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Abstract - Citrate lyase is a key enzyme of the citrate metabolism which is involved in flavor
and texture of many fermented milk products. Citrate lyase which catalyses the cleavage of
citrate into oxaloacetate and acetate is a multienzyme complex composed of three proteins: an acyl
carrier protein (ACP); a citrate, acetate-ACP transferase; and a citryl-S-ACP lyase. The citrate lyase
is active only when the thioester residue of the prosthetic group bound to ACP is acetylated. In
the presence of citrate, the transferase mediates the formation of citryl-S-acyl carrier protein by
acyl exchange and liberation of acetate. Then the lyase subunit cleaves the citryl-S-ACP with libe-
ration of oxaloacetate and regeneration of the acetyl-S-ACP. In this review, the actual know-
ledge on the structure and regulation of citrate lyase in lactic acid bacteria (LAB) is presented in
comparison to the enzymes characterized in others micro-organisms, The genetic organization of
genes encoding proteins involved in citrate lyase activity of Leuconostoc mesenteroides is des-
cribed. © InralElsevier, Paris.
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Résumé - Les citrate lyases des bactéries lactiques. La citrate lyase est I'enzyme clé du
métabolisme du citrate, qui joue un réle important dans la flaveur et la texture de nombreux pro-
duits laitiers fermentés. La citrate lyase catalyse la réaction de clivage du citrate en acétate et oxa-
loacétate. Il s'agit d'un complexe multienzymatique composé de trois protéines: une acyl car-
rier protein (ACP), une citrate: acétate-ACP transférase et une citryl-S-ACP lyase. La citrate lyase
n'est active que lorsque le résidu thioester du groupement prosthétique lié a I'ACP est acétylé. En
présence de citrate, l'acyl transférase catalyse la formation d'un intermédiaire: le citryl-S-acyl
carrier protein, en libérant de l'acétate. La citryl-lyase coupe par la suite l'acetyl-S-ACP, libére
I'oxaloacéate et régénére de l'acetyl-S-ACP. Dans cette revue, nous présenterons les connaissances
acquises sur la structure et la régulation des citrate lyases des bactéries lactiques. Nous décrirons
ensuite l'organisation génétique des génes structuraux qui codent pour les protéines impliquées
dans l'activité citrate lyase de Leuconostoc mesenteroides. © InralElsevier, Paris.
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1. INTRODUCTION

Citrate is present in many substrates
used in the food industry such as fruits,
vegetables and milk. Citrate and sugar co-
metabolism by lactic acid bacteria (LAB)
leads to the production of CO, respon-
sible for 'eye' formation in certain types of
cheeses and of diacetyl which is conside-
red as a main flavor compound of many

fermented dairy products. Most of the
knowledge on the metabolic pathways
involved in citrate metabolism in lactic

acid bacteria has been derived from Leu-
conostoc species and Lactococcus lactis
subsp. diacetylactis. However, the regu-
lation of the carbon flow from citrate to

pyruvate is not understood. This can be
achieved by characterization  of genes
involved in citrate metabolism and by

understanding their regulation. The citrate
utilization by lactic acid bacteria requires
specifically three enzymes responsible for
the conversion of citrate to pyruvate; a
citrate permease, a citrate lyase and an
oxaloacetate decarboxylase. The plasmidic
genes cit? encoding citrate permeases of
Lactococcus lactis and Leuconostoc have
been cloned and sequenced and shown to
be identical [9, 23, 37]. Recent studies
have described in detail the energetic

advantage of citrate metabolism in Leu-
conostoc mesenteroides [22, 26] and the
regulation of expression of Lactococcus

citrate transport [24]. In Klebsiella, the
biochemistry of the intracellular enzymes
involved in the citrate utilization pathway,
i.e., citrate lyase and oxaloacetate decar-
boxylase has been widely studied [13].
However, little information is available
on the structure and regulation of these
enzymes in LAB. In this paper, we review
the actual knowledge concerning the
citrate lyase in LAB in comparison to the
enzymes characterized in other micro-
organisms. We report also sorne of our
recent results on the characterization of
citrate lyase of Leuconostoc.
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2. PROTEINS AND REACTIONS
INVOL VED IN THE CITRATE
LY ASE ACTIVITY

Bacterial citrate lyase [citrate oxalo-
acetate-lyase  (pro-35-CH, COO- --=>
acetate) EC 4.1.3.6] occurs in a number
of micro-organisms either as a citrate-indu-
ced or as a constitutive enzyme [35].
Citrate lyase catalyses the cleavage of
citrate into oxaloacetate and acetate in the
presence of divalent metal ions such as
MgZ+ or Mn2+. Citrate lyase is a multien-
zyme complex composed of three pro-
teins: an acyl carrier protein (y-subunit,
ACP) carrying a prosthetic group [Il]; a
citrate, acetate-ACP transferase (ce-subu-
nit, EC 2.8.3.10); and a citryl-S-ACP lyase
(B-subunit, EC 4.1.3.34) [8, II]. The
breakdown of citrate to acetate and oxa-
loacetate involves two consecutive steps
(figure f). In the presence of citrate, the
transferase  mediates the formation of
citryl-S-acyl ~ carrier protein by acyl
exchange and liberation of acetate. The
second step is catalyzed by the lyase subu-
nit which cleaves the citryl-S-ACP  with
liberation of oxaloacetate and regenera-
tion of the acetyl-S-ACP. Only the lyase
reaction has been shown to have an abso-
lute requirement for divalent metal ions
(Mg2+, Mn2+, Zn2+, Fe2+, Co2+) (for
review see [36]). The structure of the pros-
thetic group of citrate lyase purified from
Klebsiella is a 5-phosphoribosyl-dephos-
pho-coenzyme A attached by its ribose-
S-phosphate moiety via a phosphodiester
linkage to a serine residue of the ACP [5,
12, 29, 30, 34]. The structure of the pros-
thetic group of citrate lyases can be assi-
milated to a covalently-bound coenzyme A
or dephospho-CoA. The citrate lyase is
active only when the thioester residue of
the prosthetic group bound to its acyl car-
rier protein is acetylated. The acetylation
of HS-ACP in the presence of ATP and
acetate into the acetyl-S-ACP is cataly-
zed by a SH-citrate lyase ligase (CL-ligase,



Citrate lyases of lactic acid bacteria

HS-R-ACP

rCH3-~OOH+ATP

. AMP+PPi

0
1
CH3-C-S-R-ACP

CH>-COOH
1
HO-C-COOH
1
CH2-C=0
1
S-R-ACP

CHrCOOH
1
HO-C-COOH
1
CH>-COOH

Citrate

Lactate —-—-———-— +-— Lac'

CH3-CHOH-COO'

C4 compounds

Figure 1. Citrate metabolism pathway in Leuconostoc mesenteroides and function of the diffe-

rent subunits of citrate lyase. 1) citrate permease;
EC 2.8.3.10 (citrate lyase ce-subunit); 4) citryl-S-ACP

citrate:acetyl-ACP  transferase,

4.1.3.34 (citrate lyase p-subunit); 5) oxaloacetate decarboxylase;

2) SH-citrate lyase ligase, EC 6.2.1.22; 3)
lyase, EC

6) lactate dehydrogenase; ACP:

acyl carrier protein (y-subunit). R, prosthetic group.
Figure 1.Voie d'utilisation du citrate chez Leuconostoc mesenteroides et roles des différentes sous-

unités de la citrate lyase. 1) : citrate perméase

citrate:acétyl-ACP  transférase,EC

; 2) SH-citrate
2.8.3.10 (sous-unité a); 4) citryl-S-ACP

lyase ligase, EC 6.2.1.22 ; 3)
lyase, EC 4.1.3.34

(sous-unité P) 1 5) oxaloacétate décarboxylase; 6) lactate déshydrogénase; ACP: acyl carrier pro-

tein (sous-unité y) ; R : groupement prosthétique.

EC 6.2.1.22) [1,7,18,20,28,31].  Citrate
lyase can be chemically activated by incu-
bation of deacetylated citrate lyase with
N-acetyl immidazol or anhydride acetic.
Enzymatic activity can also be restored
without acetylation by acetyl-CoA which
is a structure analogue of the acetylated
prosthetic group. In this case, the degra-
dation of citrate is mediated via the tran-
sient formation of citryl-CoA which is
cleaved to oxaloacetate with regeneration
of acetyl-CoA.

3. PROTEIN PURIFICATION
AND IMMUNOLOGICAL
PROPERTIES

Citrate lyases from several micro-orga-
nisms have been purified and shown to be
complexes of about 500 000-600 000 Da
[1,20,28,32,33].  They exhibit the same
subunit stoichiometry (a6~6 Y6) The citrate
lyase of E. coli differs from the others and
was found to have a ratio of a:~:ysubunit
of 6:6: 1 [28] (table f). The first citrate
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lyase purified from a lactic acid bacterium
was that of Lactococcus lactis subsp. dia-
cetylactis [22, 32]. The native enzyme has
a molecular mass of 585 000 Da and the
three subunits have about the same size
as these other citrate lyases. We have puri-
fied and characterized, in our laboratory,
the citrate lyase of Leuconostoc mesente-
roides subsp. cremoris (Bekal, personal
communication). The enzyme exhibits the
same general subunit stoichiometry and
the subunits have a molecular mass
slightly lower than lactococcal subunits
(table /).

Citrate lyases from the different bacte-
rial genus are immunologically distinct
and do not cross-react. Antibodies direc-
ted against citrate lyase from Clostridium
sphenoides react with the enzyme from
other clostridia species but never with the
proteins from Rhodocyclus gelatinosus,
Klebsiella pneumoniae or Lactococcus
lactis [36]. Antibodies against citrate lyase
from K. pneumoniae do not react with pro-
tein from Lactococcus. In contrast, cross-
reactions were observed between lactic
acid bacteria from different species and
genera. Monoclonal antibodies directed
against (- and ~-subunits of Lactococcus
lactis citrate lyase cross-react with citrate
lyase subunits from different lactococcal

species [10] and Leuconostoc mesente-
roides. Polyclonal antibodies directed
against @.- and ~-subunits of Leuconostoc
mesenteroides  subsp. cremoris reacted
with the corresponding citrate lyase subu-
nits from other Leuconostoc and lacto-
coccal species (Bekal, personal commu-
nication).

4. REGULATION OF THE
CITRATE LVASE ACTIVITY

In citrate-utilizing bacteria which are
able to synthesize L-glutamate via the
reactions of the tricarboxylic acid cycle
and therefore which contain citrate syn-
thase, a strict regulation of citrate lyase
activity is necessary to avoid a futile cycle
between citrate fermentation and the
L-glutamate  synthesis pathway [2, 3].
After citrate depletion from the growth
medium L-glutamate synthesis via the \
citrate synthase reaction can be ensured
only if the citrate fermentation pathway
is tumed off. The intracellular concentra-
tion of L-glutamate plays an important
role in the control of citrate lyase activity.
In sorne bacteria, a mode of regulation of
citrate metabolism besides the induction
and repression of enzyme is the deacety-

Table 1. Molecular mass of citrate lyase subunits purified from different bacteria.
Tableau 1. Masses moléculaires des sous-unités de la citrate lyase purifiée de différentes sources

bactériennes.

Subunits molecular mass (Da)

ce-Subunit
K. aerogenes 1 54000
S.faecalis 2 54000
R. gelatinosa 3 55600
C. sphenoides 4 56000
E. coli 5 54000
L. diacetylactis 54000
Ln. mesenteroides 7 55000

1[11,33].

~-Subunit y-Subunit
32000 10000
37000 14000
31600 11400
32000 11700
32000 85000
35000 12000
33000 10000

2 [20]. 3 [17]. 4 [1]. 5 [28]. 6 [32]. 7 Bekal, personal communication.
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lation of ACP catalyzed by a specifie
citrate lyase deacetylase. The CL-deace-
tylase functions as an S-acetyl enzyme
thioester hydrolase, and catalyses the
conversion of the S-acetyl form of citrate
lyase into the inactive sulfhydryl form by
hydrolysis of the acetyl-thioester bonds
of the prosthetic group [16]. The CL-dea-
cetylase was first detected in R. gelatino-
sus which utilizes citrate rapidly under
anaerobie conditions in the presence of
light [15, 16]. After exhaustion of citrate
from the medium, the intracellular concen-
tration of L-glutamate decreased and the
futile cycle was avoided by inactivation
of citrate lyase by the CL-deacetylase. In
the presence of citrate, the CL-deacety-
lase is strongly inhibited and the deace-
tylated citrate lyase (HS-form) is conver-
ted to the active form (acetyl-S-form) by
the CL-ligase. In Klebsiella, Laetoeoeeus
and Leueonostoe, a CL-deacetylase acti-
vitYis not detected [21, 22].

Another mechanism of citrate lyase
activity regulation has been demonstrated
in C. sphenoides. A two-step process,
which involves configurational changes
and deacetylation is responsible for the
inactivation of citrate lyase after citrate
utilization from the growth medium. The
citrate lyase is inactivated not simply by
deacetylation but also by modulation of
its conformation. The enzyme is active
only in the presence of glutamate which
interacts directly with citrate lyase. This
modification is catalyzed by a citrate lyase
inactivating enzyme (CL-IE) which has
only been detected so far in this organism
[4]. A protein kinase and a phosphatase
modulate the activation and deactivation of
citrate lyase ligase [4]. In the presence of
L-glutamate, the CL-ligase is phosphory-
lated (activated) by a phospho kinase. The
phosphorylated CL-ligase converts inac-
tive citrate lyase (sulthydryl form) into
active citrate lyase (acetyl form). After
citrate depletion, the CL-ligase is dephos-
phorylated then citrate lyase is inactiva-

1

ted and L-glutamate can be synthetized
via the reactions of tricarboxylic  acid
cycle.

In micro-organisms like lactic acid bac-
teria in which the citrate synthase activity
is not detected, the citrate lyase system
does not need to be regulated. However,
the citrate lyase activity in Leueonostoe
is detected only in citrate-grown cells and
so is an inducible enzyme [27]. This
contrasts with the finding for Laetoeoe-
eus laetis subsp. diacetylaetis where the
enzyme is constitutive [19]. We demons-
trated that addition of citrate to culture of
Leueonostoe  resulted in an important
increase of the specifie activity of citrate
lyase (data not shown). After citrate
exhaustion from the medium, the citrate
lyase activity decreased until disappea-
rance. No reactivation could be obtained
by enzymatic or chemical acetylation sug-
gesting that citrate lyase inactivation was
not caused by deacetylation. When cells
of Laetoeoeeus or Leueonostoe are trans-
ferred from a citrate medium to a citrate-
free medium the citrate lyase activity of
Leueonostoe cultures decreases rapidly
(figure 2). The loss of activity can reach
80% of initial activity after 3 h of growth.
In contrast, the L. laetis subsp. diacety-
laetis citrate lyase is more stable and
looses less than 30% of its initial activity
(figure 2). Mechanisms involved in the
regulation of citrate lyase from these lac-
tic acid bacteria are unknown.

5. GENETIC ORGANIZA TION

The first citrate lyase genes cluster
was identified and characterized from
K. pneumoniae [6]. In this organism, the
three enzymes which are specifically
required for uptake and catabolism of
citrate under anaerobie conditions are: a
Na" dependent citrate carrier (eitS), citrate
lyase (CitDEF) and oxaloacetate decar-
boxylase (0adGAB). These are clustered
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Figure 2. Evolution of citrate lyase activity in Leuconostoc mesenteroides

and Lactococcus lactis var diacetylactis

citrate free-medium.

subsp. cremoris 195

176 cells growing in citrate-free medium. For each cul-
ture, cells were first grown on citrate-medium,

washed with tryptone-sel then transferred in

Figure 2. Comparaison de la stabilité de l'activité citrate lyase chez Leuconostoc mesenteroides

subsp. cremoris 195 et Lactococcus

on the chromosome. The citD, citE and
citF genes encode for the subunits y
(ACP), ~ (citryl-S-ACP  lyase) and a
(citrate: acetyl-ACP transferase) respec-
tively. Upstream of citDEF, the gene citC
encoding for a citrate lyase ligase was
found. Another open reading frame (citG)
was identified downstream of citDEF.

However, the function of the citG enco-
ded protein is unknown. The citCDEFG

genes are located upstream and divergent
from the citS-oadGAB genes (figure 3).

The whole-genome random sequencing
of Haemophilus influenzae [14] has per-
mitted to identify a citCDEFG gene elus-
ter which exhibits the same organization as
K. pneumoniae. However, no genes enco-
ding for citrate transport were located in
the upstream and downstream regions of
the citCDEFG cluster. In this organism,
two genes, lipA and lipB encoding for
lipoate biosynthesis protein A and protein

lactis var. diacetylactis
tivées sur milieu contenant du citrate. Apres centrifugation et lavages avec du tryptone-selles
lules sont transférées dans un milieu sans citrate.

176. Les cellules sont d'abord cul-
cel-

B respectively, are located upstream, citC
Downstream, citG, the gene sodiTl enco-
ding 2-oxoglutarate malate translocator
was identified.

The purification of citrate lyase of Leu-
conostoc mesenteroides and an approach
based on reverse genetics allowed us to
clone the full-length sequence of citrate
lyase genes encodeding for the a, ~,and Y.
The gene cluster encoding citrate lyase of
Leuconostoc mesenteroides is organized
in three overlapping open reading frames,
citD, citE and citF. The citC and citG
genes were located respectively upstream
and downstream of the citDEF cluster.

These results show that the citCDEFG
organization is conserved in the Gram-
negative and Gram-positivebacteria  stu-
died and that citG is probably involved in
citrate metabolism and mainly in citrate
lyase activity. The DNA fragment car-
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Figure 3. Genetic organization of citCDEFG cluster and the neighboring

regions in Klebsiella

pneumoniae (K. pn.), Haemophilus influenzae (H. in.) and Leuconostoc mesenteroides subsp. cre-

moris (Lmc.).

Figure 3. Organisation génétique du groupe de génes CitCDEFG chez Klebsiella pneumoniae
(K. pn.), H. influenzae influenzae (H. in.) et Leuconostoc mesenteroides subsp. cremoris (Lmc.).

rying the citCDEFG gene cluster of
Le. mesenteroides subsp. cremoris  was
subcloned, sequenced and expressed in
E. eoli (Bekal, personal communication).
The citCDEFG neighboring regions are
nat yet explored and the identification of
other genes involved in citrate utilization
and regulation is in progress
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