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Abstract

Microbial catabolism of phenylpropanoid compounds
plays a key role in the degradation of aromatic
molecules originating from the degradation of proteins
and plant constituents. In this study, the regulation of
the early steps in the utilisation of 3-phenylpropionate,
a phenylpropanoid compound, was investigated.
Expression of the hcaA gene product, which is
involved in 3-phenylpropionate catabolism in
Escherichia coli, was positively regulated by HcaR, a
regulatory protein similar to members of the LysR
regulators family. Remarkably, the expression of hcaA
in the presence of 3-phenylpropionate was sharply and
transiently induced at the end of the exponential
growth phase. This occurred in a rpoS-independent
manner. This transient induction was also mediated
by HcaR. The expression of this positive regulator is
negatively autoregulated, as for other members of the
LysR family. The expression of hcaR is strongly
repressed in the presence of glucose. Glucose-
dependent repression of hcaR expression could only
be partially overcome by adding exogenous cAMP.

Introduction

Phenylpropanoid compounds such as 3-phenylpropionate
and its derivatives are generated by the action of the
intestinal microflora on plant constituents, phenylalanine,
tyrosine and some of their metabolites. Aerobic catabolism
of aromatic compounds occurs in soil, sediments, water,
and in the gut of warm-blooded animals (Savage, 1977).
Catabolism of 3-phenylpropionate has been reported in
several bacteria including Achromobacter sp. (Dagley et
al., 1965), Pseudomonas sp. (Andreoni and Bestetti, 1986),
and Escherichia coli (Burlingame and Chapman, 1983). In
the latter bacteria, mutants impaired in this pathway were
isolated (Burlingame et al., 1986). The degradative pathway
of 3-(3-hydroxyphenyl) propionate was also investigated
and seven genes (mhpA, B, C, D, E, F, R) involved in the
catabolism of this compound were cloned, sequenced and
characterized according to the similarity of their sequences
to those of to known enzymes (Ferrandez et al., 1997).

The enzymes encoded by mhpB, mhpC, mhpD, mhpE,
mhpF degrade 3-(2,3-dihydroxyphenyl) propionate. This
compound is produced either by oxidation of 3-(3-
hydroxyphenyl) propionate by 3-(3-hydroxyphenyl)
propionate 2-hydroxylase, encoded by mhpA, or by
oxidation of 3-phenylpropionate by 3-phenylpropionate
dioxygenase and 3–phenylpropionate-2',3'-dihydrodiol
dehydrogenase (Figure 1). The genes coding for these
latter enzymes have been named hcaA and hcaB
(Burlingame et al., 1986). The corresponding gene cluster
has recently been sequenced and characterised (Diaz et
al., 1998). The protein encoded by hcaA is very similar to
the α subunit of the benzene dioxygenase of Pseudomonas
putida (Irie et al., 1987). The hcaR gene product, which is
similar to the regulatory proteins of the LysR family (Stragier
et al., 1983), has been shown to be necessary for the
expression of the hca operon from E. coli in Salmonella
typhimurium (Diaz et al., 1998). In this study, we further
explored the function of the hcaR gene product.
Remarkably, expression of hcaA was transiently and
strongly induced at the end of the exponential growth phase
in the presence of 3-phenylpropionate. HcaR was shown
to be necessary for this induction. The expression of hcaR
was found to be negatively autoregulated, as shown for
other members of the LysR family. Finally, hcaR expression

Figure 1. Pathway for the degradation of 3-phenylpropionate and 3-(3-
hydroxyphenyl) propionate by E. coli [Burlingame, 1986].  Metabolites as
follows: 3-phenylpropionate (I), cis-3-(3-carboxyetyl)-3,5-cyclohexadiene-
1,2-diol (II), 3-(3-hydroxyphenyl) propionate (III), 3-(2,3-
dihydroxyphenyl)propionate (IV), 2-hydroxy-6-ketononadienedoic acid (V),
2-keto-4-pentotenoic acid (VI), succinic acid (VII), 4-hydroxy-2-ketovaleric
acid (VIII), acetaldehyde (IX), and pyruvic acid (X).
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was strongly repressed when glucose was added as the
carbon source and, surprinsingly, cAMP addition failed to
completely alleviate this repression.

Results

Induction of hcaA by 3-Phenylpropionate is Ggrowth
Phase Dependent
It has been previously shown that enzymes involved in the
phenylpropionate degradation pathway (Figure 1) are
induced by the addition of 3-phenylpropionate to the growth
medium (Burlingame and Chapman, 1983). In resting cell
experiments, 3-phenylpropionate has been shown to be
necessary for induction of the activity of catabolic enzymes
encoded by the hca cluster (Diaz et al., 1998). To study
the regulation of hcaA expression, a strain harbouring a
transcriptional hcaA::lacZ fusion (FB81) was constructed
as described in Experimental procedure. At first, FB81 was
grown in rich medium (LB medium) and ß-galactosidase
activity was assayed in samples harvested along all the
growth. The ß-galactosidase activity trippled after entry into
the stationary phase (Table 1A). Remarkably, this stationary
phase-dependent induction of hcaA expression was also
detectable in a rpoS mutant (Table 2), indicating that it was
not mediated by the RNA polymerase σS factor responsible
for the expression of many stationary-phase-inducible
genes (Hengge-Aronis, 1996). If 3–phenylpropionate was
added to the medium at a final concentration of 1.3 mM,
the ß-galactosidase activity increased by a factor of ten
during exponential growth (Table 1A). At the end of the
exponential phase, the induction factor of hcaA expression
by 3–phenylpropionate was transiently and dramatically
increased 20 times (Figure 2, Table 1A). Such induction of

hcaA::LacZ expression by 3-phenylpropionate was also
detected in a hcaA mutant impaired in the first step of 3–
phenylpropionate degradation (Table 1A). In contrast, hcaA
expression was only induced 3 times by adding 3(3–
hydroxyphenyl) propionate (Table 1A) which supports
growth of a wild type E. coli strain (Ferrandez et al., 1997).
Thus, only 3-phenylpropionate can be considered to be a
specific inducer of hcaA. Kovarova and co-workers
(Kovarova et al., 1996; Kovarova et al., 1997), reported
that pulse addition of glucose repressed

Figure 2. Expression of the hcaA::lacZ transcriptional fusion measured along
the growth of FB81 strain in LB medium in the presence of 3-
phenylpropionate (1.3 mM) (o). The ß-galactosidase activities (▲) were
averages of at least three trials; the error range represents one standard
deviation.
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Table 1. Expression of the hcaA::lacZ transcriptional fusion in the FB81 and FB831 strain grown in LB medium in the presence or the absence of 3-
phenylpropionate (3P), 3-(3hydroxyphenyl)propionate 3(3-HP) and cAMP (2A), and in the FB81 strain grown in M63 minimal medium with glucose or
succinate as carbon sources (2B). When indicated, 3-phenylpropionate (3P) or 3-(3hydroxyphenyl)propionate 3(3-HP) and cAMP were added at a final
concentration of 1.3 mM and 0.5 mM respectively. For each growth phase the β−galactosidase activity was assayed 4 to 5 times. The β−galactosidase
specific activities were averages of at least three experiments; the error range represents one standard deviation.

                    Specific activity
                     (1 nmole substrate converted/min/mg dry weight bacteria)

Strains growth phase LB LB + 3P LB + 3(3-HP) LB + 3P LB + 3P
+ glucose + glucose

+ cAMP

Exponential growth 15.0 ± 0.7 126.3 ±  32.00 45 ±  8.2 14.5 ± 1.8 16.9 ± 1.3
FB81 Post-exponential growth 45.8 ±  7.8 9851.5 ±  803 130 ±  20.00 62.4 ± 8.0 63.9 ± 3.3

Stationary phase 47.9 ± 5.6 3058.2 ±  152 82 ±  8.5 25.1 ±  7.8 31.6 ±  8.9

Exponential growth 21.5 ± 7.8 93.00 ± 3.3 ND* ND* ND*
FB831 Post-exponential growth 36.8 ± 3.3 10964 ±  544 ND* ND* ND*
(hcaA-) Stationary phase 47.9 ± 5.6 4890.3 ±  410 ND* ND* ND*

ND*:  Not Done

Specific activity
(1 nmole substrate converted/min/mg dry weight bacteria)

Strain growth phase glucose glucose Glucose glucose succinate succinate
+ cAMP + 3P + 3P + 3P

+ cAMP

FB81 Exponential growth 7.3 ±  0.8 7.2 ±  0.8 437.8 ±  96 364.3 ±  21 11.6 ±  3.6 554.9 ±  74
Post-exponential growth 7.3 ±  2.2 7.6 ±   0.9 4784 ±  551 3447 ±  338 16 ±  0.7 8585 ±  586
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3-phenylpropionate utilization but no evidence was given
about the mechanism involved in this repression. We
therefore assessed the inducibility of hcaA expression by
3-phenylpropionate in LB medium with and without glucose.
When bacteria were grown in LB medium supplemented
with glucose, similar levels of hcaA induction were observed
throughout the exponential growth phase, whether in the
presence or absence of 3-phenylpropionate (Table 1A).
The strong transient induction of hcaA by
3-phenylpropionate, which occurs at the end of the
exponential phase, did not occur in the presence of glucose
(Table 1A). The addition of cAMP, at a final concentration
of 0.5 mM, did not restore the induction of hcaA by
3-phenylpropionate (Table 1A). The effect of glucose on
the expression level of hcaA and its induction by 3–
phenylpropionate were also investigated in M63 minimal
medium. The ß-galactosidase activity in bacteria grown
with glucose as the carbon source, was half that of bacteria
grown with succinate as the carbon source (Table 1B).
However, in the presence of 3-phenylpropionate,
expression of the hcaA::lacZ operon fusion was strongly
induced with both carbon sources (Table 1B). The induction
of hcaA by 3-phenylpropionate was not abolished in the
presence of glucose.

Induction of hcaA by 3-Phenylpropionate is hcaR-
Dependent
Expression of the hcaA::lacZ operon was ten times higher
in the presence of 3-phenylpropionate, which can therefore
be considered to be an inducer of hcaA. Such induction in
a catabolic pathway is generally mediated by a regulatory
protein. The neighbor genes, hcaR and hcaA are
transcribed in opposite directions (Figure 3). The protein
encoded by hcaR is necessary for the expression of the
hca operon from E. coli in Salmonella typhimurium (Diaz
et al., 1998). We therefore investigated the role of HcaR

as a regulatory protein in the expression of hcaA in E. coli.
The hcaR gene, within a 4.6 kbp fragment from pDIA10120,
was disrupted by the insertion of a chloramphenicol
resistance gene and recombined into the chromosome of
E. coli V355. Disruption of hcaR abolished the utilization
of 3-phenylpropionic acid (Figure 4). In contrast, the hcaR
mutant grew normally with 3(3-hydroxyphenyl) propionate
as a carbon source (data not shown). The introduction of a
multi-copy plasmid containing hcaR restored the growth
of this mutant on 3-phenylpropionate (data not shown).
Disruption of hcaR had no significant effect on the
expression of hcaA during the exponential growth phase,
but decreased the stationary phase-dependent induction
of hcaA in bacteria grown in LB medium (Table 2). In the
presence of 3–phenylpropionate, the disruption of hcaR
decreased hcaA expression by a factor of 5 during
exponential growth and abolished the stationary phase-
dependent induction of hcaA. 3-phenylpropionate-
dependent induction of hcaA was restored in an hcaR
mutant by introducing a plasmid containing hcaR (Table
2).

Growth Phase-Dependent Expression of hcaR
The expression of regulatory proteins is often finely
controlled by specific or pleiotropic mechanisms. To study
the regulation of hcaR expression, a strain harbouring a
transcriptional hcaR::lacZ fusion (FB82) was constructed
as described in Experimental procedure. Strain FB82 was
grown in LB medium and the ß-galactosidase activity
assayed. ß-galactosidase activity doubled upon entry into
stationary phase (Figure 5). This suggested that hcaR was
a possible target of the σs sigma factor, encoded by the
rpoS gene (Hengge-Aronis, 1996). This was not the case
however, since hcaR expression increased similarly after
entry into the stationary phase, in both a wild-type strain
and a rpoS mutant (Figure 5).

Expression of hcaR is Subject to Negative
Autoregulation
Sequence similarities suggest that the hcaR gene product
belongs to the LysR family of regulatory proteins. The
expression of the genes encoding these regulators is
generally subject to negative autoregulation (Schell, 1993).
We found that hcaR was similarly negatively autoregulated.

Figure 3. Genetic organization of the hcaA, hcaB, hcaR and yfhS genes on
Escherichia coli chromosome.

hcaA hcaBhcaRyfhS
57 min

500 bp

 Table 2. Expression of the hcaA::lacZ transcriptional fusion in the FB81 strain, rpoS (FB811) and hcaR (FB812)
mutants. Bacteria were grown in LB medium and, where indicated, 3-phenylpropionate (3P) was added at a final
concentration of 1.3 mM. For each growth phase the β−galactosidase activity was assayed 4 to 5 times. The
β−galactosidase specific activities were averages of at least three experiments; the error range represents one
standard deviation.

              Specific activity
                       (1 nmole substrate converted/min/mg dry weight bacteria)

Strains                               LB                                                               LB + 3P

Exponential growth Stationary phase Exponential growth Stationary phase

FB81 13.1 ± 2.2 72.4 ± 9.8 117.1 ± 20.9 2750.8 ± 293.6
FB811 (rpoS) 14.8 ± 2.0 70.3 ± 6.2 82.5 ± 28.4 2704.2 ± 190.9
FB812 (hcaR) 15.2 ±  1.6 32.8 ± 3.3 22.0 ± 4.9 30.5 ±  8.7
FB812 (hcaR) 14.8 ± 2.0 29.1 ± 2.9 141.5 ± 5.6 2944.1 ± 202.2
(pDIA10121)
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As shown in Figure 5, expression of the hcaR::lacZ
transcriptional fusion in a hcaR mutant was about double
that in the wild type.

Expression of hcaR is Subject to Glucose Mediated
Repression
As HcaR concentration may be limiting, the induction of
hcaA might result from an increase in hcaR expression in
the presence of 3-phenylpropionate. This was not the case,
as the expression level of hcaR was similar in the presence
or absence of 3-phenylpropionate (data not shown). The
lack of 3-phenylpropionate-dependent hcaA induction, in
the presence of glucose, may result from a decrease in
hcaR expression. We assessed hcaR expression by
assaying ß-galactosidase activity in strain FB82 grown in
LB medium supplemented with glucose. The addition of
glucose decreased the expression of hcaR by a factor of
about 10 (Figure 6). This strong repressive effect of glucose
was also investigated in M63 minimal medium. Comparison
of hcaR::lacZ expression in bacteria grown on glucose,
glycerol and succinate as carbon sources showed glucose-
dependent repression during exponential growth (Figure
6). Noticeably, hcaR expression was always stronger in
M63 minimal medium than in LB medium supplemented
with glucose (Figure 6). The expression of hcaR appeared
to be subject to catabolite repression, like that of many
other operons, when bacteria were grown on glucose as
the carbon source (Magasanik, 1970). In most cases,
catabolite repression was antagonized by adding cAMP
(Ullmann and Monod, 1968). However, several lines of
evidence indicate that catabolite repression may in some
cases be regulated independently of cAMP (Guidi-Rontani
et al., 1981; Saier, 1998). This may correspond to the
present situation, since the repression of hcaR in glucose
minimal medium was not overcome by adding exogenous
cAMP to a final concentration of 0.5 mM (Figure 6). We
investigated the relationship between cAMP and hcaR
expression in the absence of the glucose effect in a strain
unable to synthesize cAMP and harbouring a hcaR::lacZ
transcriptional fusion, but mutated in the glycerol operon
to be able to grow on glycerol as the carbon source (glp*
strain). In this strain (FB823), hcaR expression was strongly

decreased as compared to the wild type parental strain
(FB82) (Table 3). The introduction of the plasmid pDIA100,
containing the wild-type cyaA gene from E. coli, led to a
significant increase in hcaR expression (Table 3). However,
the level of hcaR expression was still lower than that in the
parental strain able to synthesize cAMP (Table 3). The
introduction of a multi-copy plasmid pDIA6526, containing
the cyaB gene from Aeromonas hydrophila, that causes
substantial cAMP synthesis (91 µM) (Sismeiro et al., 1998),
resulted in hcaR expression (Table 3) levels similar to those
of the parental strain able to synthesize cAMP (Figure 5).
The question arose whether the overcome of the repression
of hcaR was the consequence of the increase of adenylate
cyclase activity or the consequence of a high cAMP
production. It was previously shown that more than 95%
of the cAMP synthesised by E. coli was found in the culture
medium (Crenon and Ullmann, 1984). In a cya mutant of
E. coli, harbouring a multi-copy plasmid pDIA6526,
containing the cyaB gene from Aeromonas hydrophila, the
intracellular concentration of cAMP can thus be estimated
to be around 4.5 µM. The exogenous concentration of
cAMP, that relieves the different glucose effects in E. coli,
is 200–1000 times higher than the intracellular
concentration (Crenon and Ullmann, 1984). As a
consequence, the concentration of exogenous cAMP
required to increase the intracellular concentration to
around 5 µM can be calculated to 1 to 5 mM. As shown in
Table 3, the repression of hcaR in a cya negative strain
was partially alleviated by addition of 5 mM cAMP. Thus,
the relieve of the hcaR repression in a cya negative strain
of E. coli needed a strong increase of the intracellular cAMP
concentration. This relieve, absent in a crp mutant (Table
3), was thus shown to be dependent on a functional CAP
protein. Disruption of the crp gene in a cyaA glp* strain

Table 3. Effect of cAMP on the expression of the hcaR::lacZ transcriptional
fusion. Bacteria were grown in M63 minimal medium supplemented with
glycerol as carbon source. When indicated, cAMP was added at a final
concentration of 0.5 mM or 5 mM.  For each experiment, the β-galactosi-
dase activity was assayed 4 to 5 times during exponential growth. The β-
galactosidase specific activities were average of at least three experiments;
the error range represents one standard deviation.

Specific activity
                        (1 nmole substrate converted/min/mg dry weight bacteria)

Strains M63 M63 M63
glycerol glycerol glycerol

+ cAMP (0.5 mM) + cAMP (5 mM)

FB82 253 ± 6.2 ND* ND*
FB823  (cya gly*) 25.1 ± 3.1 30.3 ± 1.8 121.0 ± 12.2
FB824 (crp cya gly*) 32.9 ± 2.7 33.2 ± 6.0 31.1 ± 3.8
FB823 (pDIA100) 124.5 ± 10.0 ND* ND*
FB824 (pDIA100) 32.1 ± 5.1 27.1 ± 7.8 ND*
FB823 (pDIA6526) 215.7 ± 30.4 ND* ND*

ND*:  Not Done

Figure 4. Growth of E.coli wild-type FB8 strain (o) and its derivative with
hcaR  gene disruption (u),  in M63 minimal medium with 3-phenylpropionate
(5.2 mM) as carbon source.
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abolished the increase in hcaR expression caused by the
addition of 5 mM cAMP or introduction of the wild-type cyaA
gene of E. coli (Table 3).

Discussion

The regulation of expression of hcaA (coding for α subunit
of 3-phenylpropionate dioxygenase) and of hcaR, the gene

encoding its positive regulator was investigated. Expression
of hcaA was induced in the presence of 3-phenylpropionate.
This is consistent with previous reports demonstrating an
increase in the activity of enzymes involved in the
catabolism of 3-phenylpropionate in the presence of this
compound (Burlingame and Chapman, 1983). The
induction of hcaA expression by 3–phenylpropionate was
dramatically and transiently increased upon entry into the
stationary growth phase. The product of hcaR mediated
this induction, which did not occur if glucose was added to
the LB medium. In contrast, this positive regulator protein
was not involved in the control of 3(3-hydroxyphenyl)
propionate catabolism, as its disruption did not abolish
growth on this compound. Thus, the induction of
3-(2,3-dihydroxyphenyl) propionate dioxygenase activity by
3-phenylpropionate in the later stages of the
phenylpropionate pathway (Burlingame and Chapman,
1983) (Figure 1), cannot be mediated by hcaR.

Expression of hcaR was negatively autoregulated, as
for other members of LysR family regulators (Stragier et
al., 1983). Expression of hcaR also increased upon entry
into stationary phase, in a rpoS-independent manner.
Expression of hcaR was not induced in the presence of
3-phenylpropionate. It was strongly repressed when
glucose was added to the LB medium. This repression
could not be entirely overcome by adding excess cAMP to
the medium. Glucose-dependent repression of hcaR
expression was also observed in M63 minimal medium.
However, this repression had no significant effect on the
induction of hcaA by 3-phenylpropionate in glucose minimal
medium. Thus, the amount of hcaR gene product in glucose
minimal medium, even with repression, appeared to be
sufficient for the induction of hcaA. In contrast, in LB
medium supplemented with glucose, the amount of hcaR
was one third than this produced in glucose minimal
medium, and did not allow the induction of hcaA by 3–
phenylpropionate. As shown in Figure 5 the expression
level of hcaR in the exponential phase of strain FB82 is
about 200 ß-galactosidase units. This did not allow a strong
induction of hcaA with 3-phenylpropionate (Table 1A). In
contrast, during the stationary phase of growth, an increase
of hcaR expression up to 310 ß-galactosidase units (Figure
5) caused a sharp induction of hcaA (Table 1A). This could
mean that there is not a simple correlation between the
level of induction of hcaA and the level of hcaR expression.
The expression level required for the sharp induction of
hcaA in LB rich medium (310 ß-galactosidase units) is five-
fold higher than in glucose minimal medium
(50 ß-galactosidase units). These observations may
suggest that the stationary phase dependent sharp
induction of hcaA in LB rich medium needs additional
proteins that are specifically expressed during this growth
phase. Alternatively, HcaR may be active only in a highly
cooperative multimeric state. In such rich medium the
multivalent repression occurs (Dwyer and Umbarger, 1968),
and consequently could enhance the glucose dependent
regulatory effects on hcaA. Finally, partial alleviation of the
glucose-dependent repression of hcaR required the
addition of a larger amount (5 mM) of exogenous cAMP
than for other operons subject to catabolite repression (0.5
mM). In a cya derivative strain, able to grow using glycerol
as the carbon source in the absence of cAMP synthesis,

Figure 5. Expression of a hcaR::lacZ transcriptional fusion in the FB82
strain, rpoS  (FB821) and hcaR (FB822) mutants. Bacteria were grown in
LB medium. For each growth phase the ß−galactosidase activity was
assayed 4 to 5 times. The ß−galactosidase specific activities were averages
of at least three experiments; the error range represents one standard
deviation.

β-
ga

la
ct

os
id

as
e 

sp
ec

ifi
c 

ac
tiv

ity
 

0

250

500

750

1000

Exponential growth Stationary phase

 FB82

FB822 (hcaR)

FB821 (rpoS)

0

50

100

150

200

250

300

M
63

 g
lu

co
se

 
+ 

cA
M

P

LB

 L
B 

gl
uc

os
e

 M
63

 g
lu

co
se

M
63

 g
ly

ce
ro

l

 M
63

 s
uc

ci
na

te

 
β

-g
al

ac
to

si
da

se
 s

pe
ci

fic
 a

ct
iv

ity
 

Figure 6. Expression of the hcaR::lacZ transcriptional fusion with various
carbon sources. Bacteria were grown in LB medium or in M63 minimal
medium supplemented with glucose, glycerol, or succinate as carbon
sources. When indicated, cAMP was added at a final concentration of 0.5
mM. For each experiment, the ß–galactosidase activity was assayed 4 to 5
times during exponential growth. The ß–galactosidase specific activities
were average of at least three experiments; the error range represents one
standard deviation.
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the low level of hcaR expression indicates that cAMP
synthesis is required for hcaR expression. A level of hcaR
expression similar to that measured in the cya+ parental
strain was obtained only when a multi-copy plasmid
containing the cyaB gene from Aeromonas hydrophila was
introduced. This plasmid caused a high level of cAMP
synthesis, when introduced into a cyaA mutant of E. coli
(Sismeiro et al., 1998). As for most other targets of cAMP,
the regulation of hcaR by cAMP is mediated by the CAP
protein. Large amount of cAMP levels may be required to
overcome glucose-dependent repression due to the
weakness of a putative CAP binding site located upstream
from hcaR. No clear-cut CAP site was identified upstream
from hcaR. Thus, the cAMP-dependent control of hcaR
expression may be indirect. We are currently investigating
the stationary phase-dependent induction of hcaR, its
regulation by cAMP, and trying to identify other putative
targets of this regulatory protein.

Experimental Procedures

Bacterial Strains, Plasmids and Phages
The bacterial strains, phages and plasmids used in this study are listed in
Table 4.

Media and Growth Conditions
Bacteria were grown aerobically at 37°C in LB medium or minimal medium
M63 (Miller, 1972) supplemented with glucose (0.4%), glycerol (0.4%),
succinate (0.2%) or 3-phenylpropionate (5.2 mM) as carbon sources.
Overnight cultures were diluted in fresh medium to obtain a cell density of
2.3 X 107 bacteria/ml for the daily cultures. For, ß-galactosidase assays,
samples of the daily cultures were harvested every 30 minutes (for bacteria
grown in rich medium) or every 60 minutes (for bacteria grown in minimal
medium) and assayed for turbidity (O.D. 600) and ß-galactosidase activity.

For induction assays, 3-phenylpropionate was added at a final concentration
of 1.3 mM. If required, filter-sterilized adenosine 3'-5' cyclic monophosphate
(cAMP) was added at a final concentration of either 0.5 mM or 5 mM.
Antibiotics were added at the following final concentrations: ampicillin (Ap),
50 µg/µl; chloramphenicol (Cm), 20 µg/µl; kanamycin (Km), 25 µg/µl. Solid
media contained 1.5% Difco agar

Genetic Techniques
 P1 lysates were produced and transductions carried out as described by
Miller (Miller, 1972). Cells were transformed using the calcium chloride
method (Maniatis et al., 1989) or electroporation (Dower et al., 1988).

DNA Manipulation and Molecular Cloning
Chromosomal DNA was isolated according to the Marmur method (Marmur,
1961). Large-scale plasmid DNA preparations were carried out using
Plasmid Maxi Kit (Qiagen Inc., Germany) as recommended by the
manufacturer. Small-scale plasmid DNA preparations were done as
described by Birnboim and Doly (Birnboim and Doly, 1979). Restriction,
modification and ligation treatments were carried out according to the
manufacturer’s recommendations. After gel separation, DNA fragments of
interest were isolated using QIAquick Gel Extraction Kit (Qiagen Inc.,
Germany). DNA fragments were amplified in a Hybaid PCR thermocycling
reactor, using Expand High Fidelity PCR System (Boerhinger, Germany).
The gene encoding for HcaR was amplified, using chromosomal DNA as
template, with 5'-ATCCTGAAAGATAAGATCTATTGACC-3' and 5'-
AAACTGAGATCTGCGACGC-3' as primers. This amplified fragment was
digested with Bgl II, purified after gel separation, and inserted into the BamHI
site of pUC19.

Construction of Chromosomal Insertion Mutants
The hcaA and hcaR genes cloned in pDIA10120 (Figure 3) were first
respectively disrupted by introduction of kanamycin or chloramphenicol
resistance genes from derivatives of pHP 45Ω (Fellay et al., 1987). The
kanamycin resistance gene was inserted in hcaA gene at the SphI restriction
site, which is 531 bp distant from the translation start. The chloramphenicol
resistance gene was inserted in hcaR gene at the BclI restriction site, which
is 512 bp distant from the translation start. After gel separation, DNA
fragments containing hcaA or hcaR disrupted by a resistance gene (kan or
cat), were isolated and introduced into a recD-deficient strain V355 (Russell
et al., 1989) using electroporation procedure. The correct location of the

Table 4. Bacteria, phages, and plasmids used in this study

Strain,plasmid
or phage Relevant characteristics Source or reference

E. coli  strains
FB8 F- (Bruni et al., 1977)
FB80 F- ΛlacX74 (Perrotte-Piquemal et al., 1999)
FB8hcaA::Kan F-, KmR this work
FB8 hcaR::cat F-, CmR this work
FB8 hcaT::Kan F-, KmR this work
FB81 F- ∆lacX74, hcaA::lacZ this work
FB811 F- ∆lacX74, hcaA::lacZ, rpoS- this work
FB812 F- ∆lacX74, hcaA::lacZ, hcaR- this work
FB82 F- ∆lacX74, hcaR::lacZ this work
FB821 F- ∆lacX74, hcaR::lacZ, rpoS- this work
FB822 F- ∆lacX74, hcaR::lacZ, hcaR- this work
FB823 F- ∆lacX74, hcaR::lacZ, cya, gly* this work
FB824 F- ∆lacX74, hcaR::lacZ, cya, gly*crp this work
FB831 F- ∆lacX74, hcaA::lacZ, hcaA- this work
V355 F- lac-3350, gal K12, gal T22, λ-, rec D1014, rps (Russell et al., 1989)

L179, IN (rrnD-rrnE)1

Plasmids
pDIA10120 4.6 kb fragment of E.coli chromosomal DNA (Biville unpublished)

inserted into pUC18.ApR

pDIA10121 hcaR from E.coli inserted into pUC19. ApR this work
pHP 45Ω-kan ApR, KmR (Fellay et al., 1987)
pHP 45Ω-cat ApR, CmR (Fellay et al., 1987)
pDIA100 cyaA from E.coli inserted into pBR322. ApR (Roy et al., 1983)
pDIA6526 cyaB from A.hydrophilai inserted into pBR322. ApR (Sismeiro et al., 1998)
pRS415 ApR (Simons et al., 1987)

Phage
λRS45 (Simons et al., 1987)
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chromosome insertion was checked by Southern blotting or PCR
amplification. The disrupted hcaA and hcaR genes were then transferred
in other E. coli strains of interest using generalised P1 transduction.

Construction of Chromosomal Operon Fusions
The 927 bp EcoRI-BamHI and 416 bp EcoRI-BamHI DNA fragments,
containing the promoter regions of hcaA and hcaR (Figure 3), were amplified
using pDIA10120 as template, with 5'-AAGCCGACCGTCGAA
TTCACCACG-3' and 5'-TAGGCGCGAGGATCCAGCGGTAC-3', or with
5'-TAGGTGTTAAAGAATTCACCGGG-3' and 5'-AAGATCGCGGATCCG
GCTGC-3' as primers. After restriction cutting and gel separation, these
fragments were purified and inserted into the multiple cloning site of pRS415,
in front of the lac operon, and transferred by homologous recombination
into λRS45. This phage was then used to lysogenize the FB8∆lac strain as
previously described (Simons et al., 1987). Single lambda prophage
integration was confirmed by PCR (Powell et al., 1994).

Enzyme Assays
ß-galactosidase was assayed as described by Pardee (Pardee et al., 1959).
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