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Most organisms can choose their preferred carbon source from a mixture of nutrients. This process is called
carbon catabolite repression. The Gram-positive bacterium Bacillus subtilis uses glucose as the preferred source
of carbon and energy. Glucose-mediated catabolite repression is caused by binding of the CcpA transcription
factor to the promoter regions of catabolic operons. CcpA binds DNA upon interaction with its cofactors
HPr(Ser-P) and Crh(Ser-P). The formation of the cofactors is catalyzed by the metabolite-activated HPr
kinase/phosphorylase. Recently, it has been shown that malate is a second preferred carbon source for B.
subtilis that also causes catabolite repression. In this work, we addressed the mechanism by which malate
causes catabolite repression. Genetic analyses revealed that malate-dependent catabolite repression requires
CcpA and its cofactors. Moreover, we demonstrate that HPr(Ser-P) is present in malate-grown cells and that
CcpA and HPr interact in vivo in the presence of glucose or malate but not in the absence of a repressing carbon
source. The formation of the cofactor HPr(Ser-P) could be attributed to the concentrations of ATP and fructose
1,6-bisphosphate in cells growing with malate. Both metabolites are available at concentrations that are
sufficient to stimulate HPr kinase activity. The adaptation of cells to environmental changes requires dynamic
metabolic and regulatory adjustments. The repression strength of target promoters was similar to that
observed in steady-state growth conditions, although it took somewhat longer to reach the second steady-state
of expression when cells were shifted to malate.

Like many other heterotrophic bacteria, the Gram-positive
soil bacterium Bacillus subtilis can utilize a wide range of sug-
ars, organic acids, and other organic compounds as sources of
carbon and energy. Traditionally, glucose was regarded as the
preferred carbon source for B. subtilis; this view is supported by
the rapid growth and by the strong repression of genes encod-
ing the enzymes for the utilization of alternative carbon
sources in the presence of glucose (15, 52). Recently, it was
discovered that malate serves as a second preferred carbon
source for B. subtilis; its utilization occurs in parallel with that
of glucose, and as observed for glucose, malate causes a strong
catabolite repression of transporters for alternative carbon
sources (28).

Catabolite repression is the regulatory mechanism that al-
lows the cells to choose among several available carbon
sources. Usually, it involves regulation at the level of gene
expression to prevent transcription of catabolic genes and
operons (catabolite repression in a strict sense) as well as
regulation at the level of protein activity to prevent uptake or

formation of the specific inducers of catabolic operons (in-
ducer exclusion) (8, 20). Repression of the Escherichia coli
lactose operon by glucose was the first example of gene regu-
lation understood at the molecular level, and it is still the
paradigm for carbon catabolite repression. However, the mo-
lecular mechanisms by which catabolite repression is achieved
differ strongly between the different bacteria. In E. coli, in-
ducer exclusion and transcription activation of catabolic genes
by the complex of the Crp protein with cyclic AMP are crucial
(6, 46). In contrast, in B. subtilis and most other Gram-positive
bacteria, catabolite repression is exerted by the CcpA repres-
sor protein (15, 55).

In many bacteria, glucose and other sugars are transported
and concomitantly phosphorylated by the phosphotransferase
system (PTS). This system is composed of two soluble general
phosphotransferases, enzyme I and HPr, and of a set of sugar-
specific multidomain permeases. The domains of the per-
meases may be present in one protein, or they may exist as
individual polypeptides (9). In B. subtilis and most other Gram-
positive bacteria, HPr is a key player in the regulation of
carbon metabolism: this protein can become phosphorylated
by enzyme I on His-15 to be active in sugar transfer in the PTS,
and in addition it is subject to a regulatory phosphorylation on
Ser-46 (9). The phosphorylation of HPr on Ser-46 is catalyzed
by the metabolite-sensitive HPr kinase/phosphorylase HPrK
(41). The latter phosphorylation has several consequences: (i)
the protein is not longer active in glucose transport, since it is
a very poor substrate for enzyme I (12); (ii) HPr loses the
ability to phosphorylate and thus to activate the PRD-type
transcription regulators that are required for the expression of
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specific catabolic operons (34); and (iii) HPr(Ser-P) serves as a
cofactor for the transcription factor CcpA (10). In the complex
with HPr(Ser-P), CcpA is able to bind specific target sites
(catabolite-responsive element, or cre, sites) in the control
region of its target genes (27). This binding results in the
repression of a large set of about 300 genes (15). Moreover,
transcription of some genes involved in overflow metabolism
and amino acid biosynthesis is activated by the CcpA-
HPr(Ser-P) complex (22, 35, 42). Thus, the activity of the HPr
kinase/phosphorylase is crucial not only for the phosphoryla-
tion state of HPr but also for the regulatory output of CcpA.
The HPrK is a bifunctional enzyme; its kinase activity is allos-
terically activated by ATP and fructose 1,6-bisphosphate
(FBP), i.e., under conditions of good nutrient supply (26).
Under starvation conditions, or when less favorable carbon
sources are present, the HPrK has no kinase activity, nor does
it even dephosphorylate HPr(Ser-P) if the pool of inorganic
phosphate is high (39, 40). Thus, the HPr kinase couples the
nutrient state of the cell to the regulatory outcome that is
directly governed by CcpA.

B. subtilis is able to use many intermediates of the citric acid
cycle as single carbon sources. However, malate seems to have
a special position, since it is the only known substrate that can
be cometabolized with glucose (28). In order to utilize malate,
the bacteria need a functional citric acid cycle and a link to
gluconeogenesis. The citric acid cycle and gluconeogenesis are
sufficient to provide the cell with all precursors for anabolic
reactions. In B. subtilis, malate is linked to gluconeogenesis by
the activities of malate dehydrogenase and phosphoenolpyru-
vate carboxykinase. Moreover, four malic enzymes that cata-
lyze the oxidative decarboxylation of malate with the formation
of pyruvate are present in B. subtilis (13). The mechanisms of
malate utilization have not yet been elucidated in detail, but
the malate dehydrogenase Mdh and the NADP-dependent
malic enzyme YtsJ seem to be very important, since corre-
sponding mutant strains exhibit impaired growth with malate
as the only carbon source (32). While the expression of Mdh
and YtsJ is constitutive, the phosphoenolpyruvate carboxyki-
nase (PckA) is expressed only when the bacteria grow in the
absence of glucose, since the corresponding pckA gene is sub-
ject to repression by the transcription factor CcpN (50). Once
phosphoenolpyruvate is formed, the glycolytic enzymes that
catalyze the reversible reactions, the anabolic glyceraldehyde
3-phosphate dehydrogenase GapB (14) and the fructose 1,6-
bisphosphatase, lead to the synthesis of glucose 6-phosphate.

While malate was shown to exert efficient catabolite repres-
sion of several nutrient transporters, the mechanism(s) in-
volved in this repression has so far remained unknown. It was
proposed that the mechanism may differ from the canonical
CcpA-HPr(Ser-P) repression pathway, since the concentration
of the metabolite that triggers the activity of the HPrK might
be too low in the presence of malate as the only carbon source
(28). In this work, we demonstrate that the repression by
malate is also exerted by the CcpA-HPr(Ser-P) complex. We
demonstrate that the complex malate metabolism allows the
accumulation of the regulatory metabolites ATP and FBP that
are sufficient to trigger the HPrK kinase activity and thus
carbon catabolite repression.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. subtilis strains used in this
study are listed in Table 1. The presence of the ptsH1 mutation was verified by
sequencing of chromosomal DNA of the relevant strains. E. coli DH5� and E.
coli TG1 (47) were used for plasmid constructions and transformation using
standard techniques (47).

Luria-Bertani (LB) broth was used to grow E. coli and B. subtilis. When
required, media were supplemented with antibiotics at the following concentra-
tions: ampicillin, 100 �g ml�1; spectinomycin, 150 �g ml�1 (for E. coli); specti-
nomycin, 100 �g ml�1; kanamycin, 7.5 �g ml�1; chloramphenicol, 5 �g ml�1 (for
B. subtilis).

B. subtilis was grown in C minimal medium supplemented with carbon sources
and auxotrophic requirements (at 50 mg liter�1) as indicated (54). Potentially
repressing carbon sources were used at a concentration of 0.5% (wt/vol) unless
stated otherwise. SP plates were prepared by the addition of 17 g liter�1 Bacto
agar (Difco) to sporulation medium.

Transformation and enzyme assays. Chromosomal DNA of B. subtilis was
isolated using the DNeasy tissue kit (Qiagen) according to the supplier’s proto-
col. B. subtilis was transformed with plasmids and chromosomal DNA according
to the two-step protocol (1, 30). Transformants were selected on SP plates
containing antibiotics as indicated above or erythromycin plus lincomycin (2 and
25 �g ml�1, respectively). For enzyme assays, cells were harvested in exponential
growth phase at an optical density at 600 nm (OD600) of 0.6 to 0.8. �-Xylosidase
activities were determined in cell extracts using p-nitrophenyl xyloside as the
substrate (33).

In vivo detection of protein-protein interactions. The isolation of protein
complexes from B. subtilis cells was performed by the SPINE technology (25)
using a chromosomally encoded CcpA protein carrying a C-terminal Strep tag.
For the construction of this strain, GP1303, we made use of the cloning vector
pGP1389, which allows easy integration of the constructs into the chromosome
(31). The ccpA gene was amplified (for primers, see Table S1 in the supplemental
material), and the PCR product was cloned between the BamHI and SalI sites of
pGP1389, giving pGP1952. This plasmid was used to construct B. subtilis GP1303
expressing the Strep-tagged CcpA. For the purification of CcpA with its inter-
action partners, growing cultures of B. subtilis were treated with formaldehyde
(0.6% [wt/vol], 20 min) to facilitate cross-linking of interacting proteins (25). The
Strep-tagged CcpA and its potential interaction partners were then purified from
crude extracts using a Strep-Tactin column (IBA, Göttingen, Germany) and
desthiobiotin as the eluent. HPr was identified by Western blot analysis.

Analysis of the phosphorylation state of HPr in vivo. HPr phosphorylation was
assayed in vivo by Western blot analysis as follows. Bacteria were grown in C
minimal medium with succinate and glutamate (CSE) in the presence of the
indicated carbon sources to an OD600 of 0.6. Cells were disrupted using a French
press, and crude extracts were prepared as described previously (37). Proteins
(3.5 �g of each sample) were separated on nondenaturing 12% polyacrylamide
gels. On these gels, phosphorylated HPr migrates faster than the nonphospho-
rylated protein. HPr(His-P) was dephosphorylated by incubation of the crude
extract for 10 min at 70°C. After electrophoresis, the proteins were blotted to a
polyvinylidene difluoride (PVDF) membrane. The different forms of HPr were
detected using antibodies directed against B. subtilis HPr (40). The antibodies
were visualized by using anti-rabbit IgG-AP secondary antibodies (Chemikon
International, Temecula, CA) and the CDP* detection system (Roche Diagnos-
tics).

Determination of FBP concentrations. Protein-free cell extracts for the deter-
mination of fructose 1,6-bisphosphate (FBP) concentrations in B. subtilis were
prepared as described previously (39, 51). Briefly, cells of the B. subtilis wild-type
strain 168 were grown in 50 ml CSE medium in the presence of the indicated
carbon sources. For each growth condition, at least three independent experi-
ments were carried out. Cultures were harvested by centrifugation, and pellets
were frozen in liquid nitrogen. The pellets were resuspended in 0.6 M cold
perchloric acid and subsequently incubated on ice for 20 min. The precipitated
proteins and cell debris were removed by centrifugation. The pH in the super-
natant was adjusted to 7.4 with a solution of cold 0.6 M KOH in 100 mM
Tris-HCl (pH 7.4). The precipitated KClO4 was removed by centrifugation. The
FBP concentrations were determined in the supernatants as described previously
(39).

Determination of ATP concentrations. Intracellular ATP levels were deter-
mined as described previously (37). Exponentially growing cultures were
quenched at an OD600 of 0.5 by mixing with dimethyl sulfoxide (DMSO), which
released the adenine nucleotides from the cells. ATP levels were measured using
an ATP bioluminescence assay kit (CLSII; Roche Diagnostics) and a microplate
fluorescence reader (FLUOstar Omega; BMG Labtech). For calculating the
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concentrations of intracellular ATP, we used the previously reported aqueous
cell volume of 0.85 �l of a culture of 1 ml at an OD600 of 1 (16).

Plasmid constructions for transcriptional fusions. Fragments corresponding
to the promoter regions of araA, araE, bglP, fruR, glpF, gntR, and sacP, or to a
region in the 3� part of fruA, were amplified by PCR from genomic DNA using
the appropriate pairs of primers listed in Table S1 in the supplemental material.
PCR products were purified after electrophoresis from agarose gel using the

Wizard SV gel and PCR clean-up system (Promega, Madison, WI). For bglP,
sacP, glpF, and gntR, two types of fragments were synthesized: for the first three,
the expression of which is inducible through an antitermination mechanism, the
target region of the antiterminator was either included or omitted, and for gntR,
in the open reading frame (ORF) of which a second cre site is present, fragments
including or not including this site were obtained. Ligation-independent cloning
of each fragment in the pBaSysBioII plasmid was performed as described pre-

TABLE 1. B. subtilis strains used in this study

Strain Relevant genotypea Source, construction, or referenceb

168 trpC2 Laboratory collection
BBA0028 PgntR-gfpmut3/spec pBSBgntR 3 BSB168
BBA0118 PfruR-gfpmut3/spec pBSBfruR 3 BSB168
BBA0121 PglpF-gfpmut3/spec pBSBglpF 3 BSB168
BBA0223 PbglP-gfpmut3/spec pBSBbglP 3 BSB168
BBA0359 PsacP-gfpmut3/spec pBSBsacP 3 BSB168
BSB168 Wild type 5
GM1038 sacA321 �(sacR-B)23 ccpA::Tn917�(erm lacZ)::phleo Laboratory collectionc

GM1222 trpC2 pheA1 �(bgaX) amyE::(gntRK�-lacZ) ptsH1�cat 11
GM2907 ccpA::Tn917�(erm lacZ)::phleo GM1038 3 BSB168
GM2924 crh::aphA3 QB7098 3 BSB168
GM2933 ptsH1�cat GM1222 3 BSB168
GM3001 ParaA-gfpmut3/spec pBSBaraA 3 BSB168
GM3002 PgntRcre2-gfpmut3/spec pBSBgntRcre2 3 BSB168
GM3003 PsacP�RAT-term-gfpmut3/spec pBSBsacP�RAT-term3 BSB168
GM3004 PglpF�term-gfpmut3/spec pBSBglpF�term3 BSB168
GM3005 fruA-gfpmut3/spec pBSBfruA 3 BSB168
GM3007 PbglP�RAT-term-gfpmut3/spec pBSBbglP�RAT-term 3 BSB168
GM3008 ParaE-gfpmut3/spec pBSBaraE 3 BSB168
GM3013 ParaA-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3001 3 GM2907
GM3014 PgntRcre2-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3002 3 GM2907
GM3015 PsacP�RAT-term-gfpmut3 ccpA::Tn917�(erm lacZ)::phleo GM3003 3 GM2907
GM3016 PglpF�term-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3004 3 GM2907
GM3017 fruA-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3005 3 GM2907
GM3019 PbglP�RAT-term-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3007 3 GM2907
GM3020 ParaE-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo GM3008 3 GM2907
GM3022 PglpF-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo BBA0121 3 GM2907
GM3023 PbglP-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo BBA0223 3 GM2907
GM3024 PsacP-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo BBA0359 3 GM2907
GM3027 PfruR-gfpmut3/spec ccpA::Tn917�(erm lacZ)::phleo BBA0118 3 GM2907
GM3029 PgntRcre2-gfpmut3/spec crh::aphA3 GM3002 3 GM2924
GM3031 PbglP-gfpmut3/spec crh::aphA3 BBA0223 3 GM2924
GM3033 PbglP�RAT-term-gfpmut3/spec crh::aphA3 GM3007 3 GM2924
GM3037 PgntRcre2-gfpmut3/spec ptsH1�cat GM3002 3 GM2933
GM3039 PbglP-gfpmut3/spec ptsH1�cat BBA0223 3 GM2933
GM3043 PbglP�RAT-term-gfpmut3/spec ptsH1�cat GM3007 3 GM2933
GM3059 fruA-gfpmut3/spec crh::aphA3 GM3005 3 GM2924
GM3057 PglpF�term-gfpmut3/spec crh::aphA3 GM3004 3 GM2924
GM3061 PfruR-gfpmut3/spec crh::aphA3 BBA0118 3 GM2924
GM3063 ParaE-gfpmut3/spec crh::aphA3 GM3008 3 GM2924
GM3065 ParaA-gfpmut3/spec crh::aphA3 GM3001 3 GM2924
GM3067 PsacP�RAT-term-gfpmut3 crh::aphA3 GM3003 3 GM2924
GM3069 PglpF�term-gfpmut3/spec ptsH1�cat GM3004 3 GM2933
GM3071 fruA-gfpmut3/spec ptsH1�cat GM3005 3 GM2933
GM3073 PfruR-gfpmut3/spec ptsH1�cat BBA0118 3 GM2933
GM3075 ParaE-gfpmut3/spec ptsH1�cat GM3008 3 GM2933
GM3077 ParaA-gfpmut3/spec ptsH1�cat GM3001 3 GM2933
GM3079 PsacP�RAT-term-gfpmut3 ptsH1�cat GM3003 3 GM2933
GP270 trpC2 xylR::ermC 51
GP284 trpC2 xylR::ermC ptsH1 51
GP287 trpC2 xylR::ermC ptsH1 crh::spc 51
GP289 trpC2 xylR::ermC hprK::aphA3 51
GP297 trpC2 xylR::ermC crh::spc 51
GP853 trpC2 xylR::ermC ccpA::spc 51
GP1303 trpC2 ccpA-Strep spc pGP1952 3 168
QB7098 trpC2 crh::aphA3 amyE::(P�B levD�-�lacZ cat) 17

a PgntRcre2-gfpmut3 corresponds to a fusion with both cre sites, including cre2 internal to the gntR ORF; PsacP�RAT-term-gfpmut3, PbglP�RAT-term-gfpmut3, and
PglpF�term-gfpmut3 correspond to fusions without the regulatory region (terminator and RAT sequence, when relevant) and are therefore expressed constitutively.

b Arrows indicate construction by transformation.
c GM1038 was derived in several steps from strain TH256, a ccpA mutant by Tn917lac transposition obtained by Tina Henkin (57).
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viously (5). The resulting plasmids were extracted from E. coli and, after verifi-
cation of the correct sequence of constructions, used to transform B. subtilis.
Integration of each plasmid through single recombination allowed the generation
of a transcriptional gfpmut3 fusion with the corresponding promoter, either
directly downstream of it (araA, araE, bglP, fruR, glpF, gntR, and sacP) or placed
downstream from the last gene of the operon (fruA).

Analysis of fluorescence in the LCA. In order to optimize monitoring of
fluorescence and to avoid as much as possible any interference linked to the
culture medium, live cell array (LCA) experiments were performed as previously
set up (5). A modified M9 medium was used (24) supplemented with isoleucine
(25 mg liter�1), leucine (50 mg liter�1), valine (40 mg liter�1), and methionine
(20 mg liter�1) (4). For these experiments, we used strains derived from BSB168,
a trp� derivative of B. subtilis 168, to avoid the intrinsic fluorescence of trypto-
phan. If not stated otherwise, the primary carbon source was succinate � gluta-
mate (SE) (0.5% each). When necessary for induction, the suitable carbon
source (L-arabinose, D-gluconate, D-fructose, glycerol, D-salicin, or D-sucrose)
was added at 0.5%. Steady-state and dynamic experiments were performed as
previously described (5). Cells were grown in 100 �l of medium in a 96-well cell
culture plate (Cellstar; Greiner Bio-One) and incubated at 37°C under constant
shaking in a Synergy II microplate reader (Biotek) for 20 h. The OD600 and
fluorescence (excitation, 485/20 nm; emission, 528/20 nm) were measured every
10 min (5). Absorbencies at 900 nm and 977 nm (A900 and A977, respectively)
were read once at the beginning of each experiment in order to correct the
OD600 to an optical path length of 1 cm. The carbon source shift was carried out
by injection of either glucose to a final concentration of 0.3% or malate to a final
concentration of 0.5%, when cells reached an OD600 of about 0.3. Fluorescein
was present on the microtiter plate at two different concentrations (1 and 10 nM)
in duplicate. Each culture was performed in triplicate.

Promoter activity and GFP concentration determination. Green fluorescent
protein (GFP) accumulation of the GFPmut3 stable variant was obtained as
previously described for B. subtilis (5). Polynomial and exponential functions
were used to fit the experimental data sets of GFP and biomass, respectively, and
to deduce the rates of biomass and GFP production along the growth. GFP
concentration was estimated as GFP per OD600 (GFP/OD) at each time point.
Promoter activities were calculated taking the derivative of the fluorescence
divided by the OD600 ([(dGFP/dt)/OD]) at each time point (44, 58). Under
steady-state growth conditions (� 	 constant), both GFP/OD and (dGFP/
dt)/OD are constant. GFP concentration was expressed as units per OD600 (1
unit being equivalent to 1 pM fluorescein) and promoter activity as units per
hour per OD600 unit.

RESULTS

Malate represses transcription of several uptake systems of
alternative carbon sources. It was recently shown that malate
represses the coutilization of alternative substrates in B. subtilis
(28). In order to further detail the underlying mechanism, we
investigated transcription of the genes coding for uptake sys-
tems of several different carbon sources (from C3 to C13) in the
presence/absence of malate. We constructed gfp transcrip-
tional fusions reporting promoter activities of transporters,
either PTS or not, for fructose (FruA), sucrose (SacP), �-glu-
cosides (BglP), arabinose (AraE), gluconate (GntP), and glyc-
erol (GlpF). Strains were first cultivated in batch culture on
M9 minimal medium with either succinate/glutamate (M9SE)
as the sole carbon source or on M9SE plus the suitable in-
ducer. For all the fusions, gfp expression was barely detectable
without the suitable inducer and at least 
10 times higher in its
presence (Table 2). Gfp expression in all reporter strains was
then measured in the presence of the suitable inducer and
either glucose or malate. Glucose elicited a repression over
70% (Table 2), except for gluconate and fructose uptake genes,
for which the repression was moderate (about 45%). In agree-
ment with the hierarchy in carbon catabolite repression (CCR)
of carbon sources (51), expression of the transporter of fruc-
tose, which is high in the hierarchy, is the least repressed by
glucose. Conversely, expression of the transporter of arabi-

nose, which is low in the hierarchy, is the most repressed
(Table 2). Similarly, in all but one case (PsacP-gfp), malate
triggered repression of the reporter fusions, although at a
lower level than that exerted by glucose (Table 2). The weaker
repression level together with the absence of measurable re-
pression of the sacP promoter may result either from a second,
distinct repression mechanism based on the mode of action of
the inducer or from an intermediate activation of the HPrK/
CcpA CCR pathway.

Malate repression is independent from the induction mech-
anism and dependent upon CcpA. To know whether the ca-
tabolite repression by malate depends on the induction mech-
anism of the different uptake systems, we constructed another
set of reporter fusions in which the target sequences of the
induction mechanism have been precisely deleted (see Mate-
rials and Methods). The resulting constitutive expression of the
PbglP�RAT-term-gfp, PsacP��RAT-term-gfp, and PglpF�term-gfp tran-
scriptional fusions was even higher than the induced expres-
sion of the corresponding inducible fusion (data not shown).
The addition of glucose, malate, or the cognate inducer to the
three modified reporter systems triggered a strong repression
of gfp expression (
80%, 
60%, and 
70%, respectively)
(Fig. 1A). These results indicate that malate catabolite repres-
sion is independent from the induction mechanisms of these
uptake systems. They also confirm that glycolytic carbon
sources other than glucose can trigger catabolite repression,
most probably through the HPrK/CcpA pathway (51).

We then addressed the question of whether malate hijacks
the HPrK/CcpA CCR regulatory pathway by determining gfp
expression of the previous reporter strains in a ccpA mutant
genetic context. Figure 1A shows that the ccpA knockout fully
relieved the repression of the PbglP�RAT-term-gfp, PsacP�RAT-term-
gfp, and PglpF�term-gfp reporter fusions. This demonstrated that
malate-mediated repression is exerted via the CcpA repressor
on these target genes. We also investigated the effect of ccpA
knockout on the repression of the PgntRcre2-gfp, fruA-gfp, ParaE-

TABLE 2. Expression levels of genes coding for transporters and/or
assimilation pathways of several alternative substrates in the

absence and presence of malate and glucose

Strain, fusionb
Expression levela

M9SEc � Glucose � Malate

BBA0223, PbglP-gfp �5d 16 31
BBA0359, PsacP-gfp �5d 31 
90e

BBA0121, PglpF-gfp ND 17 59
BBA0028, PgntR-gfp 5 55 60
GM3005, fruA-gfp �5d 60 86
BBA0118, PfruR-gfp 10 
90e 90
GM3008, ParaE-gfp 9 �5d 16
GM3001, ParaA-gfp �5d 8 20

a Expression levels are given as a percentage of the expression in the presence
of the suitable inducer. Mean values of results from three independent experi-
ments with standard deviations of ��10% are presented. ND, not determined.

b The inducer was D-gluconate for the PgntR-gfp strain, D-fructose for the
fruA-gfp and PfruR-gfp strains, glycerol for the PglpF-gfp strain, salicin for the
PbglP-gfp strains, sucrose for the PsacP-gfp strain, and L-arabinose for the ParaE-gfp
and ParaA-gfp derivative strains.

c M9 minimal medium with succinate and glutamate (see Materials and Meth-
ods).

d Expression level was below 5% or negligible.
e Expression level was between 90 and 100% and was not distinguishable from

the induced condition with this assay.
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gfp, and ParaA-gfp reporter fusions, inducible by their cognate
inducer. In the absence of inducer, levels of expression were
barely detectable (Fig. 1B). In the presence of the cognate
inducer, the addition of glucose or malate did not trigger
repression anymore, except for the fruA-gfp fusion (data not
shown), thus confirming the essential role of CcpA for malate
catabolite repression. It is worth noting that the repression ex-
erted by glucose on the PgntRcre2-gfp fusion was stronger than that
exerted on the PgntR-gfp fusion, in which the second cre site lo-
cated within the gntR coding sequence is absent (15). In order to
further investigate the different factors possibly involved in the
malate repression, we then focused on the expression of xynB, a
well-established model system to study the CCR (51).

Roles of factors involved in glucose repression in the repres-
sion by malate. To gain further insights into catabolite repres-
sion by malate, we analyzed the effect of malate on the syn-
thesis of �-xylosidase, encoded by the xynB gene. This gene is
subject to a very strong repression by glucose, and in a strain
devoid of the xylose repressor XylR, this repression depends
exclusively on a functional CcpA regulatory pathway (51).

Therefore, we studied the synthesis of �-xylosidase in the xylR
mutant strain GP270 after growth in minimal medium without
any added carbon source and in the presence of glucose or
malate. As shown in Table 3, glucose caused an approximate
25-fold repression of �-xylosidase synthesis. This is in excellent
agreement with previous observations (33, 51). In the presence
of malate, a 9-fold repression was observed, which led us to
address the role of CcpA in malate-mediated repression. As
reported previously (51), repression by glucose was nearly
completely lost upon inactivation of CcpA. Similarly, repres-
sion by malate was strongly reduced in the ccpA mutant; how-
ever, the �-xylosidase activity in the presence of malate
reached only 55% of that observed in CSE medium. This result
indicates that CcpA is the major factor causing catabolite re-
pression of �-xylosidase synthesis by malate.

It is well established that CcpA efficiently binds its target
sites in vivo only if it forms a complex with either of its cofac-
tors, HPr(Ser-P) or Crh(Ser-P). For glucose-mediated catab-
olite repression of �-xylosidase, the two cofactors can replace
each other (17, 19). The formation of these cofactors requires

FIG. 1. Carbon catabolite repression in the presence of glucose (�G) or malate (�M). (A) Effect of the ccpA inactivation on constitutive
fusions. (B) Effect of the ccpA inactivation on inducible fusions. Expression levels are given as a percentage of the expression in the presence of
the suitable inducer (�I) for fusions requiring induction and of the expression in M9SE for constitutive fusions (�I). Mean values of three
independent experiments with standard deviations are presented.
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the metabolite-activated HPr kinase, and it was proposed that
the concentration of the HPr kinase effector fructose 1,6-bis-
phosphate (FBP) in malate-grown cells would be too low to
allow HPr phosphorylation (28). To address these obvious
contradictions, we determined the repression by malate in mu-
tants affected in the formation of the cofactors for CcpA. As
observed previously, individual mutations of either HPr (the
ptsH1 mutation results in a loss of the phosphorylation site
Ser-46) or Crh did not result in significant changes in repres-
sion of �-xylosidase synthesis compared to the use of an iso-
genic wild-type strain (compare GP270 to GP284 and GP297 in
Table 3). As observed for repression of xynB expression by
glucose, the combination of the ptsH1 and crh mutations re-
sulted in a substantial loss of malate-mediated repression and
had essentially the same effect as the ccpA mutation (GP287
and GP853 in Table 3). This finding supports the idea that
HPr(Ser-P) and Crh(Ser-P) can functionally replace each
other as cofactors of CcpA to cause catabolite repression of
xynB expression. Finally, we tested the effect of a hprK muta-
tion. The corresponding mutant strain, GP289, lacks the HPr
kinase, and therefore neither HPr nor Crh can be phosphory-
lated on Ser-46. As expected, both glucose and malate repres-
sion of �-xylosidase synthesis were essentially lost, similar to
the observations for the ccpA and ptsH1 crh mutant strains.

May Crh-CcpA and HPr-CcpA complexes have different
affinities for the same particular cre box and therefore favor the
binding of either complex to specific cre sequences? In the case
of xynB repression, HPr and Crh replace each other to exert a
similar repression. To test whether this is true for other targets
of CcpA, we inserted a crh or a ptsH1 mutation in the gfp
reporter strains described above. As for the �-xylosidase syn-

thesis, the single ptsH1 mutation weakly altered the level of
repression exerted by either glucose or malate, whereas the crh
mutation did not show any significant phenotype (Table 4).
Taken together, these data unequivocally establish that
malate-mediated repression is caused by CcpA in a complex
with either of its two cofactors, HPr(Ser-P) or Crh(Ser-P).

In vivo interaction of CcpA with HPr during growth with
malate. The results described above provide genetic evidence
that the interaction of CcpA with HPr(Ser-P) causes catabolite
repression of �-xylosidase synthesis during growth with malate.
In order to demonstrate this interaction more directly, we
attempted to purify CcpA with its interaction partners from
cells grown in minimal medium without any additional carbon
source and in the presence of glucose or malate. For this
purpose, we constructed B. subtilis GP1303, which expresses
CcpA carrying a C-terminal Strep tag under the control of its
native promoter in the chromosome. CcpA was cross-linked in
vivo to its interaction partners as described in Materials and
Methods and purified by affinity chromatography using a
Strep-Tactin matrix. The presence of HPr was assayed by
Western blot analysis. As shown in Fig. 2, no HPr was detect-
able when CcpA was purified from CSE-grown cultures. In
contrast, HPr was efficiently cross-linked to CcpA when the
bacteria were cultivated in the presence of glucose. Simi-
larly, HPr was copurified with CcpA from malate-grown
cells. These data demonstrate that the presence of malate is
sufficient to trigger the in vivo interaction between CcpA
and its cofactor, HPr.

Effect of malate on the ATP-dependent phosphorylation of
HPr and on the metabolites that control the HPrK activity.
Binding of HPr to CcpA requires its prior phosphorylation by

TABLE 3. Catabolite repression of �-xylosidase by different carbon sources in various mutants

Carbon
sourcea

Enzyme activity in units/mg of proteinb

GP270 �xylR GP853 �xylR �ccpA GP284 �xylR ptsH1 GP297 �xylR �crh GP289 �xylR �hprK GP287 �xylR
�crh ptsH1

None (CSE) 1,535 (204) 2,548 (179) 1,535 (91) 2,609 (413) 2,414 (445) 2,644 (321)
Glucose 59 (2) 2,074 (43) 154 (29) 75 (16) 2,036 (209) 2,385 (48)
Malate 170 (27) 1,388 (49) 176 (28) 370 (35) 1,579 (231) 1,598 (95)

a Added to CSE medium.
b All measurements were performed at least in triplicate. Values in parentheses indicate the standard deviations.

TABLE 4. Repression by malate or glucose in the ptsH1 and �crh single mutants

Fusion

ptsH1 genetic context �crh genetic context

Strain
Expression levela

Strain
Expression levela

� Glucose � Malate � Glucose � Malate

PbglP�RAT-term-gfp GM3043 26 27 GM3033 8 30
PsacP�RAT-term-gfp GM3079 20 35 GM3067 4 32
PgntRcre2-gfp GM3037 27 65 GM3029 9 55
PglpF�term-gfp GM3069 45 50 GM3057 20 40
fruA-gfp GM3071 72 82 GM3059 55 84
PfruR-gfp GM3073 80 90 GM3061 
90b 87
ParaE-gfp GM3075 26 9 GM3063 14 20
ParaA-gfp GM3077 39 43 GM3065 5 19

a Expression level is given as a percentage of the expression in the presence of the suitable inducer for fusions requiring induction and of the expression in M9SE
for constitutive fusions. Mean values of three independent experiments with standard deviations of ��10% are presented.

b Expression level comprised between 90 and 100% and was not distinguishable from the induced condition with this assay.
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the HPr kinase at the regulatory site, Ser-46. As shown above,
the hprK mutant exhibited a strongly reduced repression of
�-xylosidase synthesis by malate, suggesting that HPr phos-
phorylation on Ser-46 is also essential for catabolite repression
by malate. To obtain in vivo evidence for the hypothesis that
HPr is phosphorylated on Ser-46 in malate-grown cells, we
determined the phosphorylation pattern of HPr in cells grown
in a nonrepressing minimal medium and in the presence of
glucose or malate. For this purpose we made use of the dif-
ferent migrations of the HPr forms in native gels. As shown in
Fig. 3 (lower panel), the amounts of HPr were similar under all
three tested conditions. This is in good agreement with previ-
ous observations of the constitutively high expression of HPr
(21, 51). In B. subtilis grown in CSE medium, HPr was present
mainly in the nonphosphorylated form. In addition, a band
corresponding to monophosphorylated HPr was visible. This
band disappeared after incubation of the cell extract at 70°C.
This heat lability is indicative for a phosphorylation on a his-
tidine residue, i.e., His-15 of HPr (40). In the presence of
glucose, a large portion of HPr was phosphorylated, and this
phosphorylation was heat stable. This indicates that phosphor-
ylation had occurred on Ser-46 and is in perfect agreement
with results of previous investigations (37, 40, 51). In the
malate-grown cells, we also detected that a major fraction of
HPr was phosphorylated on Ser-46. Thus, in the presence of
malate, HPr is available as HPr(Ser-P) that is competent for
the productive interaction with CcpA that we have observed to
take place in vivo.

HPr(Ser-P) is synthesized by the metabolite-activated HPr
kinase HPrK. The activity of this protein is known to be trig-
gered by FBP and ATP (18, 23, 26, 43). However, it was
suggested that the concentrations of these metabolites might
not reach the critical concentration when B. subtilis grows in
the presence of malate (28). To clarify this issue, we deter-
mined the intracellular concentrations of FBP and ATP. In
cells cultivated in CSE minimal medium, the concentration of
FBP was 2.3 mM. In contrast, the FBP concentration was
significantly increased in glucose-grown cells (12.7 mM). These
results are in good agreement with those of previous studies
(39, 51). For malate-grown cells, an intermediate concentra-
tion of FBP (5.4 mM) was determined (Table 5). This is in the

range detected for other repressing carbon sources (51). In
contrast to the FBP concentrations, which were quite variable
depending on the carbon source, there were only minor dif-
ferences in the ATP concentrations under the three conditions
tested (Table 5). Again, this is in agreement with previous
observations for B. subtilis (37, 53) and with the idea that the
ATP concentrations are generally kept constant in bacterial
cells (29).

Dynamic transcriptional response after malate or glucose
addition. Although we showed that the level of HPr(Ser-P) was
high enough during steady-state growth in the presence of malate
to trigger catabolite repression, the FBP level was twofold lower
than in the presence of glucose. The lower level of FBP observed
in malate-grown cells could explain the weaker repression exerted
by malate compared to that by glucose. This weaker FBP con-
centration may lead to not only lower but also slower dynamics of
adaptation to a pulse of malate leading to a slower large-scale
reorganization of the regulatory network. We therefore designed
shift experiments in which cells were first grown on M9SE before

FIG. 3. Determination of the phosphorylation state of HPr in the
presence of malate. The wild-type strain 168 was grown in CSE me-
dium or in CSE medium supplemented with glucose or malate. Protein
extracts were prepared and separated on native 12% polyacrylamide
(PAA) gels (top panel). HPr was subsequently detected by Western
blotting. To discriminate between HPr(Ser-P) and HPr(His-P), an
aliquot of each cell extract was heated (70°C, 10 min) prior to loading.
This causes a loss of the phosphohistidine bonds. The lysis buffer used
affected the reliability of the Bradford assay for determination of
protein concentrations. To account for the differences in the protein
estimation and sample loading, 2 �g of each protein extract (as deter-
mined by the Bradford assay) was separated in parallel by SDS-PAGE,
and total HPr was detected by Western blot analysis (bottom panel).

TABLE 5. Effect of the carbon source on the pools of fructose
1,6-bisphosphate and ATP in B. subtilisb

Carbon sourcea Fructose 1,6-bisphosphate, mM ATP, �M

None (CSE) 2.3 (0.17) 42.6 (4.96)
Glucose 12.7 (0.57) 59.5 (7.52)
Malate 5.4 (0.45) 47.3 (5.14)

a Added to CSE medium.
b All measurements were performed at least in triplicate. Values in parenthe-

ses indicate the standard deviations.

FIG. 2. Detection of in vivo interactions between CcpA and HPr by
Western blot analysis. The protein complexes were isolated from B.
subtilis GP1303 with a chromosomally encoded CcpA protein carrying
a C-terminal Strep tag. The cells were grown in minimal medium
without any repressing carbon source (CSE) or in minimal medium
supplemented with glucose or malate. Then, 28 �l of the elution
fractions from each purification without (�FA) or with (�FA) cross-
linking by formaldehyde was analyzed by 15% SDS-PAGE. After elec-
trophoresis and blotting onto a PVDF membrane, interaction partners
were detected by an antibody raised against HPr. As a control, 3 �g of
the crude extract (CE) from glucose- or malate-grown cells was used.
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the addition of glucose or malate. Time course measurement of
the expression of the PbglP�RAT-term-gfp reporter fusion during a
transition from M9SE to M9SE plus glucose showed that the
promoter was fully repressed approximately 40 min after the shift
(Fig. 4A). In the following 20 min, the repression was slightly
relieved and the promoter activity reached a new plateau corre-
sponding to about 5 to 10% of its level before glucose addition. It
is worth noting that the final repression level is similar to that
observed under steady-state growth conditions in the presence of
glucose (Table 2). As shown in Fig. 4B, the sudden addition of
malate elicited a slightly slower repression than that of glucose
(maximal repression reached approximately 50 min after the
shift). Afterward, the PbglP�RAT-term-gfp promoter activity reached
equilibrium at about 25% of the activity prior to malate addition,
very similar to that estimated in the malate coutilization steady-
state experiments (Table 2). The PsacP�RAT-term-gfp promoter ac-
tivity behaved dynamically exactly as the PbglP�RAT-term-gfp pro-
moter activity did (data not shown), providing further evidence
for the involvement of the identical mechanism in malate catab-
olite repression of both fusions.

Very similar dynamic expression profiles to those of the
previous strains were also observed with the PglpF�term-gfp re-
porter strain (Fig. 4C and D). Again the stable expression level
reached 2 h after the shift was very close to that measured
under steady-state growth conditions (Table 2). However, a

transient “overrepression” after glucose addition before reach-
ing a stable level of transcription was even more pronounced
with the PglpF�term-gfp reporter strain (Fig. 4C) than with the
PbglP�RAT-term-gfp one (Fig. 4A). Transient accumulation of
FBP caused by high glucose influx but slower reorganization of
the entire central metabolism could provoke this transient
overrepression of the reporter fusions.

To determine whether CcpA is also the key element in-
volved in the initial response to glucose or malate addition, we
investigated the effect of a ccpA knockout on the expression
of the reporter fusions during either shifts. As shown in
Fig. 4, in such a ccpA mutant context, promoter activities of
PbglP�RAT-term-gfp and PglpF�term-gfp are no more repressed and
remained roughly constant upon glucose or malate addition.
The same observation was made with the PsacP�RAT-term-gfp
promoter (not shown). Interestingly, both injections onto the
ccpA mutant-derived strains led to increasing noise and varia-
tions in gfp expression that may be due to the particular stress
caused by a nutritional perturbation in this particular mutant
background. Conversely, the crh and ptsH1 single mutants did
not show any particular phenotype compared to the wild type
(data not shown), suggesting that, as in steady-state growth
conditions, Crh and HPr can replace each other. Altogether,
these results demonstrated that the HPrK/CcpA pathway
transduces the repression signal immediately after malate ad-

FIG. 4. Carbon catabolite repression upon glucose or malate addition to cells grown under gluconeogenic conditions. Wild-type (black circles)
and ccpA mutant (white circles) strains were grown on succinate as the sole carbon source until the second substrate addition. The glucose (left
panels)- or malate (right panels)-mediated repression was followed using strains bearing the transcriptional fusions PbglP�RAT-term-gfp (strains
GM3007 and GM3019; panels A and B) and PglpF�term-gfp (strains GM3004 and GM3016; panels C and D). Repression reached its maximum about
40 min and 50 min after the glucose or malate addition, respectively. Promoter activities are the average results for three replicates, and error bars
represent standard deviations.
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dition, as for glucose addition. They also revealed that malate
catabolite repression is not only weaker but also slightly slower
than glucose catabolite repression, although both malate and
glucose maximal repressions were reached in less than a dou-
bling time (see Table S2 in the supplemental material).

DISCUSSION

This work shows that malate causes carbon catabolite re-
pression in B. subtilis by employing the general CcpA-depen-
dent mechanism of repression. This underlines the specific role
of malate in the physiology of B. subtilis. Malate is the primary
product of carbon dioxide fixation in a large group of plants,
the so-called C4 plants, as well as in the crassulacean acid
metabolism plants. Moreover, malate accumulates in unripe
fruits. Thus, malate is commonly available in soil and on plants,
the preferred habitats of B. subtilis. Indeed, B. subtilis has
recently been suggested to be an epiphyte (3, 7). Moreover,
several carboxylic acids, in particular malate, are substantially
secreted by plant roots into the rhizosphere (2), which enables
recruiting beneficial bacteria that help to reduce susceptibility
to plant pathogen attack (56). The plant pathogen Pseudomo-
nas syringae pv. tomato elicits the secretion of malate in Arab-
dopsis thaliana. This malate secretion selectively recruits the
beneficial rhizobacterium B. subtilis FB17 in a dose-dependent
manner (45). With this as the case and with malate as a key
nutrient for the bacteria, one would also expect sophisticated
mechanisms for malate utilization.

B. subtilis produces five malate dehydrogenases, the canon-
ical Mdh of the citric acid cycle, and four decarboxylating
malate dehydrogenases, the so-called malic enzymes. Among
the malic enzymes, YtsJ reduces NADP�, whereas the three
other enzymes reduce NAD� (13, 32). In addition to the Mdh/
PckA-dependent conversion of malate to phosphoenolpyru-
vate, the entry point of gluconeogenesis, the bacteria require a
functional ytsJ gene for efficient malate utilization (32). Under
gluconeogenic conditions (i.e., with malate as the only carbon
source), the cells do not have the possibility to produce
NADPH by the pentose phosphate pathway. Under glycolytic
conditions, about 40 to 50% of the glucose enters this pathway
(48, 49), which yields two molecules of NADPH per molecule
of glucose. This represents about 50% of the NADPH forma-
tion in the cell and is important to provide reducing power for
all biosynthetic reactions in the cell. Thus, the conversion of
malate to pyruvate using the NADPH-forming malic enzyme
YtsJ may be important to balance the redox pool of the cell
and to allow efficient anabolic reactions.

The identification of malate as a carbon source that causes
catabolite repression immediately raised the question of how
this repression might be achieved. In a previous study, a mech-
anism independent of CcpA/HPr(Ser-P) was postulated based
on the presumptive low concentration of fructose 1,6-bispho-
sphate (28). Here, we provide unequivocal evidence that ca-
tabolite repression by malate involves all factors that also play
a role in sugar-mediated catabolite transcriptional repression,
i.e., CcpA, HPr, Crh, and HPrK. We demonstrate that these
factors are required for malate-mediated catabolite repression
and that their interactions occur as in the presence of glucose.
These interactions include the phosphorylation of HPr by the
HPr kinase (as assayed by the in vivo HPr phosphorylation

state) and the binding of HPr to CcpA in the presence of
glucose or malate. The activity of HPr kinase is the key to
carbon catabolite repression in B. subtilis, and this activity is
mainly controlled by the ATP and the FBP concentrations. At
very high ATP concentrations, the enzyme shows kinase activ-
ity even in the absence of FBP, but at physiological ATP
concentrations FBP acts as an allosteric effector that stimulates
kinase activity (26). Both the genetic and the biochemical ev-
idence presented in this work strongly suggested that HPr
kinase is active in the presence of malate as the only carbon
source. Indeed, the analysis of the ATP and FBP concentra-
tions was in excellent agreement with this idea. It had been
shown before that the ATP pool is quite constant in B. subtilis
even under conditions of different carbon supply (37). In con-
trast, the FBP concentrations are quite low in media that do
not contain repressing carbon sources and are higher in the
presence of glucose and other well-metabolizable sugars (39,
51). Here, we demonstrate that an intermediate FBP concen-
tration is present if the bacteria utilize malate. Similar FBP
concentrations were observed for sorbitol-, glycerol- or man-
nitol-grown B. subtilis cells. Strikingly, the strength of xynB
repression exerted by these sugar alcohols is similar to that
observed with malate (Table 3) (51). Our results also are in
perfect agreement with in vitro studies on the activity of HPrK:
at an ATP concentration of 25 �M (i.e., less than detected in
vivo), 3 mM FBP is sufficient to trigger full HPr kinase activity
(26).

In B. subtilis, several cre boxes were identified either exper-
imentally (about 50) or on the basis of their strong similarity to
the consensus sequence (about 100) (15). Repression strength
is expected to depend on the affinity of the CcpA-HPr(Ser-P)
complex for a particular cre box. Repression of sacP expression
was strong in the presence of either glucose or malate when the
sequence involved in the induction mechanism (RAT/termina-
tor) was absent of the reporter fusion (i.e., PsacP�RAT-term). This
is consistent with the fact that the probable cre sequence (TG
AAAGCGTATTCT) is highly similar to the consensus (15).
However, our results showed no significant repression by
malate of sacP expression when the reporter fusion contained
the full-length wild-type leader region (i.e., PsacP). Besides,
repression by glucose of sacP expression was also much weaker
than that of the constitutive reporter fusion. In addition, the
very similar �-glucoside-inducible bglP system was more re-
pressed. This suggests that the sucrose-dependent induction
mechanism either is strong enough to compensate for the
CcpA-mediated catabolite repression or impairs binding of the
CcpA-HPr(Ser-P) complex.

Our results indicate that malate is efficiently metabolized
and this metabolism generates levels of key intermediates that
control catabolite repression similar to those obtained when
sugars are utilized. This raises the question how the observed
pool of FBP can be reached. The complex pathways of malate
metabolism may provide an answer to this question: the Mdh/
PckA pathway, which actually forms a physical complex in vivo
during growth on malate (38), provides the phosphoenolpyru-
vate that serves as the starting point for gluconeogenesis. In
parallel, YtsJ uses malate to generate NADPH. This in turn, is
required for the reduction of 1,3-bisphosphoglycerate by the
gluconeogenic glyceraldehyde 3-phosphate dehydrogenase
GapB. The other gluconeogenic reactions that give rise to FBP
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all follow Michaelis-Menten kinetics and the corresponding
genes are constitutively expressed (36). In contrast, the pckA
and gapB genes are induced under gluconeogenic conditions
(14, 50). In addition, the NAD�-dependent malic enzymes
might serve for the generation of NADH that can drive oxi-
dative ATP synthesis to provide the cell with energy. Thus,
once a sufficient amount of malate becomes available, the
concerted activity of the different malate dehydrogenases al-
lows the cell to meet the requirements for precursors, reducing
power for anabolism, and energy. Thus, the genetic equipment
of B. subtilis with enzymes active in malate metabolism reflects
the important role of this substrate for the organism and pro-
vides a possible explanation of how malate causes carbon ca-
tabolite repression.
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