAE~gellulose column
(048 x 6 om) which was previously equilibrated with 0,01 M
potassium phosphate buffer, pH 7.0 containing 4 M urea,
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Elution of protein from the column by the same buffer
yielded the first fraction, which appeared within first
15 ml, After collecting about 25 ml of eluate, urea from
the column was washed out by passing 25 ml of 0,01 M
potassium phosphate buffer, pH 7.0¢ The column was then
further eluted with the same buffer but containing 0.4 M
NaCl in addition, which yielded the second fraction,
The final elution was done with 0,01 M potassium phosphate
buffer, pH 7.0 containing O.4 M NaCl and 4 M urea, All
the fractions were immediately dialyzed against buffer
systems described in detail by Dimroth and Eggerer (1975b).
The subunits in the three fractions were characterized
by their individual reactions and by their molecular
size in SDS~-gel electrophoresis.

Subunits of E. coll cltrate lvage. Biologically
active subunits of citrate lyase complex from E. goli
were isolated after dissociation with 6 M urea in 50 mM
potassium phosphate buffer, pH 7.4 (Nilekani and SivaRaman,
1983)s E. g0li citrate lyase (15 mg) in 1,0 ml of 0,05 M
phosphate buffer, pH 7.§, eontaining 10 mM dithiothreitol
was treated with recrystallized urea to a final
concentration of 8 M and was incubated at 15°C for 16 - 18 h,

At the end of this period the protein solution was loaded
on a Sepharose CL-6B column (1,5 x 110 em) which was
previously equilibrated with 0,05 M phosphate buffer,7.4
pH 7.4 containing 10 mM 2-mercaptoethanol and 6 M urea.
Elution was done with the same buffer and fractions of
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1 ml size were collected and checked for protein at
280 nm, Pooled fractions comprising protein peaks were
dialyzed immediately against buffers without urea as
described by Dimroth and Eggerer (1975a). Homogeneity
was checked by SDS-polyacrylamide gel electrophoresis,

Einetics:

K, for citryl-CoA and K, for p-azidobenzoyl-Coh
were calculated from the double reciprocal plots by
least squares analysis, Assay mixtures at 25°C eontained
50 mM Tris-HCl buffer pH 8,03 3 mM ugsoh; 12,5 ug
deacetyl citrate lyase; varying concentrations of (38)-
eitryl=CoA (upto 50 uM) and p~agidobenzoyl-CoA (0 = 80 uM),
Initial rates of reaction were calculated by measuring

the oxaloacetate formed by couplinz with malate

dehydrogenases

Photoactivation was carried out under a Philips
Blacklight lamp 125 W (wavelength of maximum intensity
365 nm). The sample solutions were kept in a glass well
and positioned 2 em from the lamp, Solutions were
precooled and temperature maintained at O = 4°C in an
ice bath, Mixing was aghieved using a magnetic stirrer,
In control experiments it was found that the photolysis
conditions do not inactivate the enzymes.

Lovalent labeling:
Incorporation of radicactivity into protein on
photolysis in presence of the 1“c~1abeled p-azidobenzoyl-
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CoA was measured by the filter paper disc method described
by Mans and Novelli (1961). The irradiation mixture
contained in a total volume of 300 ul: 75 ug of

K« aerogenes deacetyl citrate lyasejy 50 mM Tris-HCl,

PpH 8,03 3 mM Mgsoh and varying amounts 6: p-agidobenzoyl-
CoA (O = 100 uM), Protein samples were irradiated for
five min as deseribed above and a 50 ul aliquot was
withdrawn for the determination of residual lyase
activity and a 200 ul sample was withdrawn and transferred
on to a disc of Whatman No, 3 MM chromatographic paper
(243 cm dia) and dried in & current of hot air for 30 s.
Thé protein was then fixed in the matrix of the paper

by dipping into an ice~cold solution of 10% TCA for 60 min.
The dises were then washed successively by suspending in
5% TCA s@lution for 15 min, twice in ether-ethanol mixture
(v/v) for 30 min each, and finally in diethyl ether for
15 min to remove alcohol and water. The dises were then
air dried and placed in a standard 20 ml counting vial,

10 ml a dioxane based scintillation cocktail (5 g 2,5
diphenyloxazole and 100 g naphthalene per litre of dioxane)
was added and radiocactivity counts were taken on a
Beckman Model LS-100 scintillation system after aging for
48 h in the dark, Known amounts of the '‘C-labeled ester
preparation were dried on similar discs and counted
directly for determination of its specific radiocactivity.
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Distrib ol G

dvase subunits :
SDS-polyacrylamide gel electrophoresis of the

enzyme photolyzed in the presence of the radicactive
reagent was carried out according to the method of VWeber
and Osborn (1969). Samples were prepared by heating
aliquots (50 = 100 ul) containing about 200 ug protein
with 1% SDS in a boiling water bath for 3 min and loaded
on 10% polyacrylamide gels contahbigg 1% SDS. Electro-
phoresis was carried out at a constant current of 8 maA/
tube using 0,01 ¥ sodium phosphate buffer, pH 7.2, Gels
were stained with Coomassie Brilliant blue R~250 and
destained by diffusion in a 7.5% acetic acid solution
containing 5% methanol., Detection of radioactivity

in the protein bands was carried out by the method
described by Saitoh gt al. (1980)., The gel regions
containing the individual subunits were cut, dried in
ethanol and suspended in 10 ml of a scintillation fluid
of the following composition: toluene, 900 mlj
2:5=-diphenyloxazole, 5 g3 Bio Solv BBS-3 tissue solubilizer,
10 ml and 4 M NH,OH, 20 ml, Samples were incubated for
2 days at room temperature in the dark before counting,



The results obtained in a typieal experiments are
summarized in Tables I.1, 1.2 and 1.3, respectively. It

can be seen from these tables that treatment of the sonic
extracts with ATP and acetate result in an increase in the
total activity, This can be attributed to the agetylation
of the deacetyl citrate lyases formed on storing of cells,
by the action of citrate lyase ligase present in the
extracts,

The final yields and specific activities were comparable
with earlier reports by Mahadik and SivaRaman (1968) for
K. serogenes, Hiremath gt al. (1976) for 8. fagcalis and
Nilekani and SivaRaman (1983) for E. goll citrate lyase,

The purification steps resulted in ultracentrifugally
and electrophoretically pure enzymes both from K. gerogenes
and 8. faecalis. The electrophoretic profile of pure
citrate lyase from the sources are shown in Figure I.1
(a and b). Purity of the enzymes were also judged from
the subunit profiles of enzyme complexes, Figure I,2
(a and b) shows the SDSepolyaerylamide gel electrophoresis
and as reported earlier (Singh gt al., 19743 Hiremath gt al.,
1976) the enzyme complexes dissociated into three none
identical subunits, -subunit (Mr 54 000); -gubunit
(M, 32 000) and =-subunit (M, 10 000 for K. aerogenes and
14 000 for S. faecalis). The enzyme from E. goli was
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TABLE I.1 : Purification of citrate lyase from

Klebslella serogenes
Vet weight of cells : 140 g

Fraction Volume Protein Total Specific Yield
activity act}vity

ml mg/ml U U/mg %
Cell~free extract 550 4,5 4703 19 -
Cell-free extract 550 4,5 6188 25 100
+ agcetate + ATP
Strcgzomycin sulfate 545 3e1 5406 342 87
treatment
Eluate from Alumina 210 - 1% 4158 6,0 667
C gel
Ammonium sulfate 5e5 34,3 3773 20,0 61
fraction (0.2 -
0.5 Sat,) dissolved
in 0,05 M buffer,
pH 7-5
DEAE=-gellulose 1.8 29.5 3398 64,0 55
ghromatography/
amuonium sulfate
precipitation
Sepharose CL~6B 1¢5 12,0 1548 86,0 25
fractions after
coneentration
over PM-10

membrane by
ultrafiltration
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TABLE I.2 ¢ Purification of ¢itrate lyase from

Streptococqus faecalis
Wet weight of cells : 100 g

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

Cell-free extract 350 4,5 3937 245 -
Cell-free extract 350 445 7245 b6 100
+ agetate + ATP \
Streptomycin sulfate 345 3¢5 6520 5.4 90
fraction
Elution from alumina 150 1.94 4347 15.0 60
C gel
Ammonium sulfate 5.6 215 3477 45,0 48
fraction (0.5 - 0,8
saturation)
Ammonium sulfate 6 600 11.1 2608 39,0 36
fraction after
dialysis
DEAE~gellulose 2.0 1947 2173 55,0 30
chromatography/
ammonium sulfate
precipitation
Sepharose CL=-6B 1«5 9.0 1215 90,0 16

fractions after
conecentration
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TABLE 1,3 ¢ Purification of citrate lyase from
Escherichia goll
Wet weight of cells : 120 g
Total Speecific Yield
Fraction Volume Protein activity activity

ml ng/ml U U/mg %
Cell=free extract 400 15,0 8400 1.4 100
Streptomyein sulfate 395 8.1 7980 2.5 95
treatment
Salmine sulfate 60 15.0 5460 6,0 65
treatment/elution
in 0,05 M phosphate
buffer, pH Te5
containing 0,5 M
NaCl
(M-gellulose 215 2.0 5208 12.0 62
treatment
Alumina C 240 1.35 "872 15.0 58
gel treatment
Ammonium sulfate 6.0 20.8 4368 35.0 52
fraction
Ammonium sulfate 9.0 13.4 3612 30.0 43
fraction after
dialysis
DEAE~gellulose 2,0 19.25 2772 T72.0 33
ehromatography/
anmonium sulfate
precipitation
Sepharose CL=63/ 1.4 10,0 1680 120,0 20

Ammonium sulfate
precipitation
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FIG. I.1 POLYACRYLAMIDE GEL ELECTROPHORESIS OF
NATIVE CITRATE LYASE
(a) K. aerogenes citrate lyase
(b) S. faecalis citrate lyase

5% gel; Tris-glycine buffer, pH 8,.3;
4 mA/tube, 5 h
Protein loaded 50 ug.



(a)

(b))
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FIG, I.2 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
OF CITRATE LYASE
(a) K.agerogenes citrate lyase
(b) S. faecalis citrate lyase

10% gel; Sodium phosphate buffer, pH 7.3
containing 0.,1% SDS; 8 mA/tube; 4.5 h
Prdein loaded 100 uge.
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polydisperse both in ultracentrifuge and in polyaerylamide
gel electrophoresis, The SDS-polyacrylamide gel electro-
phoresis profile, however, showed the presence of only the
three corresponding subunits of 85 000, 54 000 and 32 000
daltons (Figure I,3) as reported earlier (Nilekani and
SivaRaman, 1983),

Isolation of subunits :

Component subunits of K. aerogenes citrate lyase were
isolated in electrophoretically pure and catalytically
active state after dissoeiation with urea by the procedure
described by Dimroth and Eggerer (1975b).

The component subunits of E., goli ecitrate lyase were
isolated by the procedure described earlier by Nilekani
and SivaRaman (1981), The isolated subunits were

catalytically active and homogenous in SDS-polyacrylamide
gel electrophoresis (Figure I,3).

p~Azidobenzoyl~CoA was prepared by acylation of
coenzyme A with a 20% molar excess of Nehydroxysuzcinimide
ester of p-azidobenzoic acid, p-Azido-l1“Cl—bonzoy1~coA
was prepared by the same procedure using p-amino-l1bcl—
benzoic acid as the precursor, Less materials were used
to get the final preparation with a high specific redio-
activity. The ester was purified by DiiEwcellulose (C1™ form)
chromatography using a linear gradient of LiCl (0 to 0.2 M)
containing 0,003 N HCl, Figure I.4 shows the elution
profile of the ester from the DEAE~-¢cellulose column. The
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FIGes I.3 SDS+POLYACRYLAMIDE GEL ELECTROPHORESIS OF
E. goli CITRATE LYASE COMPLEX AND OF ITS
ISOLATED SUBUNITS

100mug of citrate lyase complex (or 50 ug of
each subunit) electrophoresed on 7.5% gel in
50 mM sodium phopphate buffer, pH 7.3
containing 0,1% SDS at a constant current
of 8 mA/tube for 4 h,
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gompounds comprising a peak were characterized by their
absorption spec¢tra, peaAzidobenzoyl-CoA shows a
charagteristic peak around 300 nm in addition to an
absorption maxima at 265 nm (Figure I1.5)., Peak 1V Was
found to eontain p-azidobenzoyl~CoA which elutes out in
buffer of a conductivity of around 13 « 14 mmho under the
conditions of separation, Peak II was characterized as
N~hydrosuceininide ester of p-agidobenzoic acid and Peak III
as coenzyme~A, Peak I and V were not characterized, but
from the earlier observation by Moffatt and Khorana (1961)
peak V could represent oxidized CoA (CoA-S,S8.,-~CoA) which
is associated with commercial preparations of coenzyme A,
(38)=citryl-CoA was prepared enzymatically from
acetyl=CoA and citrate in presence of deacetyl citrate lyase
from K. gerogenes and EDTA by a method similar to that
deseribed by Dimroth and Eggerer (1977)., Figure 1.6
shows the purification of ¢itryl-=CoA by DEAE-cellulose
chromatography. In this case the fractions were characterized
enzymatically using citrate synthase as described in
Materials and Methods, Peak I was unidentified. Peak II
contains acetyl-CoA and Peak III comprises (38)-citryl-

CoA, Under the conditions of separation acetyl-ColA eluted
around 10 mmho while (38)-citryl-CoA elutes out at 15 mmho,
The CoA esters were desalted by passing through a

column of Sephadex G~25 (1 x 50 em) equilibrated with

water.
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Enotolability of p-azidobenzoyl=CoA ¢

As described by Knowles (1972) irradiation of p-azido-
benzoyl~CoA leads to photodecomposition of the azido group
to yield a highly reactive nitrene., This property of
p-azidobenzoyl-CoA was checked by the method deseribed by
Lau gt al. (1977)« The absorption spectra of p-azido-
benzoyl-CoA shows & characteristic peak around 300 nm due
to the azido group (Figure I. ). This peak disappears on
photodecompoaition of the azido group. A solution
containing p-azidobenzoyl«CoA was taken in a s@oppered
1 ml quartz cuvette and irradiated through the transparent
side under a Philips black light lamp (125 W, maximum
intensity at 365 nm) at 2 em distance for fixed periods of
time. At the end of each exposure the absorption spectra
was recorded, It can be seen from Figure I, that the
absorption at 300 nm decreases and simultaneously the
absorption maxima at 265 nm decreases with a shift in
absorption maximum to 260 nm, These results are in agree-
ment with the reported behaviour of the azidoaryl-Col
derivative (Lau gt gale, 1977)s. Complete photodecomposition
was found to occur within 5 min of irradiation. All the
photoactivation experiments with p-azidobenzoyl-CoA were
therefore done by irradiation for a period of 5 min,

No detectable inactivation of the citrate cleavage
activity of the K. aerogenes holoenzyme was observed with
p~azidobenzoyl-CoA (upto 160 uM) both in the dark and on
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photo}¥pss. To eircumvent the protection offered by the
aeylated prosthetic group, effects on the individual
enzymatic activities of the deacetyl enzyme complex were
studied in the acetyl-CoA mediated reactions.

(a) Agy) transferese activitv. p-Azidobenzoyl-CoA
was found to have no effeet on the acetyl-CoA mediated acyl
transferase sotivity of deacetyl citrate lyases from both
K. agrogenes end S, faeeslis. The reagent was tried upto
a final concentration of 160 uM., The reagent had no effect
even on the isolated  ~transferase subunit of the
K. agrogengs citrate lyase complex.

(v) Lyage activity. p-Azidobenzoyl-CoA inhibited the
lyase activity in the dark of deacetyl citrate lyase from
Ke aerogenes as well as $. fascalis. Kinetic studies were
performed in the dark to see the effeet of the reagent on
the lyase activity of K. aerogengs deacetyl citrate lyase
towards (3g)-eitryl-CoA, Figure I. shows the Lineweaver-
Burk plot of the datae obtained with varying initial
coneentrations of (38)~eitryl-CoA (0 - 50 uM) both in the
absence and at two fixed conecentrations of p-azidobenzoyl=
CoA of 30 and 60 uM., Lines were fitted by least squares
analysis. The double reeiprocal plots indicated that
p-azidobenzoyl-CoA acts as a competitive inhibitor for
(38)=eitryl=CoA in the (38)=-eitryl-CoA cleavage reaction by
deacetyl citrate lyase from K. gerogenes. The inhibition
constant K; was 80 uM, The K, for (38)=citryl=CoA
determined from the data was 67 ul,
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p-Azidobenzoyl-CoA
0020~ (urm)
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FIG, I.7 The competitive inhibition of the lyase
activity of K., aerogenes deacetyl citrate lyase by
p-azidobenzoyl-CoA with (3S)-citryl-CoA as the varied
substrate., Initial velocity is expressed as umol. of
OAA formed per min.
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(a) Ke_aerogenes gitrate lvase. The data on the
effect of photoactivated p~azidobenzoyl-CoA on K. aerogenes

deacetyl citrate lyase are summarized in Table 1.4,
Deacetyl ecitrate lyase treated with p-azidobenzoyl-CoA
(final coneentration upto 168 uM) and phetolysed for 5 min
as deseribed in Materials and Méthods showed no loss in aeyl
transferase activity. The photoactivated reagent was also
without effect on the activity of the isolated transferase

subunlt of K. gerogenes citrate lyase. However, from
Table I.8 it can be seen that under these conditions the
lyase activity of deacetyl enzyme was irreversibly
inactivated to an extent of 25%, 50% and 58% in the presence
of 80 wi, 160 uM and 168 uM, coneentrations of p-azido-
benzoyl=CoA, respectively, As seen from the Table I.4
the inactivation of lyase activity of the deacetyl enzyme
was similar both in the presence of EDTA (10 mM final
concentration) as well as in the presence of Mgo' (3 mM
final eoncentration).

(b) 8. faecalls citrate lyase. A similar pattern

of irreversible inactivation was observed with deacetyl
citrate lyase from §. faeealis on irradiation in presence
of p-azidobenzoyl=CoA., The date is sumnmarized in
Table I.5. Like in K. gerogenes, the transferase activity
of the deacetyl ecitrate lyase of S. faegalls is unaffected
on irrsdiation for 5 min in presence of p-azidobenzoyl-CoA
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TABLE 1.4 : Effect of photoactivated p-azidobenzoyl-CoA
on transferase and lyase agtivities of
Klebsiella gerogenes eitrate lyase, °
Enzyme Buffer Azido- % inhibition
enzoyl-
g:ﬁ) 3i:::: ﬁzzizity
Activity
Deacetyl 50 mM Tris-HCl 0 0 0
citrate pH 8,0 + 80 0 25
lyase 3 mM Mg2* 112 0 b2
160 0 50
168 0 58
50 mM Tris-HCl 0 0 0
pH 8,0 + EDTA 80 25
160 0 48
Acyl= 50 mM Tris-HCL 0 0
transe— pH 8,0 80
ferase 160 0
subunit

8samples contained in a total volume of 0.3 ml: 150 ug

deacetyl enzyme or about 25 ug isolated subunit,

Aliguots

were withdrawa after 5 min irradiation and activities assayed
Controls in which
p~azidobenzoyl=CoA was absent showed no loss in the enzymatic

as deseribed under Experimental Procedure.

activities,
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(£inal concentration upto 160 uM)., While under the same
gonditions the lyase activity was inactivated to a maximum
extent of 57% by 160 uM of the reagent.

TABLE 1.5 ¢+ Effect of photoactivated p~azidobenzoyl-CoA

on transferase and lyase activities of

Streptocogous faecalis eitrate lyase®

Enzyme p-Azidgt;:nzoyl—- % Inhibition
Irang= Lyase
(uM) ferase activity
activity
Deacetyl 0 0 0
citrate 40 0 21
lyase
860 0 38
120 0 55
160 0 57

®samples contained in a total volume of 200 ul: 120 ug
deacetyl citrate lyase from $. faggalls:; 50 mM Tris-HC1,
pH 84,03 3 mM MgSOh and the indicated amounts of
p-azidobenzoyl-CoA, After irradiation for 5 min, 50 ul
aliquots were assayed for residual lyase activity.

(e) Isolated lyase subunit of E. ¢oli. The isolated

-subunit of K. aerogenes citrate lyase showed very low
activity, probably being extensively and irreversibly
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denatured during the isolation procedure as geported by
Dimroth and Eggerer (1975b). The effect of p-azidobemzoyle
CoA on the isolated subunit was therefore not studied,

The E. gold ~subunit when isolated after denaturation of
the holoenzyme with urea and gel filtration through
Sepharose CL~6B column in the presence of urea (Nilekani
and SivaRaman, 1983), retained relatively higher activity
on removal of the denaturant., The effect of the reagent
was therefore studied on the isolated w~subunit of E. goli
citrate lyase. The data on the effect of p-azidobenzoyl=—
CoA of the E. goli lyase subunit is summarized in Table I,.6.
The inagtivation pattern of the isolated ~-subunit of

E. goll citrate lyase was similar to that of the lyase
activity of deacetyl citrate lyase from K. gerogenes
(Table I.4),

IABLE 1.6 : Inactivation of isolated -subunit of
E. goli citrate lyase by p-azidobenzoylw-CoA®

Enzyme p-azidobenzoyl-CoA % Inhibition
(urM)
Acylelyase 0 0
subunit of 70 28
E. goll 3
citrate lyase 05 el
140 58

%The irradiation mixture in a total volume of 0.3 ml
contained 100 ug of lyase subunit; 50 mM Tris-HCl,



pH 8,05 3 mM Ngsok and the indicated amounts of
p-azidobenzoyl~CoA

Brotegtion studies with (35)-citrvi-CoA @

A further evidence that p-azidobenzoyl-CoA is an active
site directed photoaffinity label is obtained from the
ability of (38)=eitryl-CoA to protect the lyase activity
from irreversible inactivation on irradiation in presence
of the reegent, Table I, simmarizes the effect of (33)-
citryl=CoA on inactivation of the lyase activity of both
K« gerogenes and S. faggalis citrate lyase by photoactivated
p-azidobenzoyl-CoA,

In case of K. gerogenes citrate lyase the inactivation
in presence of 112 uM p-azidobenzoyl-CoA was completely
blocked up 200 uM (38)=-citryl-CoA while inactivation of
8. faecalis enzyme by 160 uM reagent was completely blocked
by 212 uM (38)=citryl=CoA.

Stedchiometry of binding t

Quantitative binding studies were carried out with
p-azido-iwcl-bonzoyl-coA and deacetyl citrate lyase from
K+ aerogenes. Aliquots of enzyme solutions, irradiated in
presence of various congcentrations of p~azidobenzoyl-CoA
were separately taken for measuring residual enzyme
activity and to estimate covalent incorporation of the
radicactive reagent as desoribed in Materials and Methods.
Enzyme controls photolysed without reagent showed no loss
of activity and were taken as 100% activity. A plot
of the inactivation of the lyase activity towards (3S8)-
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TABLE I.7 t Protection of lyase activity of deacetyl citrate

lyase from K. gerogenes and §. faegalis from
inagtivation by photoactivated p-azidobenzoyl-CoA®.

Enzyme p-é:ifobanzoyl— Citryl=-CoA % Inhibition
(uM) (un) %
Klebsiella 0 0 0
daace%yg 112 0 42
citrate lyase
112 44 3145
112 74 25
112 200 0
S fassarta ° ° °
deacety. 160 0 57
citrate lyase
160 42,45 42
160 85 20
160 212 0

®The reaction mixture gontained in a total volume of 0.3 ml:
150 ug of deacetyl enzymej 50 mM Tris-HC1 buffer, pH 8,03
10 mM EDTA; and the indicated amounts of the inhibitor
and (38)=eitryl-CoA, The mixture was irradiated for 5 min
and 0,05 ml aliquots assayed for residual lyase activity,
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¢itryl-CoA as a function of the covalent incorporation of
peazido-|C|-benzoy1~CoA after photolysis is shown in
Figure I.7.. The stoichiometry of the binding was caleulated
using a value of 57§ 000 for the molecular weight of

K. aerogenes citrate lyase complex (Mahadik end SivaRaman,
1968),

It will be seen from Figure 1.7 thattthe decrease in
enzyme activity is linear with the irreversible incorporation
of |'%c|-1abeled reggent t111 about 30% inactivation. To
check whether the ineorporation of |'%c|-labeled reagent
under limiting conditions was selectively at the active site
or not, the photolysis with p-nido-l“’cl-benzoyl-cu (50 and
100 uM) were carried out in the presence of (38)=citryl-CoA
(200 uM) and EDTA (10 mM). The results are summarized in
Table I.8. The reactions were carried out in the absence of Mg
Mg?* to prevent action on the substrate, the absence of the
metal having been shown to have no effect on inactivation
with photoactivated p-azidobenzoyl-CoA (Table I.4), Under
these conditions the enzyme retained its full lyase activity
and the incorporation of radicactivity was completely
blockeds In the presence of 50 uM of the radicactive
aryl-CoA derivative the enzyme was inactivated 25% in the
absence of the substrate. This would suggest that the
linearity upto atleast 25% inactivation 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 mol of the enzyme was found by
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extrapolation of the linear part of the plot by fitting
of least squares line for the data upto 25% inaetivation,
This extension was observed to include also the value for
30% inactivation. The stoichiometry of the number of
active sites per mol of enzyme obtained in this manner was
7+4. The extended extrapolation would make this only é&n
approximate estimate,

ZABLE 1.8 ¢ Non-specific labeling of K. aerogenes eitrate
lyase eomplex on irradiation in presence of
p-azido-| 14 | =benzoyl-Co A%

p~Azidobenzoyl (38)-eitryl- Inhibition | 14¢ |=reagent/
CoA CoA | Enz |

(um) (umM) %
specific
50 0 25 2,0
50 200 0 0 0
100 0 38 6.4 34
100 200 2 1.0 0

®Ke gerogenes deacetyl eitrate lyase (125 ug) was irrediated
for 5 min in 0,3 ml of 50 mM tTris-HCl, pH 8,0; containing
3 mi MgSO, and the indicated amownts of | ¥C|-1abeled
reagent and (38)-eitryl-CoA, Residual activity and
protein bound radicactivity was measured as deseribed in
Materials and Methods,

bmz:tormc- between value ealeulated from extrapolated
linear region of the plot in Figure I.7.
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At concentrations of the reagent required for a
higher degree of inactivation, phbtolysis apparently
results in significant nonspecific incorporation even in the
presence of Tris which has been shown to function as a
scavenger for the highly reactive nitrene groups which
are away from the binding site (Bayley and Knowles, 1977).
Nonspecific binding of p~azidobenzoyl-CoA has also been
reported by Lau gt al. (1977) for aeyl glycine Neacyl
transferase of beef liver at values above about 30%
inactivation,

Distribution of covalent Jabeled radioactivity :

An enzyme saumple photolysed in presence of the
| ¥¢|-1abeled peazidobenzoyl-CoA was dissociated and the
constituent subunits separated by SDS-polyacrylamide gel
electrophoresis, The electrophoretic profile of the
separated subunits and the radicactivity distribution in
the gel are represented in Figure I, 8, The presence of
radicactivity exclusively in the gel region containing
the lyase subunit would confirm the evidence obtained
from the kinetic data (Figure I, ), Figure I,7 and
Table I.4 thet the active site of lyase subunit is
specifically labeled on photolysis in presence of the
azidoaryl-CoA.
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FIG. 1.9 SDS-Polyacrylamide gel electrophoresis of
K. aerogenes deacetyl citrate lyase labeled by photolysis
in the presence of p—azido—lM’Cl-benzoyl—CoA.

The histogram shows the profile of radioactivity in
the separated subunits
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RISCUSSION

Lau gt 81.(1977) have deseribed the synthesis and
characterization of p-azidobenzoyl~CoA and have effectively
used it as a reagent for the photoaffinity labeling of the
active sites of acyl-CoA : glycine Neaeyltransferase,

Wood and his cowopkers have used the reagent as a photo=
affinity label for methylmalonyl-CoA transcarboxylase
(Poto gt g8l.s 197 )e p-Azidobenzoyl-CoA has thus been
shown to be useful for investigating the reactive sites of
enzymes which utilize CoA esterified with an aliphatic acid.
In our studlies, p-azidobenzoyl-CoA has been shown to have
no inhibitory effect on the acetyl=CoA dependent acyle
transferase activity of both K. gerogenes and §. faegcalis
deacetyl citrate lyases., That the enzyme complex might
have hindered the photoaffinity reagent from reaching the
active site on the transferase subunit has been ruled out,
sinece the isolated acyl=transferase esubunit of the
Ke. ggrogengs enzyme is also not inhibited by p~azido-
benzoyl-~CoA on photoactivation. The active site of the
transferase subunit itself apparently does not accept
p-azidobenzoyl-CoA, probably on account of the bulky
aryl group. Buckel et als, (1973) have shown that eamong
several acyl-CoA derivatives checked for their ability to
substitute for acetyl-CoA, only propionyl-CoA was effective
while malonyl-CoA, malyl-CoA, butyryl-CoA and valeryl-CoA
were inactive,

The substrate binding sites of the lyase subunits of
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K. aerogenss and §, fagcalis enzyme complex, however,
accept the aryl-CoA ester. The enzymes from the two sources
represent distinct types on the basis of their reaction-
inactivation behaviour, the former showing rapid inactivation
while the later is only weakly inactivated, However, both
show comparable extents of inactivation by p-azidobenzoyl-
CoA under similar conditions of treatment, The kinetie
data obtained with K. aerogenes deacetyl citrate lyase
establish that p-azidobenzoyl-CoA ac¢cts as a potent
competitive inhibitor of the aeyl lyase activity, having
an inhibitor constant Ki = 80 uM, The reagent presumably
binds specifically to the CoA-ester site of the lyase
subunits, Further evidences were (a) the observation
that l1acl-1abeled reagent was found exclusively with the
lyase subunit on photoirradiation; (b) during photolysis
with different concentrations of the |14C|-labeled reagent
a linear relationship is observed between incorporation of
the 1“cl-labe1 into the protein and loss in acyl lyase
activity under limiting conditions of the reagent and
(e) the incorporation of the |'%C|-labeled resgent is
blocked in the presence of the substrates (38)-citryl=-Coa,
the activity being completely retained. The reagent would
thus be useful for selectively labeling the lyase active
sites of the deacetyl citrate lyase enzyme complex, as
the reagent has been shown to have no action on the
acetyl=-CoA binding sites of the acyl=-transferase =~subunits,
The lyase -subunit has an absolute requirement for
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divalent metal ions such as Hsz’ for its activity (Dimroth
and Eggerer, 1975b); Buckel et al,, 1973). SivaRaman and
SivaRaman (1979) have shown more recently by metal binding
studies using 5“Mn012 that a conformational change is brought
about in the enzyme complex from K. aerozenes on binding
with divalent metal ions. In the present studies, the
binding of p-agidobenzoyl-ColA to the active site of the

layse subunit and the subsequent irreversible inactivation

on photolysis have been shown %o cgcur both in the presence
of Mg?* and in the presence of excess of EDTA. These
results might suggest that (38)=citryl-~CoA binding is
independent of divalent metals, while its cleavage requires

the presence of Mga*.

Although the K. gerogenes citrate lyase enzyme complex
has been shown to have a hexameric ( , , )g steucture
(Carpenter g% al., 19753 Dimroth and Eggerer, 1975a),
careful estimation of the prosthetic group components by
chemieal and miercbiological assay methods have indicated
that only four acyl-earrier 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. Buckel et al. (1973) have earlier
observed that certain acyl-CoA such as acetyl-CoA,
proplonyl-CoA and (38)=eitryl-CoA ean replace the prosthetiec
group and mediate citrate cleavage catalyzed by deacetyl
citrate lyase, Robinson et al, (1976) have suggested that
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the subunit combinations which are devoid of prosthetic
group might function in citrate ¢leavage mediated by
acetyl=-CoAs The approximate estimate obtained in the
present investigation of about seven aryl-CoA binding
sites which are available on the lyase subunits in a

mol of the cltrate lyase enzyme complex from K. gerogenes
is suggestive of the faet that all the lyase structure
subunits in the complex are accessible to p-azidobenzoyl-
CoA or (38)=citryl=CoA, Thus in the intact organism the
cleavage of citrate can proceed possibly bothh via the
bullt-in prosthetic group and through the acyl=-CoA
mediated reaction.



S

Y
b

W

i

ﬁ

¥




123

REACTION MECHANISM SASED INHIBITORS OF
CITRATE LYASE (EC 4,1,3.6)

SUMMARY

p¥Azidobenzoate, monochlorocacetate and L-malate have
been shown to be suicide substrates of the purified native
citrate lyase enzyme complexes from Klgbsiella aerogenecs
and Streptecoccus faecalls.

Incubation of Klebsiella agrogenes citrate lyase with
p~-Azidobenzoate followed by photolysis resulted in
inactivation without formation of any cross-linking between
subunits., p-Azidobenzoate rapidly and irreversibly inactivates
purified native e¢itrate lyases from both the sources in the
dark, Inactivation in presence of EDTA was markedly higher
than in presence of Hsz’. In presence of EDTA (10 mM) and
p-azidobenzoate (10 mM), the first-order kinetics of
inactivation were observed upto about 90% inactivation, with
apparent rate constants of inactivation (K.pp) of 0,09 min~t
for the Elmbpiskdecmerogenes complex and 0,10 min~l for the
Streptocogous faccalls enzyme. In presence of MgsO, (3 mM)
and p-azidobenzoate (10 mM) the rates of inactivation were
markedly lowered; the Klebsiella aerogenes enzyme showed
a marked deviation from the first order kinetics, The
Streptocogcus faegalls enzyme showed a markedly lower
inactivation rate (K, = 0,008 min~l) than the Klebsiella
aerogenes enzyme (K.pp = 0,0235 min"}) in presence of
metal, The lower rates of inactivation,presumably through
a lower rate of formation of the mixed anhydride
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intermediate with the Streptocogcus faecalis enzyme under
conditions required for substrate elodv-gd possibly accounts

for its slow reaction-inactivation behaviour compared to

the Klebsiella asrogenes enzyme. The effect of Mg2® in
lowering inactivation rates is indicative of a conformational
change in the complex on binding of the metal cofactor. The
mechanism of inactivation was analysed by reactivation
studies with acetic anhydride and acetate, After removal

of excess p-azidobenzoate, reactivation was observed only
with acetic anhydride and not with acetate indicating that
the inactivation is a result of deacetylation, A probable
mechanism of deacetylation is through the formation of the
mixed agetic acid -~ p-azidobenzoic acid anhydride inter-
mediate which diffuses away from the active site leaving

the enzyme in an inactive form. Similar results were
observed with monochloroacetate only the rate of inactivation
was less rapid than in the case of p-azidobenzoate.

L~Malate, however, showed a difference fmohts
p-azidobenzoate and monochloroacetate in its mechanism of
inactivation., In this case partial reactivation was
obtained with acetate, suggesting that the L-malyl—S-
enzyme intermediate is also formed subsequent to the formation
of agetic acid - malic acid mixed anhydride,
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INTRODUCTION

Bacterial citrate lyase (EC 4.1,3.6) has been obtained
pure from diverse sources and has been shown to contain
three non-identical subunits (Carpenter gt al., 1975).

The enzyme from K. gerogenes, which has been studied the
most, contains a 10 000 dalton acyl-carrier protein ( )
subunit (Dimroth et al., 1973) with a covalently bound CoA-
like prosthetic group (Robinson gt al., 1976; Oppenheimer
£t al., 1979) carrying an essential acetyl moiety (Buckel
&% al., 1971). The cleavage of eitrate by the enzyme complex
is catalyzed in a sequence of two steps (Buckel et al., 1973).
The first step involving an acyl-transferase reaction
mediated by the ~subunit (54 000 dalton) to yield the
¢itryl-ACP intermediate which is subsequently cleaved in
presence of divalent metals by a reaction catalyzed by the
acyl-lyase ( =subunit of 32 000 dalton) (Dimroth and
Eggerer, 19750). Citrate lyases undergo characteristic
reaction-inactivation (Singh and Srere, 1971) through the
loss of the essential acetyl group to yield deacetyl enzyme
(Buckel gt al., 1971a). Although details of the mechanism
of this deacetylation are not understood, the acyl-
transferase has been reported to catalyze the hydrolysis

of the citryl-ACP intermediate through acyl transfer to
water to yield deacetyl-ACP (Dimroth and Eggerer, 1975b).
Some citrate lyases such as the complexes from XK. gerogenes
and B. gelatinosa (Singh end Srere, 1971; Kummel gt al.,
1975) undergo rapid reaction-inactivation in yvitro, while
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others such as the complexes from §. digcetilactis and
S faecalls (Singh and Srere, 1975; Hiremath gt al., 1976)
are inactivated at markedly slower rates,

The initiel acyl-transferase reaction exhibited by
bacterial citrate lyase has heen shown to differ from that
catalyzed by the welle-known CoA transferases represented
by succinyl CoA : 3-keto acid transferase ( Jencks, 1973),
in that a single displacement mechanism operates unlike the
double displacement of the elassical CoA transferases
(Dimroth gt ale, 1977b). Kinetic evidences indicate that
in citrate lyase an anhydride intermediate between the
substrate and the acetyl moiety of the prosthetic group is
generated without the formation of an enzyme-CoA intermediate
in acetyl-CoA mediated reaction or an acyltransferase-
carbonyl-S~ACP intermediate in the acetyl-S-ACP mediated
step,

With substrate analogues such as 3-fluoro-3-deoxy citrate
(3-fluoro eitrate), two different types of reaction-mechanism
based inhibitions have been observed (Rokita et al., 1982),
From the known reaction mechanism of citrate lyase acyl=-
transferase, the formation of an anhydride intermediate
of the substrate analogue and acetic acld is expected. On
the basis of this mechanism, Rokita gt al. (1982) have
indicated that a sulcide substrate might act through two
possible routes, The anhydride could either diffuse away
from the active site leaving the enzyme in the deacetylated
and inactive form or it could subsequently yield the substrate
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analogue-carbonyl~S~ACP intermediate as a dead-end product.
In the case of 3-fluorécitrate equal extents of both types
of inactivation were observed, approximately half ofe active
sites being deacetylated and the other half being converted
to the 3-Mwpocitryl-S-enzyme which cannot structurally
undergo the retroaldol cleavage.

In the previous chapter the use of p—-azidobenzoyl-=CoA
as a photoaffinity probe for the active sites of the lyase
subunits has been deseribed, As an extension of this study
it was thought of interest to determine whether p-azido-
benzoate would act as reaction-mechanism based photoreactive
cross-linking reagent in the event of p-azidobenzoyl-S-ACP
being formed through the initial acyl-transferase reaction,.
The present chapter describes the suicidal inactioation of
citrate lyases from K. aerczenes and §. faegalls through
deacetylation in presence of p-azidobenzoate, The mechanisms
of inhibition of the enzyme by two other suicide substrates,
monochloroacetate and L-malate, are also described,

mMATERIALS AND METHGDS
HMaterdals:

L-Malic acid, malate dehydrogenase from pig heart
(specific activity of 945 umol, min™t ng'l), NADH from yeast
(disodium salt - 3H,0, grade III) and primary standard grade
Tris were obtained from Sigma Chemical Co. USA., Monochloroe
acetic acid was obtained from &I, Merek, Darmstadt,
p-Aminobenzoic acid was from BDH, England, Acetic anhydride
was from HPC Ltd,, India.
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p~A p-Azidobenzoic acid was prepared from p-aminobenzoic
acid via a diazonium salt intermediate as described by
Lau gt al. (1977). The procedure is described bruefly in
Part I of this thesis.

The reagents and buffers required for purification of
citrate lyase from K. gerogenes and §. faecalis were similar
to those described in Part I of this thesis,

All other chemicals and reagents were of the highest
quality available commercially,

Methods :
Eroteln determinations :

Protein was routinely determined by the method of
Lowry gt ale. (1951) using erystalline bovine serum albumin
as standard, Enzyme protein in the purified complex from
K. gerogenes was determined from absorbance measurement at
278 nm using absorption index % of 6,2 (Singh gt 81.,1976).

Inzynes

Citrate lyase from K. aerogenes was prepared by the
method described by Mahadik and SivaRaman (1968) and
modified by Tikare (1979). A brief outline of the procedure
has been described in Part I of this thesis. The preperations
were homogeneous both on analytical ultracentrifugation and
polyacrylamide gel electrophoresis. The preparation had a
specific activity of about 90 umol, min~t mgl,

Citrate lyase from §. faggalis was purified acecording
to the procedure of Hiremath gt al. (1976). The procedure
has already been described in Part I of this thesis.
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Analytical ultracentrifugation and polyacrylamide gel
electrophoresis showed that the preparations were homogeneous,
The enzyme from the final purification step had a specific
activity of about 90 umol, min™* mg™t,

Znzyme assay

Enzyme activity of pure citrate lyase and of samples
from the inactivation studies was determined by coupled
assay with malate dehydrogenase (Singh and Srere, 1971).
The assay medium contained in a total volume of 1,0 ml:
50 mM Tris-HCl, pH 8,0; 5 mM MgS0,} 5 mM sodium citrate;
0s2 mM NADH and 1.1 U of malate dehydrogenase. The reaction
was initiated by the addition of 10 ul of citrate lyase
solution containing about 0,5 =~ 1,5 ug of the pure enzyme.
The assay was carried out at 25°C and the optical density
at 340 nm was monitored in a Shimadzu UV 210 spectrophoto-
meter., The coupling enzyme was not inhibited by the test
compounds under the assay conditions,.

dnhibitors :

Stock solutions of 100 mM concentration of the three
acids, p-azidobenzoic acid, monochlorcacetic acid and
L-malic acid were prepared in distilled water and neutralized
by the addition of potassium bicarbonate,

Ehotoactivation In presence of p-azidobenzoate :

Native citrate lyase from K. gerogenes (150 ug) in a
total volume of 0.3 ml of 50 mM Tris-HCl buffer, pH 8,0,
containing 10 mM p~azidobenzoiec and 10 mM EDTA was incubated
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at 30°C for 10 min in the dark, The solution was then

cooled in an ice bath and irradiated under a Philips Black
light lamp (365 nm) for a period of 5 min, An aliquot

was checked for residual activity and the remaining solution
was subjected to SDS-polyacrylamide gel electrophoresis

as desecribed in Part I of this thesis except that the
mercaptan was omitted from all busfers.

Time~dependent inactivation of citrate lyase from
K. aerogepes and from g, faggalis was studied by incubating
a solution of the test compound with the enzyme at 25°C in
the dark., The incubation mixture contained in a total
volume of 0,2 ml: 30 ug of pure citrate lyase from either
K. aerogenes or S. faeesliss 50 mM Tris-~HCl buffer, pH 8,03
3 mM n.so~ or 10 mM EDTA and required amounts of one of the
neutralized stock solution eontaining the test compound
(2.5 or 10 mM final concentration), The mixture was
incubated at 25°C and at regular intervals of time, aliquots
(10 ul) of the incubation mixture were withdrawn and assayed
for residual citrate lyase activity. The enzyme activity
at zero time was arbitrarily taken as 100%, Control
experiments were run in which the enzyme was incubated at
25°c in a system of the same composition as the incubation
system except that the test solution was omitted, Enzyme
activity was determined by the malate dehydrogenase coupled

assay as described earlier: The decrease in absorbance



at 340 nm was monitored and the initial rate of oxaloacetate
formation was calculated fromtthe extinection coefficient
value of NADH at 340 nm,

Erotection by acetate :

The effect of acetate in protecting the inactivation
of K. aerogenes citrate lyase by p-azidobenzoate was
investigated as follows: The pure enzyme (30 ug) was
incubated at 25°C in a total volume of 0,2 ml solution
containing 50 mM Tris-HCl, pH 8,03 10 mM EDTA; and sodium
acetate (1 - 50 mM), After an incubation period of 5 min,
p-azidobenzodte solution was added to give a final
congentration of 10 mM of the inhibitor, The mixture was
then incubsted for 30 min and an gliquot of 10 ul was
checked for citrate lyase activity by the malate dehydro-

genase coupled assay procedure,

Reagtivation studies :

K. gerogenes citrate lyase (150 - 200 ug) was incubated
at 25°C in a total volume of 1 ml containing 50 mM Tris-
HCl, pH 8,03 10 mM EDTA and the acid inhibitor final
concentrations 10 or 20 mM, After an inecubation period of
30 or 60 min the system wes subjected to resctivation by
treatment with acetate or acetic anhydride.

(a) Resctivation by acetate. Test for reactivation
with acetate was done by treating the inhibited enzyme with
sodium acetate (0.1 M) as described by Rokita gt al., (1982).
20 ul of the inactivation mixture was treated with 20 ul of
0.2 M sodium acetate and incubated for 5 min at 35°C., After
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the incubation the reactivation mixture was transferred into
a 1 ml cuvette containing the malate dehydrogenase coupled
assay system and the decrease in absorbance at 340 nm was
monitored,

(b) Reactivation wigh acetic anhvdride. The inacti-
vated enzyme solution was cooled rapidly in an ice-bath
and acetiec anhydride was added to a final concentration of
4,7 mM and stirred frequently, After a period of 5 min,
an aliquot was withdrawn and checked for reactivation by
the coupled malate dehydrogenase assay procedure,

Test for reactivation with acetic anhydride was also
carried out after removal of excess inhibitor, The enzyme
solution after inactivation by treatment with the inhibitor
was passed down a column of Sephadex G-25 (1 x 20 om)
equilibrated with 50 mM potassium phosphate buffer, pH 7.5
containing 1,6 mM Mgs0, and eluted with buffer of the
same composition. Protein was monitored by alisorption
at 280 nm and protein fracticns were pooled and aliquots
separately tested for residual activity and for reaction
with acetic anhydride as described above,

Ehetolvals of cltrate lvage in presence of p-azidobenzoate !

Citrate lyase from K. gerogenes was progressively
inactivated on incubation in the dark with p-azidobenzoate
(10 mM) and EDTA (10 mM) over a period extending upto 20 min
at 25°C, SDS-polyaerylamide gel electrophoresis carried



out after photolysis for 5 min showed the presence of
the 54 000 ( ), 32 000 ( ) and 10 000 ( ) daltons
subunits only, No eross-linked subunit species was
detected indicating that p~azidobenzoyl=-S-ACP is probably
not formed in the inactivation process.

« The
effect of p-azidobenzoate in the dark on eitrate lyases
from K. gerogengs and 8. faegalis is shown in Figure IIJX
and the kinetic constants are summarized in Table IT.l.
Controls in which the enzyme was incubated with EDTA
(10 mM) or Mgso, (3 mM) in the absence of the reagent
did not show any significant inactivation under the
conditions of incubation, From Figure II.1 it ean be
seen that the reagent is an effective time-dependent
inactivator of citrate lyase in presence of EDTA, The
inactivation shows first-order kinctics upto about 90%
inactivation. The first order inactivation rate constants
Kaqpp Were 0,09 min™! ad 0,1 min~! at & concentration of
10 mM p-azidobenzoate with K. agrogenes and S, fagealis
citrate lyase, respectively (Table II.1l), In presence of
EDTA, the 5. faecalis enzyme is inactivated slightly
more rapidly than the K. aerogenes enzyme., The enzyme
from K. gerogenes showed deviation from first order kinetiecs
and the attainment of a plateau level of residual activity.

In presence of Mg2' (3 mM) inactivation by 10 mM
p-azidobenzoate was greatly reduced (K.pp = 0,0235) for
K. aerogenes citrate lyase and 0,008 for S. faegalis).
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Control, ( ). ()
K. aerogenes emzyme: 2.5 mM p-azidobenzoate + 3 mM MgSO :
TO mM p-azidobenzoate + 3 mM Mgso,, ( ); 10 mM p-azidobgnzoaté

+ 10 mM EDTA ( ).

S. faecalis enzyme: 10 mM p-azidobenzoate + 3 mM MgSO, )
10 mM p-azidohenzoate + 10 mM EDTA ( ).



IABLE I1l.l. Effect of p-azidobenzoate, monochloroacetate
and L-malate on citrate lyase enzyme complex

from K. gerogenes and 3. faecalis.

Enzyme Preincubation 10° x K.p;(min'l)
R p-Azidobenzoate (10 mM) 235
lc‘ii::'lr!:c gynso 1 M‘b (3 mM)
p~Azidobenzoate (10 mM) 90
+ EDTA (10 mM)
. Iﬂﬂnﬂ%&l p-Azidobenzoate (10 mM) 8.1
§1trato yase . M‘z-» (3 mM)
p-Azidobenzoate (10 mM) 100
+ EDTA (10 mM)
. Monochlorocacetate (10 mM) 10,5
gitrago fyaso + EDTA (10 mM)
Monochloroacetate (20 mM) 20
+ EDTA (10 mM)
Monochloroacetate (20 mM) 6.5
+ ¥g?* (3 mm)
. L~Malate (10 mM) 2945
§1m§o !yase + EDTA (18 mM)
L~Malate (10 mM) 6.2

gimgo }ylse

+ EDTA (10 mM)

*Values of K

a
plots of logp?

were obtained from the linear regions of
%)residual activity) yersus time of

incubation with reagent, K.pp = 2,303 x slope,
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In contrast to the relative inactivation of the enzymes from
the two sources in presence of EDTA, the enzyme from

K. gerogenes is inactivated at a markedly higher rate than
the S. faggalis enzyme in presence of Mgz’. The K. agrogenes
enzyme, unlike the $. fagcalis enzyme, again exhibited
deviation from first-order inactivation kineties, The rate
of inactivation was dependent on the conecentration of
p-azidobenzodte, the rate constants in presence of Mg2' being
0,005 min™t with 2,5 mM reagent and 0,0235 min~' with 10 mM
reagent.

The inactivation of bht enzymes was irreversible since
the removal of excess reagent by gel filtration did not
reverse the inactivation,

Reactivation of pwazidobenzoate lnhibited citrate
dvase. To study the mechanism of inactivation by
p~-azidobenzoate, reactivation characteristics were monitored
by taking advantage of the differential reactivation abilities
of acetic anhydride and acetate (Rokita gt al., 1982).

Table II,.2 summarizes the reactivation characteristics of
p-azidobenzoate inactivated citrate lyase from K. gerogenecs.
Acetate (0.1 M} incubation did not result in any reactivation
both before and after removal of excess inhibitor, Acetic
anhydride at a final concentration of 4.7 mM also failed

to reactivate the enzyme in the presence of excess inhibiter.
However, on remova} of excess reagent, the inactive citrate
lyase was reactivated to an extent of 70% by 4,7 mM acetic
anhydride. Acetate under these conditions had no
reactivation effect.,



ZABLE 11.2. Mode of inactivation of K. gerogenes citrate
dyase by p-azidobenzoate,

Pretreatment System for Residual Reactivation
Reactivation activity
(%) (%)
Azidobenzoate - 17 -
HO nM) +
EDTA (10 mM)
Acetate (0,1 M) 16 0

before .removal
of excess reagent

Acetic anhydride 15 0
Azidobenzoate Acetate (0,1 M) 12 0
10 mM) +
EDTA (10 mM)
followed by
removal of excess
reagent by gel
filtration
Acetate (0,1 M) b 0
Acetic anhydride 82 70

The enzyme was initially inactivated by incubating with
p~azidobenzoate for 20 min, Reactivation characteristics
were monitored with acetate or acetic anhydride as deseribed
under Materials and Metheds,.
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Erotection from inactivation Dy p—azidobenzoate :

The presence of nucleophilic acetate ion in the
incubation mixture prevented the inactivation of K. aerogenes
citrate lyase by p-azidobenzoate. Table II,3 shows that
the inactivation of citrate lyase decrecases markedly with
inecrease in the concentration of added acetate in the
incubation mixture, Acetate has been shown to partiecipate
in the acetyl-exchange reaction catalyzed by the acyl-
transferase subunit of eitrate lyase, evidently through the
generation of acetic anhydride as an intermediate (Dimroth
gt ale, 19770)« The protection offered by added acetate
against inhibition by p-azidobenzoate supports the hypothesis
that the inactivation of citrate lyase by p-azidobenzoate
is through the formation of mixed p-azidobenzofbeecdd -
acetic acid annhydride intermediate, the formation of which
is blocked in presence of the added acetate.

TABLE 1l.3+ Protection of citrate lyase from K. ggrogenes
from inhibition by p-azidobenzoate

p~Azidobenzoate Acetate Residual activity
(mM) (mM) (%)
0 0 100
10 v 8.5
10 1 12.5
10 5 35
10 50 88

The reaction mixture contained in a total volume of
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0.2 ml : 30 ug pure enzyme; 50 mM Tris-HCl, pH 8,0}

10 mM EDTA; 10 mM p-azidobenzoate and the indicated amounts
of acetate, The mixture was incubation for a total period
of 30 min and 10 ul aliquots were assayed for residual
activity.

Cltrate lvase inactivation by monochloroacetate :

Citrate lyase was inactivated by monochlorocacetate
and the kinetics of inactivation followed the same pattern
as that observed with p-azidobenzoate. From Table II.l
and Figure II.2 it can be seen that the rate of inactivation
by monochloroacetate is much slower compered to that
observed with p-azidobenzoate. The apparent firsteorder
rate constants of inactivation with 20 mM monochloroacetate
in presence of EDTA (10 mM) and Mgz’ (3 mM) are 0.02 min—t
and 0,0065 miﬁ'l. respectively, The first order inactivation
constant in presence of 10 mM monoehloroacetate and 10 mM
EDTA was about 9-fold slower (0,01 min™t yg 0.090 min~1)
than that of p-azidobenzoate under similar conditions.
The reactivation characteristics of the monochloroacetate-
inactivated citrate lyase from K. gerogeneg is shown in
Table II.4, As in the case of the p-azidobenzoate-
inactivated enzyme, there is no reactivation by acetate
while 41% reactivation resulted on incubation with acetic
anhydride even without removal of excess inhibitor.
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JABLE Il.4. Mode of inactivation of K. gercogenes citrate
lyase by monochloroacetate,

Pretreatment System for Residual Reactivation
reactivation activity
(%) (%)

Monochloro- - 32 0
acetate 220 mM
+ EDTA 10 mM

Agetate (0,1 M) 25 0

Acetic anhydride 3 41

(447 mM)

Citrate lyase from K. gerogenes was treated with
20 mM Cmonochloroacetate in presence of 10 mM EDTA and
incubated for 60 min prior to the reactivation studies
with acetate or acetic anhydride.

dnactivation of citrate lvase by l-malate :

The effect of L-malate on ecitrate lyase from K. gerogenes
and §. fagealis is shown in Figure II.3, The rate of
inactivation by L-malate was more rapid with K. aerogenes
citrate lyase compared with the 8. faggalis enzyme.

L-Malate (10 mM) in presence of EDTA (10 mM) inactivates

K. 2erogenes citrate lyase to an extent of 58% within

30 min, while the S. faegalis enzyme is inactivated only

to an extent of 16y, the apparent first-order rate constants
being 0,03 min~t and 0,06 lin"l. respectively. From
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K. aerogenes enzyme: 10 mM malate + 3 mM MgsSo, ( );
70 mM malate + 10 mM EDTA ( ). = '

S. faecalis enzyme: 10 mM malate + 10 mM EDTA ( ).
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Figure II,3 it can be seen that time dependent inactivation
of K. aerogenes citrate lyase by L-malate (10 mM) in
presence of Mg2* (3 mM) shows deviation from firsteorder
kinetics of inactivation and attains a plateau around

45 « 50% residual activity,

The reactivatéfidn characteristics of L-malate
inactivated citrate lyase from K. gerggenes are shown in
Table II,5. It is evident that the mode of inactivation
by Le-malate differs from that of p-azidobenzoate and
monochlorocacetate, About 20% reactivation results on
incubation with acetate (0.1 M) and about 30% reactivation
on incubation with acetic anhydride (4,7 mM), wwéh without
removal of excess inhibitor., The data would indicate
that both formation of the malyl-S-enzyme intermediate
as well as deacetylation occur. The latter inactive
state could also result from the hydrolysis of the malyl-
enzyme intermediate,
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JABLE 11,5, Mode of inactivation of K. aerogenes citrate
lyase by L-malate.

Pretreatment System for Residual Reactivation
reactivation activity
f%) (%)
L~Malate 210 -Mg - 35 ~
+ EDTA 10 mM
Acetate ( 55 20
(0.1 M)
Acetic 65 30
anhydride
(4,7 mM)

Subsequent to the reactivation studies, the
enzyme from K. acrogepnes was inactivated for 30 min,
in presence of L-malate (10 mM) and EDTA (10 mM)
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Suicide substrates inactivate enzymes irreversibly
through reaction-mechanism based formation of toxic or
futile intermediates. Rokita gt gl. (1982) have observed
a reaction-mechanism based inhibition of bacterial citrate
lyase by the eitrate analogue, 3-flurocitrate., Inactivation
of citrate lyase can be expected at two steps during the
turnover of the enzyme., In the event of the substrate
analogue partiecipating in the first step of acyl-exchange,

@ mixed anhydride of the citrate analogue and acetic acid
derived from the enzyme acetyl moiety would result, The
mixed anhydride could diffuse away from the active site
leaving the enzyme stranded in a deacetylated and inactive
form. Alternatively the acyl-S-enzyme derivative of the
substrate analogue is formed which cannot undergoe retroaldol
cleavage and thus the enzyme accumulates in this inactive
form, Hydrolysis of the latter intermediate could also
occur and leave the enzyme in the deacetylated inactive
form (Eqe 1).
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The mode of inactivation by 3-fluoroecitrate has been
shown to involve both routes, an immediate deacetylation
as well as an accumulation of 3-fluorocitryl-Seenzyme and
its subsequent slow hydrolysis. The mode of inactivation
of citrate lyase by p-azidobenzofle has been characterized
in the present studies from an approach similar to that
suggested by Rokita gt gl. (1982)., The distinction between
deacetylated enzyme and an inagtive acyl-S-enzyme inter-
mediate is based on the differential diagnostic test
suggested by Rokita gt gl. (1982) dependent on reactivation
either with agetic anhydride or with acetate, Acetic
anhydride specifically reactivates deacetyl citrate lyase
(Buckel et al,, 1971; Srere et al.,, 1972) while acetate
can roaottv;to only the inactive acyl-S-enzyme intermediate
by an acyl exchange reaction (Rokita gt al., 1982)., The
enzyme inactivated by p-azidobenzogte could only be
reactivated with agetiec anhydride and not by acetate,
suggesting that tdeacetylation of the enzyme is the cause
for inactivation. Deagetylation results probably through
the formation of a mixed anhydride of enzyme acetate and
p-azidobenzoate, which could diffuse away from the active
site leaving the enzyme in the deacetyl inactive form.
p-Azidobenzoyl-S-enzyme intermediate even if formed would
be highly prone to hydrolysis because of the presence of
an aromatic ring with an azido group adjacent to the
carbonyl-carbon making it electron deficient and thus prone

to nucleophilic attack.
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An interesting observation is the markedly lower rate
of inactivation of eitrate lyase by p-azidobenzoate in
the presence of Msz’. The effect is more pronounced in
the case of the J. faggalls enzyme, VWhile in the absence
of metal, the rates of inactivation of the enzyme from
both sources are comparable, the rate of inactivation of
the §. faecalis is about 3 times slower than that of the
K. aerogenes enzyme in presence of Msz* (3 mM), The removal
of metal has been shown not to cause any dissociation-
assoclation effect in citrate lyase from K. gerogenes in
presence of 50 mM Tris-HCl buffer, pH 8.0 (SivaRaman and
SivaRaman, 1979), while the §. faggalis enzyme is stable
even in the absence of metal and in low ionic strength
buffer systems (Hiremath gt gl., 1976). The metal effect
could therefore be attributed to a conformational change
in the complex. Evidence for such a change in the complex
K. aerogengs citrate lyase complex has been shown earlier
from the Mn2* binding characteristics of the purified enzyme
(SivaRaman and SivaRaman, 1979). The conformational change
brought about by divalent metal apparently effects the
reactivity of the acyl transferase subunit, although the
acyl exchange reaction does not require metal, The markedly
greater lowering in acyl exchange rates observed with the
S. faecalis enzyme as compared to the K. aerogenes enzyme
in presence of metal might also explain the slower rates
of ftmaction~inactivation of the former., Accumulation of
citryl-Seenzyme, the product of the acyl transferase step
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in the citrate cleavage reaction could result in enhanced
deacetylation as citryl-S-ACP is known to undergohhydrolysis
in presence of the aeyltransferase ( ) subunit. The lower
rate of anhydride intermediate formation which precedes
¢itryl=S-ACP production would ensure a lower steady state
soucentration of the labile intermediate.

Another distinguishing feature in the behaviour of
the K. gerogenes enzyme towards p-azidobenzoate is the
deviation from first-order inactivation kinetics and the
attainment of a plat®u level of residual activity. Such
behaviour has been reported earlier by Rokita gt al. (1982)
in studies on the inhibition of K. aerogenes citrate lyase
by 3-fluorocitrate. As suggested by these authors, the
deviation may be a result of the negative cooperativity of
the inactive subunits in the acyl-transferase reaction,

Chlérocacetate, which has an electron withdrawing
Cl atom substituting for a methylene hydrogen, also inactivates
the enzyme in a manner similar to inhibition by p-azido-
benzoate but at a slower rate,

I-Malate inactivates citrate lyases from K. gerogenes
and from S. faeealis apparently through the formation of
a malyl-S-enzyme intermediate, reactivation being observed
on incubation of the inactivated enzyme with acetate (0,1 M)
The reactivation is partial (20%) under these conditions
tried. Treatment with acetic anhydride (4.7 mM) also
results in partial (30%) reactivation), The deacetyl
enzyme could have resulted either from the diffusion of
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the anhydride intermediate away from the active site or
from hydrolysis of the malyl-S-enzyme intermediate, The
inactivation with L-malate was also more rapid with the

K. aerogzengs than with the §, faggalis enzyme, Irrever-
sible inactivation of K. aerogenes citrate lyase had been
oberved earlier by Bowen and Rogers (1963a), although the
mechanism of the enzyme action was not understood at the
times The evidence obtained in the present study indicates
that malyl-S-enzyme formation may be one of the modes of
inactivation of the enzyme by malate., R,S-malyl-CoA has
been shown by Buckel gt al. (1973) to be inactive in
mediating citrate cleavage by deacetylated citrate lyase,
On the basis of this finding, malyl-S-ACP can also be
expected not to participate in an aeyl exchange reaction
with citrate. Accumulation of malyl-S-ACP would thus
result in the conversion of the active acetyl-enzyme to

an inactive malyl-derivative,



PART TIIII
CHARACTERIZATION OF THIOL GROUPS OF THE ACYL~CARRIER

PROTEIN OF Klebsiella aerogenes CITRATE LYASE



IR R

S ACYLATED RESIDUES QF THE ACYL CARRIER PROTEIN SUBUNIT
OF Klebsiella aerogenes CITRATE LYASE

SUMMARY

Oxidation of the isclated deacetyl acyl-carrier protein
subunit with Cu?*- g-phenanthroline complex, a reagent which
oxidizes -SH groups only to the level of disulfide, results
in a decrease of -SH group eontent from about 2 - 0,3 SH/mol
of ACPs An estimate of the molecular size of the oxidized
subunit by SDS-polyacrylamide gel electrophoresis showed
thet absence of interpeptide cross-linking. These results
indicate that oxidation leads exclusively to the formation
of intrapeptide disulfide bridge formation, The thiol
groups of the cysteamine and the e¢ysteine residues of the
Agcyl-carrier protein subunit are apparently located in

slose proximity to permit bridging through a disulfide
linkage,
|Y4c|-acetyl labeled citrate lyase from K. serozencs
was obtained by acetylation of deacetyl citrate lyase with
a partially purified preparation of citrate lyase ligase
of K. gerogenesg in presence of |18¢| ~acetate and ATP.
Radioactivity was found exelusively on the ACP ( ) subunit
of the I1“cl-ncctyl labeled citrate lyase. The presence
of protein bound radiocactivity after complete reaction-
inactivation of the I1“CI-1nbclcd enzyme which results in
the complete deacetylation of the cysteamine residue of the

prosthetic group, suggests that the Se-acetylation of the
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cysteine residue in deacetyl acyl-carrier protein subunit
is catalyzed by eitrate lyase ligase.

INTRODUCTION

Citrate lyase (EC 4,2.3.6) which catalyzes the
cleavage of citrate in a two step sequence of reaction
(Singh gt gal., 1974; Dimroth and Eggerer, 1975b) is a
multienzyme complex containing two enzymes and an acyl-
carrier protein (ACP) (Carpenter gt al., 1975). The most
extensively studied of these complexes is the one from
K. aerogenes, the ACP subunit of which has been shown to
contain an S-agylated cysteine residue in addition to the
essential S-acetyl moiety on the cysteamine residue
(Dimroth gt ale«y 1973) of the (phosphoribosyl)-dephospho-
CoA prosthetic group (Robinson gt al., 1976; Oppenheimer,
gt ale, 1979)s During the course of ecitrate cleavage
the acptyl group is exchanged first with citrate to yield
a eitryl-ACP intermediate which is then cleaved with
liberation of oxaloacetate and regeneration of acetyl-
ACP, It has also been found that during the turn over
of citrate, the enzyme undergoes a phenomenon of reaction-
inactivation which has been attributed to the loss of
essential acyl moiety presumably through the hydrolysis
of the unstable eitryl-ACP intermediate (Singh and
Srere, 1971j Dimroth and Eggerer, 1975b). The Hs-enzyme
that is formed is inactive towards citrate as substrate,
The HS-citrate lyase can be reactivated either chemiecally
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by acetic anhydride (Singh gt al., 1972) or enzymatically
by eitrate lyase ligase in presence of ATP and acetate
(Schmellenkamp and Eggerer, 1974). Treatment of the
deacetyl enzyme with Iﬂcl-todouutato in presence of
excess of DTE (10 mM) results in labeling of only the
cysteamine residue (Dimroth and Eggerer, 1975a) and on the
basis of this affinity labeling it was postulated that
only the cysteamine residue carries the essential

acetyl molety,

Though the thioester groups of the acyl-carrier
protein have been shown to play an important role in the
mechanism of the action of citrate lyase, little is known
about the nature and function of the cysteine acetyl
group of the subunit, This part of the thesis describes
some of the properties of the acylated thiol residues
of the ACP subunit of K, gerogenes citrate lyase enzyme
complex and the probable role of citrate lyase ligase in
modification of the cysteine residue of the subunit to
agetyl-gysteine,

MATERIALS AND METHODS

Materdals :

All the chemicals used were of the highest purity
available commercially,

1,10=-Phenanthroline, monohydrate (g-phenanthroline),
Trizma base and DIT were obtained from Sigma, Acrylamide
and N,N' methylene bisacrylamide were of electrophoresis
grade and obtained from Eastman Organic Chemicals,



Rochester, USA, Sodium dodecyl sulfate (SDS) was a
preparation of Hico Products, Pvt, Ltd., Bombay, 5-5'~
Dithiobis (2-Ritrobenzoate) (DINB) was from Calbiochem, USA.

Sodium |1 = 14c| acetate (47.6 Ci/mol) was obtained
from Bhabha Atomie Research Centre, Bombay and was diluted
with cold acetate to about 3 Ci/mol before use.

Analytical grade hydroxylamine hydrochloride (NH20H.
HCl) was from BDH Ltd, and a neutralized hydroxylamine
solution, pH 7.0 was prepared by mixing equal volumes of
145% NaOH and 28% NH,OH.HCL (Stadtman, 1957). Fresh
solutions were prepared before use,

Cltrate lvase :

Citrate lyase enzyme complex from K. 2eroggngs wes
prepared according to the procedure of Mahadik and
SivaRaman (1968) and an outline of the procedure has been
discussed in Part I of this thesis, The enzyme had a
specific activity of about 70 - 90 umol, min™t mg"l and
were homogeneous in analytieal ultracentrifuge and
polyacrylamide gel electrophoresis.

Experimental Procedures:
Erotein estimations

Protoin estimations were generally done by the method
of Lowry gt ale (1961). Protein of pure citrate lyase was
estimated by the method of Singh et al, (1976) using an
absorbance index of t{". = 6,2 at 278 nm,



Isolation of acyl carrier proteln subunit :

The purified eitrate lyase complex from K. aerogencs
was deacetylated and dissociated with DIfT-urea and the
individual subunits separated essentially by the procedure
described by Carpenter gt al. (1975). Pure citrate lyase
(25 mg protein in a total volume of 2,0 ml of 0,05 M
potassium phosphate buffer, pH 7.0 was treated with 6 M
urea end 10 mM DTT, The solution was incubated for 12 - 16 h
at 4°C and then loaded on a Sepharose CL-68 column
(1 x 100 em) equilibrated with 0,05 M potassium phosphate
buffer, pH 7.0 containing 6 M urea and 10 mM 2-mercapto-
ethanol., Elution was carried out by the same buffer and
frections of 1,1 ml were collected at a flow rate of
8 - 9 ml/h., Protein was monitored by measuring absorbance
at 280 nm and 260 nm, The purity of the subunits are
judged by SDS-polyacrylamide gel electrophoresis, The
fractions containing the ACP subunits were pooled and
dialyzed against 0,01 M potassium phosphate buifer,
pH 7.0 containing 10 mM mercaptoethanol (2 x 1 litre)
and stored frozen at -20°C, For thiol group estimation
an qliquot was dialysed against 0,01 M potassium phosphate
buffer, pH 7.4 for & h at 0 = 4°C and assayed immediately.

Oxidation with o-phenanthroline - m2¢ 1 "
Catalytic oxidation of thiol groups with

o-phmnnthronnn-mz’ complex of deacetyl acyl carrier

protein was carried out according to the method of

Kobashi (1968). The isolated deacetyl ACP subunit
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(0.8 mg) in 0,5 ml of 0,05 M potassium phosphate buffer,

PH 7.4 was treated with a mixture of g-phenanthroline

and copper at a final concentration of 100 uM and 20 uM,
respectively. The reaction mixture was then incubated

for 30 min at 25°cC, Quenching of the reaction was achieved
by adding 0.5 ml of 20% SDS solution, Aliquots of the
above solution were separately taken for SDS-polyaerylamide
gel electrophoresis and for thiol group estimation.
Sulfhydryl groups of K. gerogenes ACP subunit were estimated
with DINE before and after oxidation of the subunit.

Estimation of thiol groups ¢

The estimation of sulfhydryl groups in the isolated
deacetyl acyl-carrier protein of K. gerogenes citrate
lyase was carried out after dialysis using DTNB according
to the method déscribed by Ellman (1959), with and without
added DTT, DINB titration of unoxidized ACP was also
performed in the presence of DIT and arsenite by the method
of Zahler and Cleland (1968) to check for autooxidation
if any, during the dialysis step. Deacetyl acyl-carrier
Brotein (200 - 300 ug) was treated with 0,1 ml of 0,05 M
Bris-HCl buffer, pH 9.0 and 0,1 ml of 3 mM DTT and
incubated for 30 min at 30°C. 0,2 ml of 100 mM Tris-
HCl, pH 8.1 and 1,5 ml of sodium arsenite (5 mM in 40 mM
EDTA) were then added and the total volume was made
upto 2,9 ml with distilled water, The solution was then
treated with O,1 ml of 3 mM DINB in 50 mM acetate buffer,
pH 5.0 and increase in optical density at 412 was
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monitored,

Molecular weight of the ACP subunit was taken as
9378 (Beyreuther, 1978) for the calculation of the
| sH| eontent/|ACP|.

Ske—pelvacrviamide gel electrophoresis :
SDS-polyaerylamide gel electrophoresis of the native
citrate lyase and of the isolated subunits were carried
out under denaturing econditions according to the procedure
of VWeber and Osborn (1969). 10% gel tubes were prepared
in 50 mM sodium phosphate buffer, pH 7.3 using 0,07%
ammonium persulfate for polymerization. Protein samples
were prepared by heating at 100°C for 3 min in presence
of 1% SDS and 10 mM 2-mereaptoethanol, The solutions
wvere made dense with 30% sucrose and loaded on the tubes,
Bromophenol blue was used as the tracking dye.
Electrophoresis was carried out at a constant current of
8 ma/tube, The gels were stained with 0,25% Coomassie
Brilliant Blue for 6 - 12 h and destained by diffusion
in methanol-agetic acid-water nixture.

The effect of oxidetion by c-phenanthroline-CuZ*
complex on the molecular size of ACP subunit was checked
by subjecting the protein to SDS-gel electrophoresis in
buffer systems without 2-mercaptoethanol. The molecular
welight of the ACP subunit before and after oxidation
was estimated from a plot of log molecular weight ygrsug
relative mobility of the protein, The three non-
identical subunits (54 000 dalton), (32 000 dalton)
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and (10 000 dalton) (Carpenter gt al., 1975) of the
native citrate lyase complex from K. gerogenes were taken
as standard marker proteins for determination of
molecular weights.

Ereparation of citrate lvase ligase

The acetate: HS~|acyl-carrier protein| enzyme ligase
(AMP) (ecitrate lyase ligase) was partially purified from
K. agrogenes by the method deseribed earlier by Hiremsth
8t al. (1976). Cell extracts were fractionated upto the
alumina C gel treatment step as de:zeribed in Part I of
the thesis, The enzyme solution was then treated with
excess of alumina C gel (45 ml gel/200 ml extract). At
this step citrate lyase activity is completely adsorbed on
the gel, while the ligase activity remains in the supernatant,
Alumina C was removed by centrifugzation at 3 000 g for
15 min and the ¢lear supernatant containing the ligase
activity was concentrated by ultrafiltration using a PM-30
membrane, The ligase prpparation was free from citrate
lyase activity, The ligase activity was checked by incubating
with deacetyl citrate lyase prepared from K. aerogenes as
deseribed by Kummel gt gl. (1975)s The preparation had
a specific activity of 8 U/mg protein. .
22mmnEﬂH&EL31Ll::2LﬁuNBﬂ2hn1&t!1l.1!25!.‘!2!.&4.ﬂltﬂllnll :

The |™c|-acetyl labeled enzyme was prepared by
acetylation of HS~gcitrate lyase with citrate lyase ligase
in presence of ll-"'CI-acotato and ATP, Citrate lyase from
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K. aeregenes was deacetylated with neutralized hydroxyl-
amine (Buckel g 8le., 1973) before the DEAE=-cellulose step
in the purification procedure described in Part I of the
thesis. Excess reagent was separated by filtration through
a Sephadex G-25 colugpn (1.5 x 40 em) using 50 mM potassium
phosphate buffer, pH 7.5, containing 1.6 mM MgSO,« The
protein containing fractions were pooled and an aliquot
withdrawn from the fraction showed complete loss of citrate
lyase activity as judged by malate dehydrogenase coupled
assay. The deacetyl enzyme ( 200 mg) in 5 to 6 ml of
the phosphate buffer was treated with citrate lyase ligase
(10 mg of the partially purified enzyme) in presence of
ATP and acetate (8 uCi) at a final concentrations of 6 mM
and 0,5 mM, respectively. The mixture was incubated at
25°C for 30 min, Citrate lyase ligase was adequate
to reactivate to about 50% of the original citrate lyase
activity, The protein was then precipitated by addition
of an equal volume of cold saturated ammonium sulfate
solution and collected by centrifugation for 30 min at
50 000 g and 4°C, The protein was dissolved in a minimum
volume of 0,05 M potassium phosphate buffer, pH 7.6
and subjected to DEAE-gellulose chromatography and gel
filtration through Sepharose CL~6B essentially as
described in Part I of the thesis.
Deteetion of |'%c|-agetvl labeled subunit :

The radioactivity distribution in the subunits was
determined by dissoeiating |'*C|-acetyl citrate lyase by



SDS followed by SDS-gel electrophoresis. l"'

citrate lyase (200 ug) obtained as deseribed above, was
treated with 1% SDS in the absence of 2-mercaptoethanol
and heated in a boiling water bath for 2 min and then
subjected to SDS-polyacrylamide gel electrophoresis as
described earlier. The gel was then stained, destained

C|=acetyl-

and the gel region corresponding to subunits ’ and
were cut and checked for radicactivity by the method of
Saitoh gt al. (1980) as deseribed briefly in Part I of
the thesis,

Reaction-inagtivation

I"‘cl-aeotyl-cimto lyase ( 0,5 mg) was reaction-
inactivated in a total volume of 0.5 ml of Tris-HClL buffer,
pH 8.0, containing 0.5 mmol citrate and 1.5 umol MgSO,, by
incubation for 15 min at 30°C, An aliquot of 10 ul was
checked for citrate lyase activity by coupled assay with
malate dehydrogenase to confirm complete inactivation.
After complete inactivation the enzyme solution was dialyzed
exhaustively against 0,05 M potassium phosphate buffer,
pH 7.5 and the remaining protein bound radiocactivity was
measured by transferring the solution into a 10 ml of
dioxane based secintillant cocktail containing 100 g
naphthalene and 5 g PPO per litre of dioxane., Radiocactive
counts were taken in a Beckman Model LS-100 scintillation
system.
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RESULTS

Zselation of deacetvl acvi-carrier protein ¢
Acyl-carrier protein in deacetylated form was prepared

by dissociation of the native citrate lyase from K. 2erogcnes
by 6 M urea in the presence of 10 mM DTT followed by
separation of subunits by gel filtration through Sepharose
CL-6B column, A typical elution profile is shown in
Figure III.9. It can be seen from Figure III,1 that the
larger subunits and separate with overlap in the
intermediate fractions, The fractions on the leading
edge of the ~subunit peak and the trailing end of the

-subunit component were therefore pooled separately for
isolation of individual subunits. SDS-polyacrylamide
gel electrophoresis revealed that fractions 48 - 54 contained
only =-subunit, fractions 54 - 60 both =« and ~subunits,
while fractions 61 - 65 contained only =subunit., The
pooled fractions containing single protein components were
taken for isolation of the individual subunits., The =
subunit emerged distinctly from the other two subunits
and fractions 68 - 76, both inclusive, were pdoled for the
isolation of the =subunit, The presence of ~subunit
is easily detectable since it shows a higher 260 nm
absorbance because of the presence of the CoA-like
prosthetic group and low content of aromatic amino acids.
Figure 1I1,2 shows the analytical SDS-polyaerylamide gel
electrophoresis patterns of the native enzyme and of the
isolated subunits, This figure shows that electrophoreti-
cally homogeneous components of K, aerogenes citrate
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FIG, III.2 SDS~-POLYACRYLAMIDE GEL ELECTROPHORESIS OF

K. aerogeneg CITRATE LYASE COMPLEX
AND oF ITS ISOLATED SUBUNITS

100 ug of citrate lyase complex (or 50 ug of
each subunit) electrophoresed on 10% gel in
50 mM sodium phosphate buffer, pH 7.3
containing 0.1% SDS at & constant current

of 8 mA/tube for 4 h,



lyase can be obtained by the separation procedure deseribed
ahove.

Oxidation of deagetyl=ACP:

The effect of oxidation by g=phenanthroline —Cu>*
complex on the content of sulfhydryl groups of the
isolated deacetyl ACP subunit is shown in Figure III.3
and Table III.l.

The content of sulfhydryl groups in the deacetyl
acyl-carrier protein was approximately two, both in the
absence as well as in the presence of added DTT,
Reoxidation apparently does not occur during dialysis,
The content of two sulfhydryl groups per mol of deacetyl
agyl-carrier protein is in agreement with the presence
of a eysteine and a cysteamine residue in the ACP molecule
(Dimroth, 1975). From Table III,1 it can be seen that
oxidation with o-phenanthroline-Cu®® gomplex results in
the decrease of thiol group content from 2 to 0.3 -SH/
mol ACP, SDS-polyacrylamide gel electrophoresis of
aliguots from the reaction mixture showed that the
molecular weight of oxidized subunit was unchanged, This
was established by electrophoresis along with the
unoxidized ACP subunit (shown in Figure III.4).

These results indicate that no interpeptide cross—
linking occurs and that the oxidation results exclusively
in intrapeptide disulfide bridge formation between the
thiol groups ef the ¢ysteamine residue on the prosthetie
group and of the e¢ysteine in the polypeptide chain of
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FIG. III.4 SDS~POLYACRYLAMIDE GEL ELECTROPHORESIS OF
ACYL=CARRIFR PROTEIN SUBUNIT OF
K. aerogenes CITRATE LYASE

(a) Before oxidation with g_--phenanthrolino-cuz+
complex.

(b) After axidation with o-phenanthroline-Cu2*t
complex.

10% gel; Sodium phosphate buffer, pH 7.3
containing 0,1% SDS; 8 mA/tube; 4 h.
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the ACP subunit.

TABLE IXI1.3 : Oxidation of sulfhydryl groups of deacetyl

2+

ACP by o=-phenanthroline-Cu™  complex

System -SH/mol of ACP®
b
Deacetyl ACP 19
2,0°
Deacetyl ACP + 0.3
o=phenanthroline-Cu2*
complex

The isolated deacetyl ACP was oxidized with
o-phenanthroline-u2* complex (as deseribed under
Materials and Methods) and the reduction in thiol groups
estimated., The values given are an average of three
separate estimations,

‘Mr = 9378 (Beyreuther gt al., 1978)
Pistimated without DIT

Crstimated in presence of DIT and Arsenite.

Acetviation of HS-citrate lvage by citrate lvase ligase ¢
Preparation of Iwcl-aootyl citrate lyase from
HS-citrate lyase by partially purified citrate lyase ligase
in presence of l‘l-“cl-acotlte and ATP, by the procedure
deseribed in the Experimental Procedures, results in
electrophoretically pure |'4C|-labeled citrate lyase.
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The final preparation had a speeific activity of about
30 umol. min~t mg™t and a specific radiocactivity of
13070 epm/mg.

Figure III.5 shows the subunit profile and the
distribution of radicactivity in the subunits of |'%c|-
acetyl citrate lyase obtained on acetylation of descetyl
citrate lyase with citrate lyase ligase in the presence of
I“’cl-acctato and ATP, The readicactivity is associated
exclusively with the region in the gel containing the
10 000 dalton ACP ( ) subunit, the 54 000 daltons acyl-
transferase ( ) and the 32 000 dalton aecyl-lyase ( )
subunits carrying no radioactive label, Citrate lyase
ligase thus specifically acetylates the ACP ( ) subunit
of eitrate lyase from K. 88rofgnes.

EfZect of reagtion-inactivetion on 1'Cl-agetyl eitrate
dvase ¢

Earlier work carried out in this laboratory (Tikare,
1979) had established that total reaction-inactivation of
K. 2erogenes citrate iyase results in the complete loss
of acetyl groups on the cysteamine moieties of the
prosthetic group, whilk the acetylated-cysteines are intaect.
The characterization of the acetylated residues present
on the reaction-inactivated enzyme complex had been done
by a modification of the method deseribed for fatty aecid
ACP (Simoni et al., 1967). Citrate lyase waschreaction-
inactivated by incubating with 0,2 mmol citrate (pH 8,0)
and 0,16 umol Mgs0, for 15 min at 30°C, The free
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The histogram shows the profile of radioactivity in
the separated subunits of K. aerogenes citrate lyase.
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sulfhydryl groups of the reaction-inactivated enzyme were
blocked with cold iodoacetate, The thiocester linkages
were then cleaved with neutralized hydroxylamine and
dithiothreitol and the liberated thiol groups reacted with
todo-| 4c|-acetate. The S-| "*c|-carboxymethylated residue
in the protein was characterized by paper electrophoresis
of the acid hydrolysate. The experimental conditions
used for the characterization of the I"’cl-urbomatw-
lated residue were similar to those deseribed by Dimroth
st ale (1973)« These experiments had shown that the
cysteamine residues of the reaction-inactivaed enzyme
were completely deacetylated, while the cysteines which
were originally acylated remained blocked even after the
inactivation. Reaction-inactivation was thus shown to
result in the selective deacetylation of the acetyl-S-
cysteamine residues of the prosthetic group.

The effect of reaction-inactivation on the specific
radicagtivity of the I"’cl—uotyl citrate lyase was
determined in the present study and the resuxts are shown
in Teble I11.2, |'c|-Acetyl citrate lyase was subjected
to reaction-inactivation as deseribed in Experimental
Procedures. After complete inagtivation, as judged by
malate dehydrogenase coupled assay, the protein bound
radicactivity was measured after removal of liberated
acetate by exhaustive dialysis. The presence of about
30% of the initial radiocactivity in protein bound form,
after complete reaction inactivation would indicate that
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the I“‘Cl-cooty:l moieties retained by the enzyme are on

the cysteine residue of the ACP subunits, The results

are also suggestive of the role of citrate lyase ligase in

the mofidication of the cysteine residues of the ACP

subunits to acetyl-S-ecysteines in addition to the agetylation

of the prosthetic group in presence of ATP and acetate,

The acetylation of the cysteine residue occurs even under

conditions where HS-gitrate lyase is only partially

reactivated, The results also provides an indirect evidence

that the acetyl moiety of cysteine residue does not take

part in the reaction mechanism of the enzyme as it is not

lost during the reaction inactivation process.

IABLE 111.2 : Effect of reaction-inactivation on protein-
bound redicaetivity of |'%c|-acetyl eitrate

lyase
Enzyme epm/mg
‘l“’C]-ncrtyl clitrate lyase 13070
| 14¢|—acetyl citrate lyase 44420

after reaction~inactivation

| 4c|-Acetyl eitrate lyase (430 ug) was incubated in & total

volume of 1 ml of the reaction mixture containing 1 mol
citrate; 3 umeol, uaso,. and 50 umol, Tris-HCl buffer,

PH 8,0, Aliquots tested after 15 min incubation at 30°C
showed complete loss of citrate lyase aetivity, Radio-
activity was measured as deseribed in Experimental Procedures.
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Reactivation
:

To check a possible role for the acetyl-cysteine
residue in the reaction-inactivation process, progress
curves for the cleavage of citrate by native citrate lyase
from K. gerogeneg and that of the deacetyl citrate lyase
reactivated with acetie anhydride by affinity labeling in
presence of excess DTT were compared, Such affinity
labeling with acetic anhydride in the nresence of excess
mercaptans results in the ipreferential acetylation of
the cysteamine residue of the prosthetic group (Dimroth
£t al., 1977b). Native ecitrate lyase (150 ug) was treated
in a volume of 1 ml of 0,05 M Tris-HCL, pH 8,0 with 10 mM
DTT and incubated for 30 min at 25°C, An aliquot tested
showed complete loss of agtivity, The solution was cooled
to 0 = 4°C in an ice-bath and acetic anhydride was then
added to a final concentration of 4,7 mM, After 5 min of
incubation the mixture was passed down a Sephadex G-25
column (1 x 20 om) to remove excess reagents, Elution
was done with 0,05 M potassium phosphate buifer, pH 7.5
and fractions containing enzyme were then used for
obtaining progress curve for citrate cleavage. Progress
curves were obtained by malate dehydrogenase coupled
assay procedure as described in Experimental Procedure of
Part 1, Half life of ecitrate lyase activity and the
rate constants (K) for inactivation were calculated from
first order plots as described and Srere, (1971),

Figure III.6 shows the plot of log of enzyme activity
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Native citrate lyase (O ) ; deacetyl citrate lyase
reactivated with acetic anhydride in presence of DTT (O).
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remaining at any time, expressed as % of the original
activity yersus time, The activity at zero time was
arbitrarily taken as 100%,

Table 111,53 summarizes the half lives and rate constant
for reaction-inactivation of the native enzyme and of the
affinity labeled preparation obtained by treatment of the
deacetyl enzyme in presence of excess DIT where only the
prosthetic group is reacetylated., It can be seen from
the table that the half-life of the enzyme reactivated
with acetic anhydride in presence of excess DIT is
inactivated at a slightly lower rate than the native

enzyme,

TABLE III.3 : Reaction-inactivation of native citrate lyase
and acetic anhydride reactivated citrate

lyase
Enzyme K t1/2’
(min™t) (min)
Native ecitrate lyase 1415 0.6
Acetic anhydride 0.79 049
reactivated citrate

lyase

Reaction systems were contained in 0,05 M Tris-HCl buffer,
pH 8,03 5 mM ecitrate, and 3 mM Mgs0, .
Temperature 25°C,
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DISCUSSION

DINB titration of the ACP ( ) subunit of K. geroszenes
citrate lyase shows the presence of two -SH groups/mol,
which is in agreement with the presence of a single cysteine
and a single cysteamine residue in the ACP subunit (Dimroth
&t ale, 1975). Dimroth gt al. (1573) have earlier shown
that both of the thiol groups are acylated in the native
citrate lyase enzyme complex and this has posed the problem
of the nature of the biologically, active agyl-garrier in
the enzyme complex. Indirect evidence for the cysteamine
as the blologically active acyl-carrier was provided by
affinity labeling of deacetyl citrate lyase with iodoacetate
in presence of excess DTE, which results exclusively in
the carboxymethylation of the cysteamine residue to yield
a carboxymethylated complex inaccessible to reactivation
either chemically by acetic anhydride or enzymatically by
citrate lyase ligese (Dimroth and Eggerer, 1975). Tikare
(1979) has provided direct evidence for cysteemine being
the biologically active acyl-carrier by a differential
labeling method similaer in principle to the procedure
deseribed for the fatty acid synthetase system (Simoni
8% ale, 1967). Using this technique it has been shown
that only the cysteamine residue is deagetylated during
reaction-inactivation, while in the completely inactivated
enzyme the cysteine group is still acylated (Basu gt gl.,
1983)s In the present studies, the effect of acetylation
of deacetyl citrate lyase with l"’cl-aocuto in the
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presence of ATP by citrate lyase ligase has been studied.
Under these conditions only the ACP ( ) subunit has been
found to be labeled specifically, while the acyl trans-
ferase ( ) and the acyl lyese ( ) subunits carry no
covalently bound |'%C|-acetyl moieties. Complete reaction-
inactivation of the l‘“cl-ccotyl citrate lyase, which
results in the deacetylation of all the prosthetic group
moieties resulcs in a product that retains partially
i1hc|-acety1 groups apparently on the cysteine residue
of the ACP subunit., The results would also suggest

that the acetylation of the e¢ysteine residue in deacetyl
ACP subunit is catalyzed by ciitrate lyase ligase, The
ligase in presence of acetate and ATP acetylates both
the cysteamine moiety of the prosthetic group and the
cysteine of the polypeptide chain.

Numerous instances of the presence of amino acid
raesidues with modified slde chains as constituents of
proteins have been reported in the literature (Wold, 1981).
The in yivo mechenisms of such modifications are not often
understood., The results obtained with reaction-
inactivated |'%c|-scetyl lebeled citrate lyase in the
present study implicate citrate lyase ligase in the post
translational modification of oysteine residues in the
ACP subunits of the K. geroggnes citrate lyase complex,

u?*-g-phenanthroline complex has been shown by
Kobashi (1968) to oxidize -SH groups only to the level
of disulfide in presence of molecular oxygen. In proteins
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the thiol groups which are proximal to each other are
cross-linked by disulfide bridge formation., Oxidation of
the isolated deacetyl acyl-carrier protein subunit of
citrate lyase from K. gerogenes with Cu2*-g-phenanthroline
complex leads to the oxidation of free -~SH groups as
estimated by DINB titration without the appearance of any
higher molecular weight species detectable on SDS=-
polyacrylamide gel electrophoresis. These observations
would indicate the exclusive formation of intrapeptide
disulfide bridge on -SH goxidation, The eystesmine moiety
of the prosthetic group and the cysteine residuve of the
polypeptide chain in the deacetyl acyl-carrier protein
subunit are eprarently located in close proximity
permitting bridging by =S-S~ bond formation, The bond
distance of the -S=S= bridge has been shown to be about

2A (Murphy, 1976).

The cysteine acetyl group tdoes not reduce the
reaction-inactivation rate. The enzyme which 1s
reactivated with acetic anhydride in presence of excess
DTT on the contrary shows a slower rate of reactione
inactivation,

A possible role of the in vive modification of the
cysteine residue by citrate lyase ligase may be to
protect against intrapeptide disulfide bridge formation
with the juxtaposed sulfhydryl residue on the prosthetic
group of the enzyme in the deacetylated form,
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Photoaffinity Labeling of Klebsiella aerogenes Citrate Lyase by

p-Azidobenzoyl Coenzyme A'

Amaresh Basu, Subhalakshmi Subramanian, and Churya SivaRaman*

A\BSTRACT: 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
imactivation. 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 a, B, and ¥ of molecular weights 54000, 32000, and
10000, respectively (Carpenter et al., 1975; Dimroth & Eg-
serer, 1975a). The v subunit functions as an acyl-carrier
orotein (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
(3S)-citryl-ACP' in the presence of citrate with the release
of acetate, while the 8 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
ctal., 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 « and 8 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.

t:xperimental Procedures

Products. NADH, N-hydroxysuccinimide, sodium dodecyl
sulfate (NaDodSO,),! citrate synthase, and malate de-
aydrogenase were from Sigma. DTNB! was from Calbiochem.

' From the Biochemistry Division, National Chemical Laboratory,
Poona 411 008, India. Received December 4, 1981 revised manuscript
received March 29, 1982. NCL Communication No. 2770. A.B. and
S.S. had the support of Research Fellowship Awards from the Council
»f Scientific and Industrial Research, New Delhi.

the presence of cthylenediaminetetraacetic acid. p-Azido-
benzoyl-CoA has no effect on the acetyl-CoAc: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 rcagent. 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). (35)-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
ctal. (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 €;45,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 earlier (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, 5,5"-dithiobis(2-nitrobenzoic
acid); Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride;
EDTA, cthylenediaminetetraacetic acid.

0006-2960/82/0421-4434501.25/0 © 1982 American Chemical Society
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Table I: l lluu ol Phum.unvalud p-Andoh«.n/oyl—(‘oA on lr.m\ll,mv~ .md Ly.w: Aulvmu of Kle bsu'lla uzmp('r es ¢ m xl« Lyaset
p-azido- ___]ih,“.”““n B
benzoyl- rans- lvuse

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 S0
168 0 S8
50 mM Tris-HCI (pH 8.0) + EDTA 0 0 "
80 0 23
160 0 48
acyltransferase subunit SO mM Tris-HCI (pH 8.0) 0 0
80 0
160 0

.nnplu wnl.nnud ina lOldl volume of 0.3 mL, 150 ug of deacetyl enzyme or about 25 ug of isolated a %ubunn.
drawn after a S-min irradiation and activities assayed as described under Experimental Procedures.

was dbsum showed no loss in thc enzymatic activities.

Aliquots were with-
Controls in which p-azidobenzoyvi-CoA

Preparations were homogencous in the ultracentrifuge and in
polyacrylamide gel electrophoresis and had a specific activity
varying between 70 [J /mg of protein and 90 ) /mg of
protein.

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

Preparation of Deacetylcitrate Lyase. Deacetylcnrate Iyase
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 «r 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 8 subunit was determined from the initial rate of
oxaloacetate formation on cleavage of (35)-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 (3S5)-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 '*C-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 clectrophoresis 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
uL) containing about 200 ug of protein with 17 N aDad-
SOy  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 ¢t al. (1980).

Results

Effect of p-Azidobenzoyl-CoA. (1) Acyl Transferase Ac-
tivity.  p-Azidobenzoyl-CoA had no cffect 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 uM), 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 &, of 80 uM.
The K, for (35)-citryl-CoA determined in this cxperiment was
67 uM.

Photoaffinity Labeling of Citrate Lyase with p-Azido-
benzoyl-CoA. The data on the cffect of photouctivated p-
azidobenzoyl-CoA on K. aerogenes deacetylcitrate lyase are
summarized in Table I. Deacetylcitrate lyasc treated with
p-azidobenzoyl-CoA (final concentrations 80-168 uM) and
photolyzed for S min showed no loss in acyl transferase activity.
The photoactivated reagent was also without cffect on the
activity of the isolated transferase « subunit of A aerogenes
citrate lyase. Under these conditions the lyase activity of the
deacetyl enzyme was inhibited 257, S0%, and 587 in the
presence of 80, 160, and 168 uM concentrations of p-azido-
benzoyl-CoA, respectively. The inactivation of lvase 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 (3$)- citryl-CoA
(Table I1). Inactivation in the presence of 112 uM reagent
is completely blocked by 200 uM (3S)-citryl-CoA.
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ible 1l Protection of Deacetylcitrate Lyase by (35)-Citryl-CoA
‘om Inhibition by Photoactivated p-Azidobenzoyl-CoA?

p-azidobenzoyl- citryl- %
CoA (uM) CoA (uM) inhibition
0 0 0
112 0 42
112 44 3148
112 74 25

112 200 0

¢ The reaction mixture contained, in a total volume of 0.3 mL,

30 ug of deacetyl enzyme; 50 mM Tris-HCI, pH 8.0, 10 mM

DTA, and the indicated amounts of the inhibitor and (3S)-citryl-
»A. The mixture was irradiated for $ min, and 0.05-mL aliquots
czc assayed for residual lyase activity.

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

Quantitative binding studies were carried out with p-azi-
o[ **C]benzoyl-CoA and deacetylcitrate lyase from K. ae-

rigenes. A plot of the inactivation of the lyase activity toward

13S)-citryl-CoA as a function of the covalent incorporation
o p-azido["*C]benzoyl-CoA after photolysis is shown in Figure
The activity of the enzyme which had been photolyzed in
‘e presence of various concentrations of p-azidobenzoyl-CoA
100 uM) was determined by assaying aliquots from the
-radiated mixture. Controls photolyzed without reagent
s1owed no loss of activity and were taken as 100% activity.
I'he stoichiometry of binding was calculated by using a value
575000 for the molecular weight of K. aerogenes citrate
.ase complex (Mahadik & SivaRaman, 1968).
It will be seen from Figure 1 that the decrease in enzyme
sotivity is linear with the irreversible incorporation of '*C-
.zbeled 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
nresence of (35)-citryl-CoA (200 uM) and EDTA (10 mM).
I'his reaction was carried out in the absence of Mg?* to prevent
«ction of the enzyme on the substrate, the absence of the metal
having been shown to have no effect on inactivation with
rhotoactivated p-azidobenzoyl-CoA (Table I). Under these
-onditions the enzyme retained its full lyase activity, and the
“corporation of radioactivity was completely blocked. In the
~resence of 50 uM of the radioactive aryl-CoA derivative, the
c1zyvme was inactivated 25% in the absence of the substrate.
This would suggest that the linearity up to at least 25% in-
-ctivation represents specific labeling of the active site by
--azidobenzoyl-CoA.
On the basis of this assumption an estimate of the total
‘uive sites per mole of enzyme was found by extrapolation
“ the linear part of the plot by fitting of the least-squares line
“r the data up to 25% inactivation. This extension was ob-
wrved to include also the value for 30% inactivation. The
swichiometry of the number of active sites per mole of enzyme
stained in this manner was 7.4. The extended extrapolation
ould make this only an approximate estimate.
At concentrations of the reagent required for a higher degree
inactivation, photolysis apparently results in significant
mspecific incorporation even in the presence of Tris which
‘nctions as scavenger (Bayley & Knowles, 1977). Nonspecific
nding of p-azidobenzoyl-CoA has also been reported for
lglycine 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, S0 mM Tris-HCI, pH 8.0, 3 mM MgSO,,
and varying amounts of p-azido['*C]benzoyl-CoA (0-100 uM). After
S-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: NaDodSO4-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 lyasc, 50 mM Tris-HCI, pH 8.0, 3 mM MgSO,,
and 300 uM 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
a 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
10 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 (35)-citryl-CoA binding is independent of divalent
metals, while its cleavage requires the presence of Mg?*.

Although K. aerogenes citrate lyase has been shown to have
a hexameric ag847y, 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

VOL. 21, NO. 18, 1982 4437

mediated by acetyl-CoA (Robinson et al., 1976). The ap-
proximate estimate of about seven sites on the lyase subunits

of the 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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lhe acyl-transferase and acyl-lyase activities of Klebsiell:
aerogenes citrate lyase complex are inactivated by the arginine
specific reagents phenylilyoxal and 2,3-butanedione, the former
reajent being the more potent inhibitor. <Citrate and (38)-
citryl-Cos protect the transferase activity, while acetyl-Cos
markedly enhances the rate of the inactivation. (35)-Citryl-CoA
rrotects the lyase subunit in the complex from inactivation.
-he kinetics of inactivation suggest the involvement of 2 single
arginine residue at each of the active sites of the transferase
and of the lyase subunits,

Citrate lyase (iC 4.1.3.6) from Klebsiella aerogenes is a

multienzyme com»nlex comprising three non-identical subunits of
about 54 000 (), 32 000 (B) and 10 000 (V) daltons
resvectively {(1). ‘The smallest subunit (7)) carries an essential
scetyl group in thioester linkaze with a CoA like prosthetic

™

roup and functions as an acyl-carrier protein (ACF) (2). 1In
ocresence of citrate and ZDT4, the oC subunit functions as an
icyl-transferase catalysing the formation of (3S)-citryl-aCP

~ith liberation of acetate. [he A subunit acts as an acyl-

lyase involved in the cleavaje of the (38)-citryl-~Cl intermediate
in presence of hg2+ (3). The CoA derivatives, acetyl-Cos and
sroplonyl-Co/4, serve as substrates for the transferase reaction,
saile (32)-citryl-Con functions as 2 substrate for the lyase

~esaction (4,5).

obreviations :  ACP, acyl carrier protein; Hepes, 4-(2-hydroxy-

»thyl)=l-piperazine-ethanesulfonic acid.
ommunication No. 319G from the National Chemical Laboratory.
06-291X/83 $1.50
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v-Azidobenzoyl-CoA has been shown recently by us to function
s 2 ;hotoaffinity reagent specifically inhibiting the lyase
zotivity (6)., Little is known, however, about the residues at
e catalytic sites of the enzyme complex, The present report

i-:cribes the involvement of arginine residues at the active

sites of the transferase and lyase subunits,

s T o Y

Citrate lvyase. Citrate lyase enzyme complex was purified
from K. aerogenes (NCIC 418) as described earlier (6,7).
rrotein 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 (o) and lyase (f) 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 jay)
of enzyme samnles incubated with the arzinine modifying reagent,
shenylglyoxal or 2,3-butanedione, were taken in a total volume
of 1 ml of the assay systems containing 50 mM Tris-HCl buffer.
Under the assay conditions, the modifying reagents were without
effect on the coupling enzymes, malate dehydrozenase and
citrate synthase.

CoA esters. Acetyl-CoA was prepared by acetylation of CoA
with acetic anhydride (10). (38)-Citryl-CoA was prepared
enzymatically from acetyl-CoA and citrate in presence of
dezcetyl 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,
“ne buffers tested were potassium phosphate, Hepes and Tris-HCl.
Sorate buffer was not used as enzyme activities were markedly
lowered in the presence of borate. The reaction mixture was
snielded from light to avoid any photochemical effect when
2,’-butanedione was used as the probe (12). Enzyme incubated
with the buffer alone served as the control. Aliquots were
renoved at different time intervals for assay of enzymatic
c-ivities., The effect of various ligands on inactivation by
sn:nylglyoxal or 2,3-butanedione was studied after preincubating
the enzyme with the compound for 5 min at 300C followed by
:dlition of the stated amounts of the inhibitor. Aliquots were
rwnoved thereafter at regular intervals of time and checked
for loss in enzyme activity.
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Inactivation of transferase activity.

The acetyl-CoA

mediated acyl-transferase activity, both of deacetyl citrate

lyase comnlex and of the isolated transferase subunit, was

rapidly inactivated on incubation with phenylglyoxal or 2,3-

butanedione at pH 7.6.
pnosphate buffer, the inactivation being slightly less in Hepes
and markedly lower in Tris buffer,

therefore carried out in phosphate buffer.

Kinetic studies were
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The maximum inactivation was in potassium
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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

%A xal 2 mM (O), &4 oM (Q)
2,3-butanedione 5 mM (O ),
10 m (A, 20 oM (1), and 30 mbi (@ ).
times, aliquots were assayed for transferase activity as
Determination of the order
of the reaction with respect to phenylglvoxal (A) and

of the reagents.
7 oM (M), and 10 mM (@).

described in the text., Insets :

2,3-butanedione (B).

) Fhenylfégo

492

At the indicated



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

2:0
=
ERE
S
o
°
s
o
-
N
4
"
B
s
o
-2k
0-8 | 1 1
(¢} 20 40 60

Time (min)

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 EX "

no added ligand (O), 10 mM citrate (4A), 0.5 mM (38)-
citryl-CoA %C)), 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
“igure 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, Kapp’ versus the logarithm of
the reagent concentration (13) and the value of n = 0,97 for
phenylglyoxal and of n = 0.91 for 2,3-butanedione su:;gest that
loss of activity results from reaction of one ar’inine residue
per acyl-transferase subunit (13 - 15). Similar results were
obtained in case of the isolated oC -subunit where 2 value of

n = 0,893 was obtained with phenylglyoxal.

_20f
%
€
< 18k
i v
a o
o P
"4 <
~ 16
o
=
20
1 1 1 1
2:2 24 26 2-8
-log (M)

log (° resldual actlvity )
»

05 1 I I s s
0 20 40 60 80 100

Time (min)

Figure 3 : Inactivation of the acyl-lyase activity of
eacetyl citrate lyase by phenylglyoxal. The enz me
(0.5 mg/ml) was incubated at 30°C in 50 mM phosph
pH 7.6) containing 3 mM MgSO, and phenylglyoxal ;
0), 2.5 mk (A), 5mM () 3r 10 mM (@). Aliguot

assayed for lyase activity at indicated times. Omission of
MgS0O, from incubation mixtures had no effect on the
inactivation. The inset of the figure shows the determination
of the order of the reaction with resnect to nhenylzlvoxal.
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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 (13),

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

The effect of various ligands on the rate of inactivation
of the transferase activity of deacetyl citrate lyase by
shenylzlyoxal is shown in Figure 2. Citrate (10 mM) and (38)-
citryl-CoA (0.5 mM) decreased the rate of inactivation by 45%
znd 557 respectively; while acetyl-CoA (1 mM) increased the rate
of inactivation 3-fold. Similar effects were observed with the
isolated transferase (O&C) subunit. The effects of

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

The reaction order for the inactivation was also
djetermined in presence of acetyl-CoA (1 mM). A value of
1= 1,15 with phenylglyoxal under these conditions would suggest
that the rate of reaction of the essential arginine residue is

ennanced without the involvement of any additional residues.
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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 marxedly
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; acetvl-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, ~TP-citrate lyase
from rat liver has been shown recently to carry an essential
arginine residue (13). The citrate lyase complex from
L. aesrogenes 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 nresent
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 tne active site,
Acetyl-CoA markedly increases the rate of inactivation of the
transferase subunit probatly 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-oxozcid 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).

lie acyl-lyase activity of the deacetyl citrate lyase
complex has also been shown in our studies to devend on an
essential arginine residue; the acyl-CoA substrate, (3S)-citryl-
CoA, in this case protecting against inactivation by arginine

10difying reagents.
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S=ACYLATED RECIDIEC OF THE ACYL-CARRIER PROTEIN SUBUNIT OF
Klebsiella aerogenes CITRATE LYASE
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CUMMARYT Oxidation of the {goluted deacetyl acyl-carrier
protein subunit of citrate lyase from Klebsiella aerogenes with

:uz'-o-pnenantnroline complex leads exclusively to intrapeptide
disulTide bridge formation indicating that the cysteamine and the
cyeteine rcoidues are located in closge 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 tWwo enzymes and an acyl-carrier protein (ACP)+
(2). The most extensively studied of these complexes is the one

from Xlebsiella aeropenes, the ACP subunit of wnich has been

snown to contain an S-acylated cysteine residue in addition to the
cvvential U-acetyl moefty on the cysteamine recsidue of the CoA-
like prosthetic group (3). Citrate lyase from K. aerogenes under-

voes rapld inactivation in the course of the reiction it cata-
lyses witn loss of the essential acetyl groups to give inactive

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

.
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tAbbreviations; ACI", acyl-carrier protein; 5I5, sodiunm
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dithioerythreitol,
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activated either chemically by acetic anhydride (4) or enzymati-

tally by citrate lyase 1igase in pregsence of acetate and ATP(S).
Some of the properties of the acylated thiol residuen nf

the ACP sudbunit of ¥. aerogenes citrate lyase and the probable
role of citrate lyase ligase in modification of the cysteine

reeidue of the subunit are reported here,
YATERIALS AND METHOIS

Iodo [2-14C] 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. Sodtum [1-"%c] ncetate (47.6 C1/mo1) from
the Bhabha Atomic Research Centre, Bombay, was diluted with cold
acetate to about 3 Ci{/mol before use.

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

:itrate lyase The pure enzyme (sp. act.~ 70 pmol.min” 'mg™') was
>btalned ¥$om K. aerogenes and assayed as described earlier (8).

Deacetylated ACP subunit Citrate lyase was dissociated with 6 'f
rea In the presence of 10 mM dithiothreitol and the deacetylated
ACP subunit isolated in electronhoretically pure state by the
rrocedure described by Carpenter et al.(2), a Sepharose CL-6B
column (1 x 100 ecm) 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,

xidation with o~ henanthrolino-Cu?' complex The separnted
Jearetyl ACPY subunit (0.4 mg) In N.5 ml of D.05 ¥ potassium
ohosphate buffer, pH 7.4 was treated with o~-phenanthroline and co-
oper at concentrations of 100 p¥ and 20 pM respectively (10). The
mixture was incubated for 30 min at 25°C and the reaction quenched
by adding 0.5 ml of 20% SI6' solution. Aliquots of the reaction
system were separately taken for S6-polyacrylamide gel electropho-
resis and thiol proup estimation, Sulfhydryl froups were estimated
with DINB' (11) before and after the oxidation of the subunit,

SIG-polyacrylamide gel electrophoresis SIE-gel electrophoresis
was carr?ea out by %ﬁe metnod of Veber and Osborn (12) in the

absence of 2-mercaptoethanol.

Characterization of the S-acylated residues The S-acetyl residue
Involved In fhe reactlion mecganism wae characterized by a modi-
{ication of the method described for fatty acid ACP (13). <“itrate
lyase (1 mg) was reaction inactivated in a to*al wvolume of 0,2 ml
containing 0.2 mmol, citrate (pH 8.0); 0.1¢ mol, Mg504 by incu-
bation for 15 min at 30°C. An aliquot was cgecked for citrate
lyase activity by coupled assay with malate dehydropenase (14)

to confirm complete inactivation. The free su1fhydryl groups of
the reaction-inactiva-ed enzyme were blocked with cold iodoacetate.
“he thioester linkages were then cleaved with neutralized
"ydroxylamine and dithiothreitol and the ibexated thiol rroups
reacted with 1odo [ 14C ]| acetate. The 5- t Cﬁ carhoxyme thylated
regidue in the protein 'was characterized Y paper electrophoresin
of the acid hydrolysate. The experimental conditions

use? for the differential labelinez and characterization of the
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- .
l"c}carboxymeth 1 residue were similar to those described by
Dimpotn et al.(3). A mixture of refer:«nce compounds, S-carboxy-
metnyl cystelne and U=-carboxymethyl cysteamine (2 pmol each), was
ulso separated under identifécal conditions on a sepurate strip
of paper and their positions after migration visualised by
spraying with 0,14 ninhydrin in acetone. The strip with the
hydrolysecd C-carboxymethylated enzyme was out into pieces at the
end of the run and radioactivity located using a dioxane based
cocktall and a Beckman 1LS5-1C0 C counter,

Citrate lyase ligase The acetate: HS- acyl-carrier protein
enzyme 1igase [AMP) was partially purified from ¥. aerogenes as
described earlier (15). The ligase preparation was Iree from
citrate lyase activity,

>‘43,-acet11 citrate lyase The [14C]-acety1 labeled enzyme was
prepared by acetylatlon of HS-citrate lyase with citrate lyase

lignve in presence of L]-1‘C]-a¢otuto and ATP, Cftrate lyane
from F. aerogencs was deacetylated with neutralized hydroxyla-
mine (16) Ss%ore the IEAE-cellulose step in the purification
procedure (17) and excese reagent separated by rfltr&tion through

Uepnadex G=25 (1.5 x 40 cm) using 0,05 M potassium phoaphate buffer,
pH 7.6 containing 1.6 nV 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 pCi),
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, diesolved in a minimum
volume of 0,05 M potassium phospnate buffer, pH 7.6 and subjected
to DkAk-cellulose chromatography and pel filtration through
cepharose CL-6B essentially as described earlier (17).

The radfoactivity digtribution in the subunits was determi-
ned after dissociation of[14C]-acetyl citrate lyase (200 pg)
with 1% SIS in the absence o 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).

S

The extent of deacetylation or{1 C]-acetyl citrate lyase on
reaction-inactivation was estimated by exhaustive dialysis of
tre completely inactivated enzyme against 0,05 X potassiunm
pnosphate buffer, pi 7.5 and determination of the remaining
protein-bound radioactivity,

xidution of deacetyl ACP The effect of g-phenanthroline—Cuz*

on the contert of -OH groups of the isolated deacetyl ACP subunit
is shown in Table 1. The content of 2-5li/mol in deacetyl ACP is
in agreement with the presence of a cysteine and a cysteamine

residue in the ACP molecule (19). OCxidation with the reagent
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Table 1. O2xidation of nu!fhygryl fFroups of deacetyl AT by
o-phenanthroline-"uc* complex.

System ~Ci/m01 of A7PR
Deacetvl ACP 1.9
-~ ’)‘
Deacetyl ACT + o-phenanthrol ‘ne-"u‘ .3

complex

The isclated deace*tvl AP wan oxidized with o-pheranthroline-

= +
w? complex (as descrided under Yateriala and “ethnAdg) and the
reduction in thin) groups eptimited,

The wvaluen given are an
average of three separate estina¢ionsg,

nUr = Q%M (20,
results in a decrease to about N,% -SH/mol. STG-gel electropho-
resis of aliquots from the reaction mixture showed thn* the
molecular weight of the oxidized subunit was unchanged, This wns
established by electrophoresis alons with the unoxidized ACP,
Interpeptide cross-linking is apparently excluded and oxida*ion
results exclueively in intrapeptide disulfide bridee formation
between the thiol proups of the cyadémine reaidue on the prosthetic
group and of the cysteine resicdue in the polypeptide chain of the
ACP subunit.

Acetylation of HS-citrate lyase by citrate lynse ligase The

distribution of the radioactive label in the sudbunits of [14?1—
acetyl citrate 1yase obtained on acetylation of HS-citrate lyare

by clitrate Yyane lignme in presence of I14C]-ncotn*a anA ATP

in

ehown in Fipure 1, Acetvlation by the ligase is speci{fically of

t ACP subunit, radioactivity beins associated exclusively with

t refsion in the gel containing the 10 0NN daltoneg ACP (YY) subunit,
the 54 000 daltone acyl transferase () and the 32 0°0 daltons

acyl 1lyase (ﬂ) subunite carrying no radioactive label.

C-hcylated residues of reaction-inactivated citrate lyise The

characterization of the J-acylated residues present {n reaction-
inactivated citrate lyase 1s shown in Fipure 2. It can be seen

from Figure 2 that total reaction-inactivation of citrate lyase
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i.re 1. UX-polvacrylanide rel elactroproresis of [N.',-.xcet;:l
“.trate Yyise prepired as descrided under Yaterials and ‘letnods,
¢ pgel was stained and gliced for deterniration of proteir bound
radicactivity, Tne r.istopram showns the ;rofile of radioactivity
the peparated acyl transferise (4), acyl lyase () and AC?F () )

in

sudunits,

ultg fn the complete los: of acetyl yroups on the cysteamine
‘Jgéjy of the prostnetic group, while U-acetylated cysteine
reeidues are still preeent in the inactivated enzyme., Reaction-
inactivation resultie in the selective deacetylation of the acetyl-
C-cysteamine residves of the prosthetic groups.

rartial deacetylation was also observed on reaction-inacti-
EVER

vation of . “V}—u-vtyl citrate lyase. The specific radiocactivity

of tne active enzyme and of tae reaction-inactivated conjplex are
RO I whle 2, The prescace of about 30L of the initial radto-

wetivity in protein bound form after total reaction-inactivation

and the findiny taat the cysteamine resicdues of tne prosthetic
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Figure 2. The histogram shows the distribution of radioactivity

between the S—carboxymethyl derivatives formed after differential
labeling of S-a e}y ated resicues of reaction-inactivated citrate
lyase with 1odoT1 C} -acetate. Sec text for details. A, 5=
carboxymethyl cysteine; 3, S=carboxymethyl cysteamine,

rroups in the inactivated complex are fully deacylated would indi-
cate that the [140]-acetyl moeities are retained only on the
cysteine residues of the ACP subunits. The results are suprestive

>f the role of citrate lyape lipase in the modification of the

Table 2, Yffect of reaction-inactivation on protein-bound
radioactivity of{“C]-acety] citra‘e lyane,

Enzyme cpm/mg
_1‘Cl-ace‘y1 citrate 'yase 13070
r. bl
\'*cl -acetyl citrate 1ynse arter 4120

reaction-inactivation

{"C]-Acetyl citrate lyase (430 pg) was i{ncudbated in a
total volume of 1 ml of the reaction mix‘ure containing 1 mmol
cisrate; 3 pmol, HJSO‘ and S0 umol, Tris-iCl bdbuffer, pH 8.0,

Aliquots tented after 15 m!n {ncudbation at 30°" showed complete
lose of citrate lyase activity, Mad{oactivity was measured as
described {n 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 the cysteine res{due
occurs even under conditions where HS-citrate lyase is only

partially reactivated.

DISCUSSION

The presence of an S-acylated cysteamine and an S-acylated
cysteine residue in the ACP subunit of citrate lyase from
K. aerorenes has posed the problem of the nature of the biologi-
cally active acyl-carrier in the enzyme complex (3). Affinity
labeling of HS-citrate lyase with fodoacetate in presence of
excess UTE 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 biologically active acyl-
carrier, the reaction-inactivated citrate lyase being devoid of

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

residues,

llumerous instances of the presence of amino acid residues
with modified side chains as constituents of proteins have been
reported ir the literature (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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