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CitA/CitB Two-Component System Regulating Citrate Fermentation in
Escherichia coli and Its Relation to the DcuS/DcuR System In Vivo

P. D. Scheu,?* J. Witan,® M. Rauschmeier,? S. Graf,@ Y.-F. Liao,P A. Ebert-Jung,® T. Basché,P W. Erker,* and G. Unden?

Institute for Microbiology and Wine Research, Johannes Gutenberg University of Mainz, Mainz, Germany,® and Institute for Physical Chemistry, Johannes Gutenberg
University of Mainz, Mainz, Germany®

Citrate fermentation by Escherichia coli requires the function of the citrate/succinate antiporter CitT (citT gene) and of citrate
lyase (citCDEFXG genes). Earlier experiments suggested that the two-component system CitA/CitB, consisting of the membrane-
bound sensor kinase CitA and the response regulator CitB, stimulates the expression of the genes in the presence of citrate, simi-
larly to CitA/CitB of Klebsiella pneumoniae. In this study, the expression of a chromosomal citC-lacZ gene fusion was shown to
depend on CitA/CitB and citrate. CitA/CitB is related to the DcuS/DcuR two-component system which induces the expression of
genes for fumarate respiration in response to C,-dicarboxylates and citrate. Unlike DcuS, CitA required none of the cognate
transporters (CitT, DcuB, or DcuC) for function, and the deletion of the corresponding genes showed no effect on the expression
of citC-lacZ. The citAB operon is preceded by a DcuR binding site. Phosphorylated DcuR bound specifically to the promoter re-
gion, and the deletion of dcusS or dcuR reduced the expression of citC. The data indicate the presence of a regulatory cascade con-
sisting of DcuS/DcuR modulating citAB expression (and CitA/CitB levels) and CitA/CitB controlling the expression of the citC-
DEFXGT gene cluster in response to citrate. In vivo fluorescence resonance energy transfer (FRET) and the bacterial two-hybrid

system (BACTH) showed interaction between the DcuS and CitA proteins. However, BACTH and expression studies demon-
strated the lack of interaction and cross-regulation between CitA and DcuR or Dcu$ and CitB. Therefore, there is only linear
phosphoryl transfer (DcuS—DcuR and CitA—CitB) without cross-regulation between DcuS/DcuR and CitA/CitB.

Escherichia coli can grow on a wide variety of substrates under
aerobic or anaerobic conditions. Citrate fermentation by E.
coli requires the presence of an oxidizable cosubstrate, like glucose
or glycerol, which is used as an electron donor (28). Citrate is
taken up by the citrate/succinate antiporter CitT (39) and cleaved
to acetate and oxaloacetate (OAA) by citrate lyase (CL). Holo-
citrate lyase and the citrate transporter CitT are encoded by the
citCDEFXGT gene cluster. Oxaloacetate then is reduced to malate
by malate dehydrogenase (Mdh), and malate subsequently is con-
verted to fumarate by fumarase (FumB). Fumarate finally is re-
duced to succinate by fumarate reductase (FrdABCD). The two-
component system CitA/CitB of E. coli is supposed to regulate the
expression of the genes for citrate fermentation in response
to external citrate under anaerobic conditions (20, 52), similarly
to the citrate-responsive two-component system CitA/CitB
of Klebsiella pneumoniae (6). CitA/CitB represents a typical
extracytoplasmic-sensing two-component system consisting of a
membrane-bound sensory histidine kinase, CitA, and the cognate
response regulator CitB (30, 50). The perception of the stimulus
leads to the autophosphorylation of a conserved histidine residue
(His**7) in the kinase domain of the sensor CitA. The phosphoryl
group subsequently is donated to a conserved aspartate residue
(Asp®7) of the cognate response regulator CitB, which controls the
expression of the target genes. Besides the regulation of citrate
fermentation, CitA/CitB (alternative designation, DpiB/DpiA) of
E. coli has an effect on the inheritance of iteron-containing plas-
mids and on the SOS response to B-lactam antibiotics (13, 32, 33).
The latter effects were observed under aerobic conditions and the
overexpression of the CitB regulator. The periplasmic domain of
CitA from E. coli functions as a high-affinity receptor for citrate
(K, [dissociation constant], ~0.3 uM), isocitrate, and tricarbally-
late but not for C,-dicarboxylates like fumarate or malate (20).
Purified and phosphorylated CitB binds to the promoter regions
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of the citrate fermentation genes in vitro (52). The overproduction
of CitB in vivo leads to an increase of the mRNA level of the citC-
DEFXGT gene cluster in the presence of citrate (52) and also in-
duces the expression of plasmid-encoded citC-lacZ (13). Thus, the
primary physiological role of CitA/CitB of E. coli appears to be the
induction of the citrate fermentation genes. Overall, CitA/CitB of
E. coli has been shown to represent a two-component system spe-
cific for citrate and to autoregulate citAB expression. In contrast to
K. pneumoniae, however, CitA/CitB of E. coli has been implied in
the regulation of plasmid inheritance, and its role in the regulation
of the expression of the citCDEFXGT gene cluster has not been
demonstrated under physiological conditions, leaving the ques-
tion of the role of CitA/CitB in the regulation of anaerobic citrate
metabolism unanswered.

The DcuS/DcuR two-component system controls the expres-
sion of the genes essential for fumarate respiration (11, 14, 15, 56),
including the genes dcuB, fumB, and frdABCD that encode the
fumarate/succinate antiporter (DcuB), fumarase (FumB), and fu-
marate reductase (FrdABCD). The sensor kinase DcuS$ responds
to all types of C,-dicarboxylates and citrate with apparent K, val-
ues in the range of 2 to 13 mM (23). Fumarase and Frd ABCD also
are required for citrate fermentation, and the respective genes
then are induced by the response of DcuS/DcuR to citrate (23, 25).
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In addition, DcuS requires the fumarate/succinate antiporter
(DcuB) as a cosensor and becomes constitutively active when
DcuB is missing (22). For cosensing, DcuB contains specific sites
that are not essential for transport.

CitA and DcuS constitute the CitA family of sensor histidine
kinases and reveal a high topological, functional, and structural
similarity (5, 6, 11, 15, 38, 41, 46, 56). In this study, the role of
CitA/CitB of E. coli in the regulation of the citrate gene cluster
citCDEFXGT was studied using a chromosomal citC-lacZ reporter
gene fusion. Additionally, it was tested whether CitA requires, like
DcusS, the presence of transporters (CitT and DcuB) of the path-
way or of related pathways (the succinate efflux carrier DcuC) to
function. Expression studies (25) showed that the induction of
dcuB-lacZ expression is diminished slightly in a citA-negative
strain but not in a citB-negative strain, suggesting an interaction
between the DcuS/DcuR and the CitA/CitB systems in the tran-
scriptional regulation of target genes. The interaction between
both systems was studied here in more detail. Such an interference
between two regulatory systems can be caused by the interaction
of the proteins of the regulatory systems, e.g., DcuS/DcuR and
CitA/CitB. Thus, it was studied whether selected proteins of the
DcuS/DcuR and the CitA/CitB two-component systems interact.
The interaction and transfer of phosphoryl groups between non-
cognate sensor-response regulator pairs of E. coli has been dis-
cussed repeatedly (26, 51), but cross-talk or phosphoryl transfer
between the DcuS/DcuR and CitA/CitB systems has not been
tested. Experimentally, cross-talk is observed mostly after the
overproduction of components of the two-component systems or
in vitro. Due to the structural and functional similarity and the
interdependence of the regulated metabolic systems, CitA/CitB
and DcuS/DcuR might be candidates for physiologically relevant
interaction. This was examined by reporter gene expression stud-
ies. Furthermore, physical interaction was tested by fluorescence
resonance energy transfer (FRET) studies and the bacterial two-
hybrid system (BACTH) in vivo. Such an interaction can be a mere
physical interaction without physiological relevance (cross-talk)
or of physiological significance when the interaction triggers a
cross-regulation (26). Alternatively, interference can be the result
of the hierarchical control of the two-component systems, where
one system controls the expression of the second. Such a hierar-
chical system is nicely exemplified by the nitrate-responsive NarX/
NarL system of E. coli that represses the synthesis of the DcuS/
DcuR system (10). Therefore, it was tested by binding studies of
DcuR to the citA promoter region whether the DcuS/DcuR system
is able to function as a regulator of citAB gene expression and,
thus, of the levels of CitA and CitB.

MATERIALS AND METHODS

Bacterial and molecular genetic methods. The Escherichia coli K-12
strains and plasmids used in this study are listed in Table 1. Molecular
genetic methods were performed according to standard procedures (43).
Plasmids were isolated using a QIAprep spin miniprep kit, and PCR prod-
ucts were purified with a QIAquick PCR purification kit (Qiagen, Hilden,
Germany). E. coli strains were transformed by electroporation (8). The
dcuS-cfp, deuS-yfp, citA-yfp, and cfp-yfp fusions for the FRET measure-
ments were constructed as described previously (44, 45). For protein in-
teraction studies by the bacterial two-hybrid system (BACTH) (18, 19),
the T25 and T18 domains were separately fused to the N termini of the
target proteins (DcuS, CitA, and DcuR). The fusions were produced by
cloning the dcuS, citA, and dcuR genes into the pKT25 or pUT18C vector.
T25-dcuS was obtained by amplifying dcuS with the primer pair KT25-
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dcuS-BamHI-for (5'-CACAAGGGATCCGATGAGAC-3") and KT25-
dcuS-EcoRI-rev (5'-CATCGATAATGAATTCATTGATCATC-3') from
pMW181 and cloning into pKT25. For T18-dcuS the primers UT18(C)-
dcuS-PstI-for (5'-CAAGGAAGCTCTGCAGACATTC-3") and UT18(C)-
dcuS-EcoRI-rev (5'-CATTGATCATGAATTCGACCTCTCC-3") were
used for amplification from pMW181 and the cloning of dcuS in the
pUT18C vector. The dcuR and citA genes for the T25-dcuR and T18-citA
gene constructs were amplified from chromosomal DNA of E. coli
MG1655 with the primer pairs KT25-dcuR-Xbal-for (5'-GGGAGATCT
AGAACAGATGATC-3") plus KT25-dcuR-EcoRI-rev (5'-GATAACCAG
GAATTCGTTATTGGC-3") and pUT18C-citA-for (5'-CGCAAGGTCT
AGACATGTTGCAGC-3") plus pUT18C-citA-rev (5'-GCCAGCGGCGA
ATTCGTCCTC-3") and cloned into pKT25 or pUT18C, respectively. The
T25-zip and T18-zip control gene fusions were obtained from the BACTH
kit (19).

For citC expression studies, a chromosomal citC-lacZ translational
fusion was constructed via ARZ5 lysogenization (37). The citC-lacZ fusion
was obtained by cloning the complete intergenic region between citA and
citC (378 bp) in fusion to the lacZ gene. In the fusion, the citC promoter is
located upstream of lacZ. The 693-bp PCR fragment generated with prim-
ers citA3-BamHI-for (5'-TTTCGCCGGATCCATTGCCATG-3") and
citC-rev (5'-GCGGACGGATTCACTGATAGC-3") was cloned into the
BamHI and HindIII sites of pJL29 (27), yielding pMW807. The citC-lacZ
fusion was transferred into the chromosome of E. coli MC4100 with phage
ARZ5 (37). Monolysogens were identified and used for further work (4,
56). The chromosomal citC-lacZ fusion was confirmed by PCR with pJL-
Primer (5'-GTGCCACCTGACGTCTAAG-3") and lacZ-Primer (5'-TGC
TGCAAGGCGATTAAGTTGG-3"). The dcuB-lacZ fusion was con-
structed as described previously (56). The constructs were verified by
DNA sequencing. The inactivated genes dcuS and dcuR each were trans-
ferred from strain IMW262 or IMW205, respectively, to strain IMW548
by P1 transduction using P1,. phage (34), resulting in IMW553 and
IMW554.

B-Galactosidase activity. The expression of the dcuB-lacZ and the
citC-lacZ reporter gene fusions was determined by measuring the
B-galactosidase activity (34) of exponentially growing cultures (optical
density at 578 nm [OD5,4] of 0.5 to 0.8) at 37°C under anaerobic condi-
tions in enriched mineral (eM9) medium supplemented with acid-
hydrolyzed Casamino Acids (0.1%) and tryptophan (0.005%). Glycerol
(50 mM) and dimethyl sulfoxide (20 mM) plus sodium fumarate (20
mM) or sodium citrate (20 mM) were used as the substrates as indicated.
For anaerobic growth, cultures were incubated in degassed medium in
rubber-stoppered infusion bottles under N,. Growth experiments were
performed in three or more replicates, and the B-galactosidase activities
were measured at least in triplicate for each experiment.

Gel retardation assays with Hiss-DcuR. For gel retardation assays,
His,-DcuR, encoded by pMW180, was overproduced and purified (16).
Prior to use in gel retardation, His,-DcuR was phosphorylated by incuba-
tion with 50 mM acetyl phosphate for 60 min at 37°C (16). The DNA
fragments were obtained by PCR from E. coli MG1655 DNA. The dcuB
promoter fragment (603 bp) was amplified with oligonucleotide primers
dcuB_for (5'-TACTCACTACTGAAACAATA-3") and dcuB_rev (5'-TG
GATAGTAAATAACATGTG-3"). The DNA fragment (652 bp) with the
citA promoter was amplified with primers citAB_for (5'-AGGCGAGGT
TTATCAATTCAG-3") and citAB_rev (5'-TCTCGTTAAGCTGCAACAT
TG-3"). The dcuS promoter region (220 bp) was obtained with primers
dcuS_for (5'-AGTAGCGCCTGATCCATGAC-3") and dcuS_rev (5'-CG
GTAGGGCAATGAATGTCTC-3"). Gel retardation assays were per-
formed as described previously (16). The reaction mixture was applied to
a nondenaturing polyacrylamide gel (5%) buffered with Tris-borate-
EDTA (TBE) buffer (43). The gel subsequently was stained with SYBR
green I according to the instructions of the supplier (Sigma-Aldrich) and
photographed.

In vivo FRET spectroscopy. FRET measurements were performed as
described previously (45). DcuS and CitA were genetically fused to the
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TABLE 1 Strains of Escherichia coli and plasmids used in this study

Strain, plasmid,

or phage Genotype or characteristic(s) Reference or source
E. coli K-12
strains

MC4100 F~ araD139 A(argF-lac)U169 rpsL150 relAl flbB530 deoC1 ptsF25 rbsR AlacZ 47

MG1655 CGSC 6300, fnr mutant, A-F-P1 sensitive 17

JM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi el4~ F' traD36 proAB™ lacld (lacZ)M15 (lac-proAB) 54

BTH101 F~ cya-99 araD139 galE15 galK16 rpsL1 (Str¥) hsdR2 mcrAl mcrBl1 BACTH manual (19)

IMW157 AN387, but dcuC::mini-Tn10(Cam®) 55

IMW205 MC4100, but dcuR::Kan* 56

IMW237 MC4100, but A[®(dcuB-lacZ)Hyb bla*] 56

IMW238 MC4100, but A[®(dcuB-lacZ)Hyb bla*t] dcuR::Kan* 56

IMW239 MC4100, but A[D(dcuB-lacZ)Hyb bla™] citB:Spc* 56

IMW260 MC4100, but A[®(dcuB-lacZ)Hyb bla*] dcuS::Cam® 56

IMW262 MC4100, but dcuS::Cam* 56

IMW280 MC4100, but A[P(dcuB-lacZ)Hyb bla™] citA:Kan® 25

IMW370 MC4100, but A[®(dcuB-lacZ)Hyb bla*] dcuB:Kan® 22

IMW548 MC4100, but A[D(citC-lacZ)Hyb blat] This study

IMW549 MC4100, but A[D(citC-lacZ)Hyb bla™] citA::Kan® This study

IMW550 MC4100, but A[®(citC-lacZ)Hyb bla™] citB::Spc* This study

IMW551 MC4100, but A[D(citC-lacZ)Hyb bla*] AdcuB This study

IMW552 MC4100, but A[D(citC-lacZ)Hyb bla™] citT::Kan* This study

IMW553 MC4100, but A[®(citC-lacZ)Hyb bla*] dcuS::Cam® P1 (IMW262) X IMW548; this study

IMW554 MC4100, but A[D(citC-lacZ)Hyb bla*t] dcuR::Kan* P1 (IMW205) X IMW548; this study

IMW587 MC4100, but A[P(citC-lacZ)Hyb bla™] dcuC::Cam® P1 (IMW157) X IMW548; this study
Plasmids

pBADI18-Kan  Expression vector; pBR322 ori, pBAD promoter (Kan®) 12

pBAD30 Expression vector; pACYC ori, pBAD promoter (Apr) 12

pDK108 Tar!-331-YFP expression plasmid; pBR ori, pTrc promoter, pTrc99a derivative (Apr) 21

pET28a Expression vector; pBR322 ori, T7 promoter, His tag (Kanr) Novagen

pJL29 "lacZ, protein fusion vector (Ap*) 27

pKT25 C-terminal T25 protein fusion plasmid, pSU40 derivative (Kan") BACTH manual (19)

pUT18C C-terminal T18 protein fusion plasmid, pUC19 derivative (Apr) BACTH manual (19)

pKT25-Zip T25-Zip expression plasmid, pKT25 derivative (Kan") BACTH manual (19)

pUTI18C-Zip  T18-Zip expression plasmid, pUT18C derivative (Ap*) BACTH manual (19)

pMW180 Hisg-DcuR expression plasmid, pET28a derivative (Kan®) 14

pMW181 dcuS with its native promoter in pET28a (Kan®) 23

pMW407 DcuS-YFP expression plasmid; pBAD30 derivative (Ap®) 44

pMW408 DcuS-CFP expression plasmid; pBAD18-Kan derivative (Kan") 45

pMW426 T25-DcusS expression plasmid, pKT25 derivative (Kan") This study

pMW427 T25-DcuR expression plasmid, pKT25 derivative (Kan®) This study

pMW429 T18-DcusS expression plasmid, pUT18C derivative (Apr) This study

pMW442 CitA-YFP expression plasmid; pBAD30 derivative (Ap*) 44

pPMW762 CFP expression plasmid; pBAD18-Kan derivative (Kan®) 45

pPMW765 YFP expression plasmid; pBAD30 derivative (Apr) 45

pPMW766 CFP-YFP expression plasmid; pPBAD18-Kan derivative (Kan*) 45

pPMW807 pJL29, but citC-lacZ This study

pPMW1025 T18-CitA expression plasmid, pUT18C derivative (Ap¥) This study
Phages

P1,. 34

ARZ5 A'bla'lacZ lacY* 37

enhanced variants of the cyan (CFP) and yellow fluorescent proteins
(YFP), respectively. The sensor proteins (DcuS and CitA) in the fusions
are functional in sensing and signal transduction in vivo, and the fluores-
cent proteins (CFP and YFP) show their normal fluorescence (44, 45).
DcuS-CFP, DcuS-YFP, CitA-YFP, and CFP-YFP were expressed in E. coli
JM109 by induction with r-arabinose (133 uM) to mid-exponential
growth. Tar!-331-YFP (21) was expressed by induction with 50 uM
isopropyl-B-p-thiogalactopyranoside (IPTG). The validation of the FRET
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efficiency in living cells, including flexible background subtraction, was
performed as described earlier (45).

BACTH measurements. All cultures for the BACTH tests (18, 19)
were grown at 30°C and supplemented with ampicillin (100 wg/ml),
kanamycin (50 pg/ml), and 500 uM IPTG. E. coli BTH101 was cotrans-
formed with the plasmids encoding the T25- and T18-protein fusions.
The bacteria were grown for 40 h on LB agar plates. For the
B-galactosidase assays, fresh cultures were inoculated from liquid over-
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TABLE 2 Influence of CitA, CitB, effectors, and electron acceptors on
the expression of a chromosomal citC-lacZ reporter gene fusion in
Escherichia coli®

citC-lacZ expression (MU)

IMW548 IMW549 IMW550
Effector (wild type) (CitA™) (CitB™)
H,O 5*+4 3*x2 3+x2
Citrate 320 £ 20 5x2 §*1
Fumarate 3*1 12%2 11=*3
Citrate and O, 3+1 3+2 3+2
Citrate and NO; ™~ 3£2 1*£0 11

@ The expression of citC-lacZ was tested in strains deleted of citA or citB genes in the
absence and presence of an effector (citrate or fumarate) and an electron acceptor (O,
or NO; ™). The E. coli strains were grown anaerobically or aerobically (O,), as indicated,
in eM9 medium containing glycerol (50 mM) and dimethyl sulfoxide (20 mM) as
growth substrates, with and without sodium fumarate or sodium citrate (20 mM) as an
effector and with or without sodium nitrate (20 mM) as an alternative electron
acceptor. Activities (in Miller units [MU]) are shown as the averages from at least four
independent measurements. The standard deviations are shown.

night cultures (4%, vol/vol) and grown aerobically in LB to the mid-
exponential phase (ODs4 of 0.5 to 0.7).The $3-galactosidase activity was
measured as described previously (34). Each cotransformation was per-
formed twice independently, and two cultures of each transformation
were assayed in quadruplicate.

RESULTS
Regulation of citC-lacZ expression by CitA/CitB in vivo. The
transcriptional regulation of the citCDEFXGT gene cluster in
Escherichia coli by CitA/CitB and environmental factors was stud-
ied in vivo under physiological conditions using a chromosomal
citC-lacZ reporter gene fusion (Table 2). Under anaerobic condi-
tions, the expression of citC-lacZ was very low in the wild-type
strain (IMW548) and the mutant strains citA (IMW549) and citB
(IMW550) in citrate-deficient medium. The addition of citrate
strongly induced the expression in the wild-type strain but not in
the citA or citB deletion strains. The addition of fumarate had no
positive effect on the expression of citC-lacZ. The presence of ox-
ygen or nitrate repressed citrate induction (Table 2). Thus, the
expression of the citCDEFXGT gene cluster of E. coli depends on
CitA/CitB, and the system confers induction by citrate in the ab-
sence of oxygen and nitrate. The anaerobic induction by citrate
was independent of the growth phase (lag, exponential, and sta-
tionary phases; data not shown).

The citC-lacZ translational fusion contains the complete inter-
genic region upstream of ¢itC (378 bp) that separates the diver-
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gently organized citCDEFXGT and citAB operons. In a citC,s,-
lacZ fusion (where the upstream region extends only to position
154 bp upstream of the translational start codon of ¢itC), citrate
regulation and CitB-dependent expression was lost (data not
shown). This is consistent with the position of the CitB-binding
sites, which are located between 190 and 280 bp upstream of the
translational start codon (13, 53).

A citT-lacZ fusion did not show any expression under all con-
ditions tested (data not shown), indicating that citT encoding the
citrate/succinate antiporter CitT has no promoter of its own. The
cotranscription of citT with the cit operon was previously pro-
posed for E. coli (13) and demonstrated for the citCDEFG operon
of Klebsiella pneumoniae (31).

Influence of cognate transporters on the expression of citC-
lacZ. In E. coli the fumarate/succinate antiporter DcuB exerts a
regulatory effect on genes regulated by DcuS/DcuR (22). For nor-
mal regulatory function, the DcuS/DcuR system requires the pres-
ence of DcuB. The deletion of the dcuB gene results in the perma-
nent derepression of dcuB-lacZ regardless of the presence of
fumarate. Similarly, the aerobic C,-dicarboxylate transporter
DctA exerts a regulatory effect on DcuS function and the expres-
sion of DcuS-regulated genes under aerobic conditions (7). Here,
it was tested if the related CitA/CitB two-component system re-
quires a transporter for its normal function (Table 3). Obvious
candidates for cosensing are the citrate/succinate antiporter CitT
and the fumarate/succinate antiporters DcuB and DcuC. DcuC
functions as a succinate efflux transporter during anaerobic
growth on glucose (55), and it might export succinate during ci-
trate fermentation when glucose is used as the cosubstrate. The
dcuC gene is divergently located next to the citAB operon.

The effect of the transporters on citC-lacZ expression was
tested in strains deleted of citT, dcuB, or dcuC. In the strains defi-
cientin CitT, DcuC, or DcuB (Table 3), the induction of ¢itC-LacZ
depended on citrate comparably to the citrate-dependent induc-
tion of ¢itC-lacZ in the wild-type strain. This is in contrast to the
expression of dcuB-lacZ, which requires fumarate for induction in
the wild-type strain, whereas the induction is fumarate indepen-
dent in the dcuB mutant strain (IMW370), in agreement with
earlier observations (22). Thus, lacking the requirement for a
transporter as a cosensor for CitA is a clear difference to the oth-
erwise structurally and functionally similar DcusS.

Mutual effects of CitA/CitB and DcuS/DcuR on the induc-
tion of target gene expression. DcuS$ and CitA belong to the CitA
family of sensor histidine kinases (24, 46). The DcuS-regulated
pathway of fumarate respiration, and in particular fumarase

TABLE 3 Influence of cognate transporters on the expression of citC-lacZ and dcuB-lacZ*

Activity (MU)
citC-lacZ dcuB-lacZ
IMW552 IMW587 IMW551 IMW370
Effector IMW548 (wild type) (ACitT™) (ADcuC™) (ADcuB™) IMW237 (wild type) (ADcuB™)
H,O 5*+4 2*1 0*+0 10*=1 22+ 4 812 = 32
Citrate 320 = 20 364 = 15 390 = 37 339 =8 ND ND
Fumarate 3*1 3*1 ND 3*0 1,096 = 67 802 £ 1

@ The expression of citC-lacZ or dcuB-lacZ was tested in strains with the citT, dcuC, or dcuB gene deleted in the absence and presence of an effector (citrate or fumarate). E. coli
strains were grown anaerobically in eM9 medium containing glycerol (50 mM) and dimethyl sulfoxide (20 mM) with and without sodium fumarate (20 mM) or sodium citrate (20
mM), as indicated. Activities in Miller units (MU) are shown as the averages from at least four independent measurements. Standard deviations for the activities are shown. ND,

not determined.
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TABLE 4 Influence of DcuS, DcuR, CitA, and CitB on the expression of
citC-lacZ and dcuB-lacZ?

Activity (MU)
citC-lacZ dcuB-lacZ
Strain Fumarate Citrate Fumarate Citrate
IMW548/IMW237 3*+1 320 = 20 1,040 = 125 586 = 60
(wild type)
IMW553/IMW260 2*+1 215 + 24 23 £ 11 29+ 1
(ADcuS™)
IMW554/IMW238 2*2 95 + 24 7*1 5+1
(ADcuR™)
IMW549/IMW280 12+2 5+2 1,035 £ 75 434 + 64
(ACitA™)
IMW550/IMW239 11£3 8§*+1 1,209 * 181 628 = 77
(ACitB™)

@ The expression of citC-lacZ or dcuB-lacZ was tested in strains deleted of dcus$, dcuR,
citA, or citB in the absence and presence of an effector (fumarate or citrate). E. coli
strains were grown under anaerobic conditions in eM9 medium with glycerol (50 mM)
and dimethylsulfoxide (DMSO) (20 mM) plus sodium fumarate (20 mM) or sodium
citrate (20 mM), as indicated. Activities in Miller units (MU) are the results from at
least four independent measurements, and the standard deviations are given.

(FumB) and fumarate reductase (FrdABCD)), are also a part of the
otherwise CitA-regulated citrate fermentation pathway. The ex-
pression of the frdABCD, fumB, and dcuB genes is induced under
anaerobic conditions by DcuS/DcuR in the presence of C,-
dicarboxylates and citrate (23, 56). For a more detailed under-
standing of the joint regulation and coordination of both Dcu$S/
DcuR and CitA/CitB systems, mutual effects of DcuS and CitA on
the expression of both pathways were tested. The individual effects
of both regulatory systems on the expression of the DcuS/DcuR-
dependent dcuB gene and of the CitA/CitB-dependent citC gene
were studied using the corresponding reporter gene fusions
(dcuB-lacZ and citC-lacZ) in strains lacking the dcuS, dcuR, citA,
and citB genes individually. The single-gene mutants were gener-
ated by the insertion of an antibiotic resistance cassette into the
intact genes by homologous recombination (56). To avoid polar
effects by terminating sequences, such as that downstream of
the Cam’ resistance cassette in the dcuS mutant strain
IMW260, the sequences were removed after creating the deletion
to enable the independent transcription of dcuR without polar
effects. For complementation, plasmid-carried dcuS, which is
known to substitute for a chromosomal dcuS deficiency, was used
(45).

The contribution of CitA/CitB to the citrate regulation of the
DcuS/DcuR-dependent dcuB-lacZ expression is shown in Table 4
for growth under anaerobic conditions. In strain IMW237, which
is wild type for dcuS and citA, dcuB-lacZ expression was strongly
induced by fumarate and by citrate, yielding about half the activity
with citrate of that obtained with fumarate. In the dcuS or dcuR
mutant (IMW260 or IMW238, respectively), the stimulation of
dcuB-lacZ expression by either effector was completely lost.
Therefore, the induction of dcuB depends on functional DcuS/
DcuR. Nevertheless, the deletion of citA led to a decrease of dcuB-
lacZ induction by citrate by a factor of about 1.4. A similar result
was obtained when the bacteria were grown anaerobically in eM9
medium with gluconate as the carbon source and citrate as the
effector, where the citrate induction of dcuB-lacZ decreased by a
factor of 1.7 in the CitA deletion strain (data not shown). An even
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stronger decrease (factor of 3.3) was observed earlier for the citA
mutant after the anaerobic growth of the bacteria in eM9 medium
with glucose and citrate (25). The decrease in dcuB-lacZ expres-
sion in the CitA mutant was not observed with fumarate and is
citrate specific (Table 4). In contrast, the inactivation of CitB
(IMW239) resulted in a slight increase of dcuB-lacZ expression.
Overall, it appears that CitA affects the maximal expression of
dcuB-lacZ in an indirect manner (possibly through CitA-DcuS
interaction) during anaerobic growth on citrate.

A potential contribution of DcuS/DcuR to the citrate regula-
tion of the CitA/CitB-dependent genes was tested using the citC-
lacZ fusion. Again, E. coli wild type for dcuS and citaA and a series
of mutants lacking either one of the kinases (DcuS or CitA) or one
of the response regulators (DcuR or CitB) were tested for the
expression of a chromosomal ¢itC-lacZ reporter gene fusion dur-
ing anaerobic growth (Table 4). The citC-lacZ reporter fusion was
induced by citrate but not by fumarate in the wild-type strain
(IMW548). The expression was completely lost in the absence of
CitA or CitB (IMW549 or IMW550, respectively). Thus, the in-
duction of citC-lacZ depended on functional CitA/CitB. However,
the inactivation of DcuS (IMW553) led to a decrease of citC-lacZ
expression by a factor of 1.5, which could be due to interaction
between CitA and DcuS. A 3.4-fold decrease of citC-lacZ induc-
tion was observed when DcuR was inactivated (IMW554). The
impact of DcuR on ¢itC expression might be due to a transcrip-
tional activation of citAB by DcuR, as discussed below.

Binding of Hiss-DcuR to the citA promoter region. The bind-
ing of Hiss-DcuR to the citA promoter region was tested by gel
retardation assays. Phosphorylated Hiss-DcuR (DcuR-P) was in-
cubated with DNA fragments comprising the promoter regions of
citA, dcuB, or dcus§, respectively. The DNA fragment of the citA
promoter covered the complete citA promoter region shown in
Fig. 5. In native gel electrophoresis, the fragments showed distinct
bands (Fig. 1). Upon the incubation of the fragments with increas-
ing concentrations of DcuR-P, the band of the citA promoter
DNA blurred and was shifted to a position with lower mobility.
The half-maximal concentration of DcuR-P required for the shift
was 2 to 3 uM. The promoter region of dcuB that is known to bind
DcuR-P (1, 16) was shifted in the presence of DcuR-P with a
similar half-maximal concentration of 2 to 3 uM under given
experimental conditions. Therefore, the response of the citA and
dcuB promoter regions is similar in the mobility shift with

deuB deuS CitA

0o 2 3 3 4 DcuR-P[uM]
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FIG 1 Gel retardation of dcuB, dcuS, and citA promoter DNA by phosphory-
lated DcuR (DcuR-P). The promoter fragments of citA (652 bp), dcuB (603
bp), and dcuS (220 bp) were incubated in the presence of a 300-fold excess of
competitor DNA with increasing concentrations of Hisg-DcuR-P as indicated.
The protein-DNA mixture was subjected to nondenaturing DNA PAGE. The
locations of the free promoter DNA and of the retarded DNA/DcuR-P com-
plexes are indicated by arrows.
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FIG 2 In vivo FRET between CitA-YFP and DcuS-CFP. Shown are the FRET
efficiencies (means * standard deviations of the means) of E. coli J]M109 cells
expressing CFP-YFP fusion protein (pMW766) and cells coexpressing protein
pairs of either CEP (pMW762) and YFP (pMW765), CitA-YFP (pMW442)
and DcuS-CFP  (pMW408), DcuS-YFP (pMW407) and DcuS-CFP
(pMW408), or Tar!-33!-YFP (Tar*-YFP; pDK108) and DcuS-CFP (pMW408).
The average transfer efficiencies of the CFP plus YFP and Tar!-33!-YFP plus
DcuS-CFP pairs define a background level (dashed horizontal line) for the
FRET measurements to identity false-positive results due to CFP-YFP interac-
tion. Results are from at least 6 independent test series (at least 26 data points
for each test series). All samples were measured in phosphate-buffered saline
(PBS) buffer (pH 7.5). The FRET efficiencies were calculated from emission
spectra, which were recorded after excitation at 433 and 488 nm, respectively,
and subsequently analyzed as described previously (45).

DcuR-P. The promoter region of dcuS, on the other hand, was not
shifted by DcuR-P, which is in accordance with previous sugges-
tions that dcuSR is not autoregulated (1, 10).

Physical interaction between CitA and DcuS: FRET and
BACTH studies. Table 4 shows the mutual effects of the DcuS/
DcuR and the CitA/CitB systems on the expression of the alternate
target genes, which was obviously not due to the direct regulation
of the genes by the noncognate regulatory system. To further an-
alyze these observations, various forms of interaction between
DcuS/DcuR and CitA/CitB were tested. Protein-protein interac-
tion between the related sensor histidine kinases DcuS and CitA
was analyzed by in vivo fluorescence resonance energy transfer
(FRET) measurements with cells coexpressing DcuS and CitA
fused to CFP or YFP derivatives of the green fluorescent protein
(GFP). The DcuS-CFP (or DcuS-YFP) and CitA-YFP fusion pro-
teins are functional in sensing and signal transduction in vivo, and
the fused CFP and YFP proteins show their normal fluorescence
(44, 45). In vivo FRET measurements (Fig. 2) were performed as
described previously (45). The FRET efficiency was calibrated by
comparing the efficiency of a fusion protein with maximal FRET
efficiency (CFP-YFP fusion protein) to a pair of proteins with no
interaction (background FRET) in the Tar!-331-YFP/DcuS-CFP
pair and cytosolic CFP/YFP. In the cytosolic CFP-YFP fusion pro-
tein encoded by pMW766 that exhibited maximal FRET effi-
ciency, CFP and YFP are fused by a short linker of 9 amino acid
residues (45). Cells containing CFP-YFP revealed an average do-
nor fraction (f;,) of 0.49 = 0.01 with a FRET efficiency of 0.46 =
0.01. The donor fraction represents the amount of donor in a
sample containing donor and acceptor and should be approxi-
mately 0.5 to allow an accurate determination of the FRET effi-
ciency (45). The FRET efficiency of 0.46 (Fig. 2) thus represents
the maximal efficiency that can be obtained under the given ex-
perimental conditions. As a negative control, cytosolic CFP
(PMW?762) and cytosolic YFP (pMW765) were coexpressed. A
donor fraction 0f 0.47 + 0.02 and a FRET efficiency of 0.08 = 0.02
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were observed, corresponding to 17% of the FRET efficiency of the
optimal FRET pair (CFP-YFP fusion). Furthermore, DcuS-CFP
(pPMW408) was coexpressed with the membrane protein Tar!-33!-
YFP (pDK108), a C-terminal truncated variant of the chemotaxis
receptor Tar which is homogeneously distributed in the cell mem-
brane (21) and does not interact with DcuS$ (45). A donor fraction
0f0.41 = 0.01 with a FRET efficiency of 0.07 = 0.01 was obtained,
corresponding to 15% of the activity of the optimal FRET pair.
The FRET efficiencies of about 0.07 obtained in both control mea-
surements define a background level for the FRET measurements
and a threshold value for noninteracting proteins under given
experimental conditions (Fig. 2, dashed line). Cells coexpressing
DcuS-CFP (pMW408) and DcuS-YFP (pMW407) yielded a donor
fraction 0f 0.41 * 0.01 and a FRET efficiency of 0.18 = 0.02 when
grown in the absence of an effector (fumarate or citrate). This is
equivalent to a relative FRET efficiency of 39%, indicating specific
FRET. The FRET of this pair can be attributed to specific DcuS/
DcuS interaction due to an oligomeric state of DcusS in living cells
(45). When the interaction of DcuS with CitA was tested by coex-
pressing CitA-YFP (pMW442) and DcuS-CFP (pMW408), a
FRET efficiency of 0.16 £ 0.01 at a donor fraction of 0.37 = 0.01
was observed (n = 46), which is close to that of the DcuS-YFP/
DcuS-CFP pair, clearly indicating interaction between DcuS-CFP
and CitA-YFP.

In an alternative approach, the interaction between Dcu$ and
CitA as well as the interaction between DcuR and DcusS or CitA
were tested by BACTH (19). Protein-protein interaction was de-
termined by the reconstitution of the Bordetella pertussis adenylate
cyclase subdomains T25 and T18 to the functional holoenzyme.
Each subdomain is inactive, but activity is regained when each
subdomain is fused to one protein of an interacting protein-
protein pair. This results in cyclic AMP (cAMP) production which
can be measured in an adenylate cyclase-negative E. coli strain
(BTH101) with lacZ as the reporter gene.

Here, the domains T25 and T18 of the adenylate cyclase were
separately fused to the N-terminal ends of the respective interac-
tion partners (DcuS or CitA) (Fig. 3). Fusing the T25 and T18
domains to the C terminus of DcuS for homo-oligomerization
assays resulted in the very high expression of the reporter activity
and the inhibition of bacterial growth (not shown). Upon the
coexpression of the fusion proteins T25-DcuS (pMW426) and
T18-CitA (pMW1025) in BTH101, the strain showed significant
and stable activity for [B-galactosidase. For this reason, the
N-terminal fusions were used throughout for further studies. The
activity indicates that the adenylate cyclase domains reconstitute
through CitA and DcuS interaction. The activities were 7-fold
higher than those for the noninteracting control proteins T25-zip
coexpressed with T25-DcuS. On the other hand, when the do-
mains were fused to separate entities of DcuS, promoting the for-
mation of T25-DcuS (pMW426) and T18-DcuS (pMW429)
dimers, the 3-galactosidase activities for the T25-DcuS/T18-DcuS
dimers exceeded those of the T25-DcuS/T18-CitA heterodimers
by a factor of 12.2. DcusS is a dimer, tetramer, or higher oligomer
when functionally incorporated in the membrane (45), supplying
maximal interaction for T25 and T18 in this system. The data
demonstrate the interaction and hetero-oligomer formation be-
tween DcuS and CitA, but the degree of interaction between DcuS
and CitA appears to be clearly lower than that between the DcuS
homo-dimer or homo-oligomer. When T25 and T18 were fused
to DcuR (pMW427) and DcuS (pMW429), respectively, a high
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FIG 3 Interaction of the CitA sensor kinase with the components of the Dcu$S/
DcuR system according to studies using the bacterial two-hybrid system
(BACTH). E. coli BTH101 cotransformed with plasmids in pairs encoding
T18-DcuS (pMW429), T25-DcuS (pMW426), T18-CitA (pMW1025), and
T25-DcuR (pMW427) were grown to an ODs,4 of 0.5 to 0.7 and tested for
B-galactosidase activity. The strain expressing the pair of leucine zipper pro-
teins, T25-Zip (pKT25) plus T18-Zip (pUT18C), was used as a positive control
for two cytosolically located interacting proteins. The level of 55 Miller units is
the background activity obtained for noninteracting proteins like the T25-Zip
and T18-DcusS pair.

degree of interaction was detected, reflecting the interaction be-
tween the sensor kinase and the cognate response regulator. In the
corresponding experiment for T18-CitA (pMW1025) and T25-
DcuR (pMW427), the activity (and interaction) was the same as
the background level. Overall, the BACTH measurements indicate
an interaction between the DcuS and CitA sensor kinases but no
interaction between CitA and DcuR, which is consistent with the
expression studies.

DISCUSSION

Citrate fermentation genes of E. coli are regulated in a citrate-
specific manner by the CitA/CitB two-component system. CitA/
CitB of E. coli (20, 52) functions in vivo, similarly to CitA/CitB of
K. pneumoniae, as the transcriptional regulator of the citC-
DEFXGT gene cluster exerting citrate-specific transcriptional reg-
ulation. The physiological role of CitA/CitB in both bacteria thus
is the regulation of citrate fermentation. Purified and phosphory-
lated CitB of E. coli binds to the promoters of target genes citC,
citA, mdh, and exuT (52), supporting its role in the regulation of
citrate fermentation and galacturonate degradation. CitA/CitB of
E. coli additionally regulates iteron-containing plasmid stability
and the SOS response to 3-lactam antibiotics (13, 32, 33). The
latter effects were observed during aerobic growth and the over-
expression of CitB. To our knowledge, it is not known whether
this type of regulation also occurs under anaerobic conditions.
The role of CitA in the SOS response to 3-lactam antibiotics in E.
coli could not be reproduced here (data not shown) or by others
(29), and it might occur under specific conditions, e.g., when CitB
is overproduced.

CitA functions, unlike DcuS$, without using Dcu or Cit carri-
ers as cosensors. DcuS and CitA belong to the same family of
sensor histidine kinases and have similar sequences, structures,
and functions (24, 46). Both sensors respond to citrate, but the K
of CitA is very low (0.3 uM) (20) compared to the apparent K; of
7 mM Dcus for citrate (23). However, CitA is independent of the
function of related transporters in cosensing. Thus, the deletion of
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FIG 4 Scheme showing the interaction between components of the CitA/CitB
and the DcuS/DcuR systems. Interaction (physical or functional) between in-
dividual components is indicated by arrows. Physical interaction is derived
from FRET and BACTH studies between the proteins (this work) and between
the response regulators and target genes (1, 16, 52). Functional interaction was
derived from the requirement of the respective component for the expression
of citC or dcuB (this work and Krdmer et al. [25]). Interrupted lines (gray
slashes) indicate that the lack of interaction has been demonstrated either by
FRET and BACTH or by expression studies (this work). The physical interac-
tion between CitA and DcuS$ was derived from BACTH and FRET studies (see
Discussion for details).
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the transporter CitT, DcuB, or DcuC, which are functionally
(CitT, DcuB) or genetically (DcuC) linked to CitA/CitB or citrate
fermentation, have no effect on CitA/CitB function. The struc-
tural basis for this difference is not clear, and there are no obvious
sequence differences related to this. Using secondary transporters
as cosensors appears to be a common feature of C,-dicarboxylate
sensor kinases, including DcuS of E. coli (7, 22), DctB of Rhizo-
bium meliloti (40), and DctS of Bacillus subtilis (2).

Interaction between DcuS and CitA without cross-
regulation. Figure 4 summarizes the physical and functional in-
teraction between DcuS/DcuR and CitA/CitB systems. First, the
expression studies demonstrate linear signal transfer, CitA—Cit-
B—itC and DcuS—DcuR—dcuB, and exclude branched signal
transfer between both systems in accordance with earlier sugges-
tions (25). The linear signal transfer is confirmed by the interac-
tion studies by BACTH that show interaction between Dcu$ and
DcuR but the lack of interaction between CitA and DcuR. Dcu$S/
CitA interaction was clearer in the FRET than the BACTH assay. It
is well known, however, that both FRET and BACTH provide a
relative measure for the interaction, which depends on various
parameters, including geometric parameters of the reporters and
their linking to the interacting partners.

Cross-talk has been discussed for various two-component sys-
tems of E. coli (51). However, cross-talk by phosphoryl transfer
occurred mainly under artificial or in vitro conditions and was
absent under physiological conditions or in vivo (9, 26). The ex-
pression and interaction studies shown here suggest that this ap-
plies even to the closely related DcuS/DcuR and CitA/CitB sys-
tems. The highly specific interaction of the sensor kinases with the
respective response regulators relies on specific sites and amino
acid residues (48).
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FIG 5 Intergenic region between citC and citA. Putative binding sites of the
regulators FNR, NarL, ArcA, and CRP as well as citC and citA promoter regions
are based on the Prodoric Virtual Footprint software (35). The positions of the
CitB binding sites are taken from Ingmer et al. (13). Conserved putative DcuR
binding motifs (light blue rounded boxes), consisting of a tandem repeat of
(T/A)(A/T)(T/C)(A/T)AA (1), are located upstream of citC and citA, respec-
tively. Note that DcuR and CitB binding sites overlap. The 652-bp DNA frag-
ment for the mobility shift assays shown in Fig. 1 covers the complete inter-
genic region shown in the figure and extends to the sequence at the 5" and the
3" ends shown here.

There was, however, significant interaction between the DcuS
and CitA sensors, as demonstrated by the FRET and BACTH stud-
ies. In addition, both DcuS$ and CitA are accumulated at the cell
poles, which may be related to the interaction between DcuS and
CitA (44). In contrast, DcuR is localized also at the cell poles (P. D.
Scheu and G. Unden, unpublished data) but interacts specifically
only with DcuS and not with CitA. Part of the sensor population
might be present as permanent or transient DcuS/CitA het-
erodimers or as DcuS,/CitA, hetero-oligomers. However, the in-
teraction seems to have no direct functional relevance and is not
involved in signal transfer between both systems (Fig. 4). This
becomes evident from the finding that possible DcuS/CitA hetero-
forms obviously do not phosphorylate CitB and do not stimulate
citC expression by fumarate in vivo. Recently, a detailed study
showed that the related histidine kinases EnvZ and RstB of E. coli
form only homodimers (3). This suggests that DcuS and CitA
preferentially form hetero-oligomers rather than heterodimers,
which would be in agreement with the lack of signal transfer be-
tween CitA and DcuS.

Nevertheless, CitA is required for the maximal induction of
dcuB-lacZ by citrate (but not by fumarate) as shown here and
earlier (25), and DcuS/DcuR is required for the maximal expres-
sion of citC-lacZ. The modulation of citC-lacZ expression by
DcuS/DcuR can be explained by a regulation of citAB expression
by DcuS/DcuR. The promoter region of cifAB contains at least two
DcuR consensus binding sites (Fig. 5), and the DcuR binding in
the gel retardation studies (Fig. 1) suggests that the sites are func-
tional. These findings indicate that DcuS/DcuR regulates citAB
expression and thus CitA/CitB levels, resulting in the indirect reg-
ulation of CitA/CitB-dependent genes by the DcuS/DcuR system
(Fig. 4). Above that, the nitrate-responsive NarX/NarL regulatory
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FIG 6 Induction of fumarate respiration (A) and citrate fermentation (B)
enzymes and transporters by fumarate and citrate. (A) Fumarate reductase
FrdABCD (Frd) and fumarate/succinate antiporter (DcuB) are induced by
fumarate (or other C,-dicarboxylates or citrate) via DcuS/DcuR. (B) The
citrate-induced transporter (CitT; citrate/succinate antiporter) and enzymes
(CL, citrate lyase; Mdh, malate dehydrogenase) are shown in pink (induction
by CitA/CitB) and green (induction by DcuS/DcuR). The enzymes and the
carrier shown in pink are unique for citrate fermentation; the enzymes shown
in green are used both in citrate fermentation and fumarate respiration. Ab-
breviations: Cit, citrate; Fum, fumarate; Mal, malate; OAA, oxaloacetate; Succ,
succinate.

system represses the synthesis of DcuS/DcuR (10). Thus, nitrate
and NarX/NarL have negative effects on the expression of the
fumarate respiratory and the citrate fermentation genes by de-
creasing the levels of DcuS/DcuR and CitA/CitB. Nitrate and
NarX/NarL might repress citC-lacZ further and directly (Table 2),
similarly to the fumarate reductase genes (for a review, see refer-
ence 49). In addition, CitA/CitB positively autoregulates the ex-
pression of the citAB operon by binding to CitB sites (52) that
precede the citAB promoter region (Fig. 5). A complex regulation
of citC-lacZ expression thus is achieved using direct transcrip-
tional regulation and the control of the levels of the regulators.
Unfortunately, the citAB operon is not available for expression
studies so far. A transcriptome analysis of all two-component reg-
ulatory system mutants of E. coli that was performed only under
aerobic conditions gave, not surprisingly, no indication of
changes in citAB expression in a AdcuSR mutant (36). Direct stud-
ies on the transcriptional regulation of ¢citAB by DcuS/DcuR using
dcuR or dcuS deletions have been complicated by the very low level
of citA expression, and a chromosomal citA-lacZ fusion showed
no detectable expression (data not shown). The expression of
citAB also is repressed by the small regulatory RNA RybC (29),
which could contribute to the low expression level. On the other
hand, the dcuSR operon is not autoregulated (Fig. 1) (1, 10), and
no DcuR or CitB binding sites are present in the dcuS promoter
region. DcusS is constitutively expressed but induced 2-fold under
anaerobic conditions by FNR (10, 42).

Cooperation of DcuS/DcuR and CitA/CitB in the regulation
of fumarate respiration and citrate fermentation. Fumarate res-
piration and citrate fermentation in E. coli are interconnected at
various levels. Under anaerobic conditions, fumarate respiration
is induced by DcuS/DcuR and fumarate or L-malate and aspartate
(Fig. 6). In the presence of citrate, on the other hand, the citrate
fermentation genes (citCDEFXGT and mdh), encoding citrate
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lyase, the citrate/succinate antiporter, and malate dehydrogenase
are induced by CitA/CitB and citrate, and the additionally re-
quired fumarate respiration genes (frdABCD and fumB) are in-
duced by DcuS/DcuR and citrate. The specific dependence of the
citrate fermentation genes on CitA/CitB, and that of the fumarate
respiration genes on DcuS/DcuR as well as the dual specificity of
DcusS for fumarate and citrate, allows the expression of the systems
according to need. In addition, DcuS/DcuR binds to the citAB
promoter region and appears to regulate citAB expression. There-
fore, DcuS/DcuR serves as an overriding regulatory system for
establishing a hierarchical control in the anaerobic C,-
dicarboxylate and citrate metabolism that helps to coordinate the
regulation of both metabolic systems, since fumarate respiration is
part of citrate fermentation. On the other hand, the DcuS/DcuR
system appears to be independent of regulation by citrate and
CitA/CitB.
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