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Abstract

Repression of enzymes contributing to degrada-
tion of aromatic compounds via the b-ketoadipate
pathway in the presence of additional carbon
sources (carbon catabolite repression) in the
bacterium Acinetobacter sp. strain ADP1 is de-
scribed. The phenomenon was investigated on the
level of specific activity of protocatechuate 3,4-
dioxygenase and p-hydroxybenzoate hydroxylase
participating in catabolism of protocatechuate and
p-hydroxybenzoate. Strong repression (90%) was
found in cells grown on succinate and acetate in
addition to the aromatic carbon source; partial
derepression occurred towards the end of the
logarithmic growth phase. Glucose, pyruvate, or
lactate as secondary carbon sources had no
repressing effect. The consumption of the aromatic
substrate from the medium was delayed in the
presence of acetate and succinate. The differences
in specific enzyme activities were reflected at the
transcript level for three operons connected to
catabolism of aromatic compounds (pob, pca, van)
as shown by Northern blot hybridization. Tran-
scriptional fusions between the promoters of the
pob and the pca operon identified the transcrip-
tional level as the regulatory one. A mechanism of
global regulation is postulated, which enables the
organism to consume the offered carbon sources
hierarchically in the most efficient manner.

Introduction

Carbon catabolite repression is a global control me-
chanism present in bacteria as well as in eukaryotic
organisms. It creates a hierarchy in the consumption of
simultaneously present carbon sources and thus en-
sures efficient catabolic activities in such a way that
better carbon sources are degraded first. Molecular
mechanisms to achieve this are complex and an
increasing number of such mechanisms comes to light
(Gancedo, 1998; Saier, 1998). In these investigations
attention has been focussed on enteric bacteria and on a

number of Gram-positive bacteria. Knowledge about
such mechanisms in other groups of bacteria is scarce.
Evidence for the existence of a mechanism of carbon
catabolite repression in the pseudomonads and other
proteobacteria has accumulated in a number of reports
summarized in (Collier et al., 1996) as well as in more
current reports (Ampe et al., 1998; Ampe et al., 1997;
Canosa et al., 2000; Duetz et al., 1996; McFall et al.,
1997; Müller et al., 1996; Ochs et al., 1999; Santos et al.,
2000; Yuste et al., 1998). Many catabolic pathways for
utilization of e.g. amino acids, amides, alkanes, or
aromatic compounds show reduction to different de-
grees of the respective enzyme activities, when addi-
tional carbon sources are present. These can be
carbohydrates or organic acids, most frequently succi-
nate. A related phenomenon observed in several
Pseudomonas strains is an exponential silencing of
aromatic degradative pathways upon growth on rich
medium (Sze and Shingler, 1999; Tover et al., 2001). In
numerous reports the repression observed has been
described as occurring at the transcriptional level. This
observation calls for a global mechanism of gene
regulation. To this point the nature of this molecular
mechanism is not understood. cAMP, which plays a
central role in themechanism of carbon control in enteric
bacteria, apparently does not have this function in
pseudomonads and the involvement of components of
the phosphoenolpyruvate:sugar phosphotransferase
system (PTS) seems also unlikely (Collier et al.,
1996). Glucose, which causes repression in several
pathways in Pseudomonas putida , does not enter the
cells via a PTS in this organism (Vicente and Canovas,
1973).

Mutants of Pseudomonas aeruginosa impaired in
catabolite repression have been described and used to
isolate a gene named crc (MacGregor et al., 1996;
MacGregor et al., 1991; Wolff et al., 1991). Comple-
mentation of the mutants with the cloned gene in trans
led to a restoration of catabolite repression. Crc shows
similarity to a family of DNA repair enzymes (25% to 32%
identity), but it does not display any of the respective
activities nor are the crcmutants more sensitive to DNA
damage. Binding of Crc to several DNA fragments
upstream of genes underlying catabolite repression
could not be detected under a variety of conditions
(Arora, 1994). The crc gene has been cloned from
P. putida and is also involved in carbon catabolite
repression in this organism (Hester et al., 2000). Relief
of carbon catabolite repression of genes for phenol
degradation inP. putida by insertion of a transposon into
the chromosome led to the identification of strains with
mutations in the respiratory chain, suggesting that
one of the signals inducing catabolite repression is
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the energy charge of the cell (Müller et al., 1998). Genes
for phenol degradation are under control of the alter-
native sigma factor RpoN which is also the case for the
Pu promoter of P. putida directing expression of genes
connected with toluene degradation. Recent reports on
the mechanism of catabolite repression at this promoter
identified the protein IIANtr as a key protein intermediate
(Cases et al., 1999). This protein shows considerable
sequence similarity with known intermediates of the
PTS sugar transport system. To what extend these
findings may also apply to promoters dependent on s 70

is not known.
Species of the genus Acinetobacter are closely

related to the Pseudomonaceae and thus may utilize
similar mechanisms to regulate their use of carbon
sources. Repression of catabolic enzymes forming the
b-ketoadipate pathway for the degradation of proto-
catechuate and catechol (Harwood and Parales, 1996)
was observed in Moraxella calcoacetica (Cánovas and
Stanier, 1967), an organism later renamed Acineto-
bacter. More recent reports documented the repres-
sion by succinate of catechol 1,2-dioxygenase and of
salicylate esterase in this bacterium (Jones et al.,
2000; Neidle and Ornston, 1987). The b-ketoadipate

pathway and pathways feeding into it have been
intensively studied physiologically and genetically in
Acinetobacter sp. strain ADP1 (D’Argenio et al., 1999;
DiMarco et al., 1993a; DiMarco et al., 1993b; Ger-
ischer and Ornston, 1995; Gerischer et al., 1998;
Kowalchuk et al., 1994; Parke et al., 2000; Segura
et al., 1999; Smith et al., 1998). The organism is
particularly suited for genetic analysis due to the
exceptional ease that characterizes its transformability
with DNA. With this background the organism was
used in the current study to characterize carbon
catabolite repression in the protocatechuate branch
of the b-ketoadipate pathway. Operons with coding
capacity for the conversion of p-hydroxybenzoate into
protocatechuate (pob genes, Figure 1, DiMarco et al.,
1993a; DiMarco et al., 1993b), vanillate into proto-
catechuate (van genes, Segura et al., 1999) and
protocatechuate into succinate and acetyl-CoA (pca
genes, Figure 1, Doten et al., 1987) were character-
ized with respect to repressing effects of secondary
carbon sources. The regulatory mechanism is most
pronounced when succinate and acetate are used
together as additional carbon sources. The three
operons investigated (pob, pca, van) are under

Figure 1. Overview of the pca-qui-pob gene region of Acinetobacter sp. strain ADP1 relevant to this study. The numbering of nucleotides refers to
Genbank file L05770. Horizontal arrows underneath the gene clusters indicate the transcriptional organization of the structural genes. Black bars
underneath the gene cluster indicate the size and location of restriction fragments used for hybridization experiments or for the construction of strain
ADPU14 (A). Structure of the pcaIp-lacZ fusion in Acinetobacter sp. strain ADPU14. The numbering of nucleotides within the recA gene region refers
to the recA gene; the numbering within the NarI fragment above refers to Genbank file L05770. The lacZ-aacC1 cassette is not drawn to scale
(aacC1 encodes Gmr) (B).
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catabolite repression and we demonstrate that regula-
tion must occur at the transcriptional level.

Results

Specific Activities of Enzymes Involved in
Degradative Pathways for Aromatic Compounds
are Decreased in the Presence
of Succinate and Acetate
The specific activity of protocatechuate 3,4-dioxygen-
ase has been used in an earlier investigation as an
indicator of the expression of the pca gene cluster of
Acinetobacter sp. strain ADP1 (Trautwein and Ger-
ischer, 2001). The enzyme initiates the degradation of
protocatechuate via the b-ketoadipate pathway and
was shown to be maintained in the cells in a well
balanced level of around 1 U/mg protein throughout all
phases of growth. Furthermore it shows a quick
inductive response to the addition of inducing com-
pounds. Therefore, we used measurements of proto-
catechuate 3,4-dioxygenase activity to evaluate a
repressing effect of secondary carbon sources (pyr-
uvate, lactate, glucose, succinate, acetate) on pca
gene expression. Specific activity was monitored
throughout growth since substrate concentrations
change upon growth of the cells, which in response
may change levels of enzymes. p-hydroxybenzoate
was used as the aromatic carbon source. It is
converted into protocatechuate by the action of
p-hydroxybenzoate hydroxylase and was used be-
cause cells tolerate it well whereas protocatechuate
is a difficult substrate. Cells of Acinetobacter sp. strain
ADP1 were used for these experiments and precul-
tured on mineral medium with 10 mM succinate which
was subsequently shown to have only a slight repres-
sing effect at this concentration. Addition of pyruvate
(20 mM), lactate (20 mM) or glucose (20 mM) to
cultures of Acinetobacter sp. strain ADP1 growing on
mineral medium with 5 mM p-hydroxybenzoate did not
significantly change the expression level since proto-
catechuate 3,4-dioxygenase activity stayed around
1 U/mg protein (Figure 2). Addition of succinate
(15 mM) resulted in a reduced activity around
0.4 U/mg protein during the logarithmic growth phase
and an increase to almost 1 U/mg protein upon entry
into stationary phase. The strongest reduction was
observed after simultaneous addition of succinate
(15 mM) and acetate (15 mM). This carbon source
combination resulted in protocatechuate 3,4-dioxygen-
ase activity levels of lower then 0.1 U/mg protein in the
logarithmic growth phase and a slight increase after
entry into stationary phase to a level of 0.3 U/mg
protein. Thus, the simultaneous addition of acetate and
succinate in relatively high concentrations (15 mM
each) led to a reduction of the level of the first enzyme
of protocatechuate degradation by 90% upon cell
growth. Succinate alone had an intermediate effect
(reduction by 60%) and lactate, glucose or pyruvate
had no significant effect. Experiments after growth on
medium containing quinate as the precursor of proto-
catechuate revealed the same repression pattern by
acetate and succinate added in combination (data not

shown). This shows that the repression observed for
protocatechuate 3,4-dioxygenase is not the conse-
quence of missing activation of the pca genes due to
repression of the protocatechuate generation (see
below), since the activation of the genes for quinate-
degradation (qui genes) depends on protocatechuate
(Tresguerres et al., 1970). Efficient induction of the qui
genes is insured by the high basal level expression of
the pca-qui gene cluster (Trautwein and Gerischer,
2001). p-Hydroxybenzoate hydroxylase catalyses the
conversion of p-hydroxybenzoate into protocatechu-
ate. The expression of the respective gene pobA is
independent of the expression of the pca genes
(Figure 1) (DiMarco et al., 1993b; Kowalchuk et al.,
1994). Determination of specific activities of p-hydro-
xybenzoate hydroxylase in corresponding experiments
led to similar results as described above for proto-
catechuate 3,4-dioxygenase (data not shown). Cells
growing on p-hydroxybenzoate alone exhibited specific
activities between 0.1–0.3 U/mg protein. When both,
succinate and acetate were present (15 mM each) in
addition to p-hydroxybenzoate the level was below the
detection limit (0.005 U/mg protein) in mid-logarithmic
phase with an increase to no more then 0.04 U/mg
protein in the stationary phase. This corresponds to a
reduction of 95% in the logarithmic phase. Again,
glucose, lactate and pyruvate at 20 mM each had no
significant effect and succinate alone at 15 mM had an
intermediate reducing effect. To summarize, in Acine-
tobacter sp. strain ADP1 the levels of two enzymes are
reduced by at least 90% during the logarithmic growth
phase if the medium contains succinate and acetate
in addition to the aromatic carbon source, that is
degraded by these two enzymes. The respective
genes/operons are independent regulatory units. This
observation thus is in accordance with the phenotype
of the global regulatory mechanism carbon catabolite
repression.

Consumption of Aromatic Carbon Sources
is Delayed in the Presence of Acetate
and Succinate
The level of aromatic compounds in the medium of
cultures of Acinetobacter sp. strain ADP1 was ob-
served as described above. In cultures growing on
mineral medium with p-hydroxybenzoate alone as
carbon source, the aromatic compound disappeared
as the cells grew (Figure 3). In contrast, the presence
of acetate and succinate in the medium in addition to
p-hydroxybenzoate delayed its consumption to the
second part of the logarithmic growth phase. After
entry into the stationary phase, which occurred at
much higher cell density than upon growth with
p-hydroxybenzoate alone (OD 564 nm¼ 3.5 versus
OD 564 nm¼ 1), about half of the aromatic growth
substrate was still detectable in the medium. Pyruvate,
glucose or lactate did not have this effect (data shown
for pyruvate, Figure 3). Thus, the reduction of the
specific activities of the enzymes degrading the
aromatic compounds effects the dynamics of substrate
consumption.

Carbon Catabolite Repression in Acinetobacter 391



Figure 2. Protocatechuate 3,4-dioxygenase activity (filled diamonds) of cells of Acinetobacter sp. strain ADP1 in the course of growth (empty
squares) in mineral medium with different carbon source combinations as indicated above the diagrams. The carbon source of all precultures was
10 mM succinate. Each diagram summarizes the data for one individual culture. For each growth condition two to four experiments were performed
with similar results. POB, p-hydroxybenzoate.
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The Repressing Effect of the Presence of
Acetate and Succinate is Observed at the
Transcript Level
Characterized mechanisms of carbon catabolite re-
pression described in enteric bacteria and Gram-
positive bacteria exert their effect at the transcriptional
level (except for the phenomenon of inducer exclusion
(Saier, 1998)). To determine whether this applies also
in the current situation, Northern blot experiments
were performed. Total RNA was isolated from cells
withdrawn from cultures growing under the same
conditions as above for the enzyme activity determina-
tions. Multiple samples from each growth experiment
were blotted onto nylon membranes. To enable a
quantitative comparison, samples from a growth
experiment on p-hydroxybenzoate alone were blotted
next to samples from a growth experiment with
secondary carbon sources added. Hybridization probe
for the pca-qui genes was an internal fragment from
the gene quiB (Figure 1). The qui genes are known to

be expressed under the same conditions as the pca
genes (at elevated protocatechuate levels) (Tres-
guerres et al., 1970). The intergenic region between
pcaH,G and quiB does not contain any promoter
activity as shown by analysis of the respective DNA
for its ability to activate expression of a downstream
reporter gene (unpublished observation). The qui
transcript therefore is most likely initiated together
with the pca transcript at pcaIp to form a 14 kb long
pca-qui transcript which subsequently becomes pro-
cessed as evidenced by Northern blot analysis. We
used this probe because the size distribution of this
part of the transcript is less wide as compared to
experiments employing pca probes, but quantitative
comparison has revealed similar results with respect to
the repressive effect described here using either
probe. Hybridization signals obtained were distributed
between 3 kb and 10 kb with lighter bands left by the
ribosomal 16 S and 23 S rRNA (Figure 4). This is the
typical appearance of transcripts of large bacterial

Figure 3. Consumption of aromatic growth substrate (filled diamonds) in cultures of Acinetobacter sp. strain ADP1 growing in mineral medium with
different carbon source combinations (empty squares) as indicated above the diagrams. POB, p-hydroxybenzoate.
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operons with short half-lives, characteristic for bacteria
(Oelmüller et al., 1990). A limitation of this type of
analysis is the fact that transcript intermediates
(resulting from synthesis or degradation) are included.
On the other side the observations that (i) the detection
of transcripts strongly correlates with the inductive
conditions, (ii) the transcripts disappear almost com-
pletely upon entry into the stationary phase, and (iii) the
hybridization is highly specific as shown by the
absence of any signal in RNA preparations from
strains missing the respective chromosomal region
(data not shown) support the validity of the data. The
transcript appeared to be present in high amounts until
the end of the logarithmic growth phase, samples
taken after entry into stationary phase contained only
traces of specific signal. Samples from earlier times
during growth on p-hydroxybenzoate alone were not
included. It is known that the respective mRNA is
present in high amounts throughout logarithmic growth
on this carbon source (unpublished results). A culture
growing with succinate and acetate in addition to
p-hydroxybenzoate had only very low levels of pca
transcript (not more than 2% during exponential
growth) as compared to cells growing on p-hydro-
xybenzoate alone. Addition of pyruvate, lactate or
glucose to p-hydroxybenzoate resulted in transcript
levels comparable to the control cultures growing on
p-hydroxybenzoate alone (shown for pyruvate in
Figure 4). Thus, the repressing effect of acetate and
succinate observed at the level of enzyme activities is
mirrored at the transcript level pointing to a regulation
at the transcriptional level. Hybridizing blots from
growth experiments as described above or from
experiments with quinate as protocatechuate precur-
sor with a pcaI probe or a quiB probe revealed the
same differences in transcript levels as detailed above
(data not shown).

Corresponding experiments were performed for
the pobA transcript. This transcript appears as a
pronounced band directly below the 16 S rRNA and
thus has a size of approximately 1.4 kb (Figure 5).
This fits well with the size of the pobA gene (1214 bp)
and confirms the monocistronic nature of this tran-
script. The transcript abundance was equivalent to the
pattern described for the pca gene transcript.

To include an additional operon in this investigation,
Northern blot experiments were performed with the
newly discovered van genes (Segura et al., 1999)
encoding vanillate demethylase. The enzyme catalyses
the conversion of vanillate to protocatechuate and the
vanA,B genes have been found to be remote from the
pca genes. Both genes together cover 2035 bp of DNA
and that corresponds to the main signal of 2.6 kbp found
in Northern blot analysis performed with a 1000-bp PCR
fragment covering part of both genes (Figure 6). The
transcript is strongly abundant upon growth with
vanillate as the only carbon source and detectable only
at a level of 1–2% of fully induced cells upon growth on
succinate. This confirms a strong regulation at the
transcriptional level for vanA,B which had been shown
earlier using reverse transcriptase polymerase chain
reaction (Morawski et al., 2000). Addition of acetate and

succinate to vanillate in the growth medium resulted in a
significant reduction of vanA,B transcript level. Reduc-
tion was approximately 4-fold in the logarithmic growth
phase. After entry into the stationary phase vanA,B
transcript abundance increased to 50% of the maximal
amount observed in cells grown on vanillate alone. So,
the expression of three independent operons of Acine-
tobacter sp. strain ADP1 (pca, pob, and van) is
significantly repressed at the RNA level when acetate
and succinate are present in addition to the respective
aromatic carbon source.

Detection of the Regulatory Effect of
Additional Carbon Sources Using
Transcriptional Fusions with lacz
As an additional evidence for the repressing effect
observed we used transcriptional fusions of the pca
gene promoter pcaIp and of the pobA promoter pobAp to
the promoterless lacZ gene from E. coli encoding
b-galactosidase. In a first approach a low copy number
plasmid with a fusion of pcaIp to the lacZ gene
establ ished in Acinetobacter (plasmid pAC17,
(Trautwein and Gerischer, 2001)) was employed.
Attempts to document the repression caused by acetate
and succinate using this system were unsuccessful
(data not shown). Thismay be an indication for a titration
of (a) regulatory protein(s) by the additional copies of the
regulatory region carried on the reporter plasmid.
Therefore a pcaIp-lacZ fusion was integrated into the
chromosome of Acinetobacter sp. strain ADP1, creating
strain ADPU14. The strategy of integrating the reporter
gene into the operon to be monitored could not be
chosen because this would result in a blockade of
protocatechuate degradation and thereby in a constant
high pca gene expression due to increased cell internal
levels of the inducer protocatechuate (Cánovas et al.,
1968). The locus for integration was the recA gene
which was chosen because (1) the respective gene
product has nothing to do with the metabolism of
aromatic compounds and (2) recA strains of this
organism have been used frequently for gene expres-
sion studies successfully (DiMarco and Ornston, 1994;
Rauch et al., 1996; Trautwein and Gerischer, 2001). For
details of the construction of this strain see Materials
and Methods. Acinetobacter sp. strain ADPU14 grown
on p-hydroxybenzoate alone showed a slight increase in
b-galactosidase activity during the logarithmic growth
phase (100–200 Miller units) and stayed at the latter
level after entry into the stationary phase (Figure 7).
This dynamic of b-galactosidase activity has been
observed before when expressed from pcaIp in Acine-
tobacter (Trautwein and Gerischer, 2001). Presence of
acetate and succinate in addition to p-hydroxybenzoate
resulted in a b-galactosidase activity of 40–50 Miller
units through most of the logarithmic growth phase and
an increase towards the end of logarithmic growth.

The shape of the activity curves differed in the
beginning of the logarithmic growth depending on the
pregrowth conditions of the cells. p-hydroxybenzoate
grown cultures are induced and the higher activity at the
beginning of growth most likely results from dilution of
b-galactosidase which is known to be maintained at
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a high level in stationary phase cells (Trautwein and
Gerischer, 2001). In contrast, cells pregrown on
pyruvate showed an immediate increase of b-galacto-
sidase activity when inoculated into p-hydroxybenzoate
and pyruvatemedium and reached the level of 200Miller
units in the middle of the logarithmic growth phase
resembling very much the experiment with p-hydro-
xybenzoate as the only carbon source. So use of a
chromosomal reporter system for pcaIp enables the
detection of the repressing effect of succinate and
acetate on the expression from that promoter and thus
confirms the presence of this regulatory effect. Since the

construct is a transcriptional fusion the experiment also
identifies the transcriptional level as the one where the
responsible molecular mechanism must be active.

The fact that the repression observed here (up to
80%) was not as high as in the experiments determin-
ing protocatechuate 3,4-dioxygenase activity (up to
90%) may be the consequence of the presence of a
second pcaU-pcaI intergenic region. If this region is
the target of (a) protein(s) causing the repression,
the second copy may compete for binding and thereby
give raise to a less pronounced effect. Correspond-
ing experiments were performed with a strain of

Figure 6. Northern blot analysis of vanA,B specific transcripts in cells of Acinetobacter sp. strain ADP1 after growth on mineral medium with different
carbon source combinations as indicated above the membrane pictures. Hybridization probe was a 1-kbp DNA fragment covering parts of vanA and
vanB generated by polymerase chain reaction. The growth experiments the cells for RNA preparation were withdrawn from are shown underneath
the respective membrane picture indicating the course of growth (empty squares), the time points of RNA sampling (asterisk) and the total signal
formed in the respective lane of the membrane after correction for background and normalization by arbitrarily setting the strongest value of the
hybridization experiment to 100% (empty bars, both membranes were hybridized together in the same tube). The numbers in the diagrams refer to
lane numbers in the membrane picture above. Please note the different range covered by the axis for the signal intensity between the diagram to the
left and the other diagrams.
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Acinetobacter containing a transcriptional pobAp-lacZ
fusion in the chromosome (strain ADP4003). In
contrast to strain ADPU14 in this strain the lacZ
reporter cassette was integrated into the pobA gene
thus creating a strain with a dysfunctional PobA. This
organism was unable to metabolize p-hydroxybenzo-
ate but it could be used to detect expression from
pobAp in the presence of additional carbon sources.
When grown on a medium with p-hydroxybenzoate,
succinate, and acetate as carbon sources, the b-
galactosidase activity stayed around 500 Miller units
during the logarithmic growth phase and started to
increase before entry into stationary phase. Pyruvate
as a secondary carbon source to p-hydroxybenzoate
resulted in an immediate increase of b-galactosidase
activity reaching a level of 3500 Miller units in the

middle of logarithmic growth (Figure 8). Results with
the chromosomal pobAp-lacZ fusion confirm the con-
clusions drawn above for an independent promoter.
Succinate and acetate alone also had a repressing
effect at both, pcaIp and pobAp at a concentration of
30 mM, but the repression was less pronounced as
compared to using acetate and succinate in combina-
tion (data not shown). This observation confirms
earlier results revealed by direct determination of
protocatechuate 3,4-dioxygenase activity (Cánovas
and Stanier, 1967).

Discussion

The results described in this communication document
the effect of a downregulation of gene expression in

Figure 7. b-Galactosidase activity (black diamonds) of cells of Acinetobacter sp. strain ADPU14 carrying a transcriptional pcaIp-lacZ fusion in the
chromosome remote from the pca-qui-pob gene cluster. The enzyme activity was determined in the course of growth (empty squares) of the cells on
mineral medium with different carbon source combinations as indicated above the diagrams. In parenthesis indicated is the carbon source the cells
were pregrown with. POB, p-hydroxybenzoate.
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the presence of multiple carbon sources. Operons
investigated in this study are encoding enzymes for the
degradation of the aromatic substrates protocatechu-
ate, p-hydroxybenzoate and vanillate. From the orga-
nization of the respective genes on the chromosome of
Acinetobacter sp. strain ADP1 it is clear that they are
not part of a common operon and further they underlie
specific regulation by different inducer metabolites and
different regulatory proteins (DiMarco et al., 1993a;
Gerischer et al., 1998; Morawski et al., 2000) which is
an important prerequisite when describing a global
regulatory phenomenon. Determination of the activity
of enzymes encoded by the pca and pob genes
identified a combination of the organic acids succinate
and acetate added to a mineral medium with p-hydro-
xybenzoate as strongly downregulating the activity of
these enzymes in comparison to cells growing on the
aromatic carbon source alone. Other carbon sources
in addition to the aromatic carbon source (lactate,
pyruvate, glucose) had no significant effect and
succinate or acetate alone had a repressing effect
which was not as strong as the combination of both
compounds. Similar observations had been made in
the past with an organism called Moraxella calcoace-
tica strain 73 (Cánovas and Stanier, 1967). It is likely,
that this bacterium is closely related to Acinetobacter
sp. strain ADP1, but to which degree this is true is
unknown due to the ongoing taxonomical discussion
concerning the genus Acinetobacter (Dijkshoorn et al.,
1999). In the investigation by Cánovas and Stanier the
repressing effect of additional carbon sources had
been used to define regulatory units among the
enzymes of the b-ketoadipate pathway. The authors
also found a combination of acetate and succinate
(20 mM each) in addition to p-hydroxybenzoate to be
the strongest repressing secondary carbon source
combination (repression by 93% for p-hydroxybenzo-
ate hydroxylase and by 65% for protocatechuate

3,4-dioxygenase for cells harvested in the logarithmic
growth phase). In the current investigation adding
acetate and succinate at 15 mM each to p-hydroxy-
benzoate led to a repression by 90% for both enzymes
during logarithmic growth. Substrate consumption
studies provided evidence that the dynamics of
disappearance of the aromatic carbon source from
the medium followed the expectation set by the
differences in enzyme activities in the different
cultures. The consumption was delayed in cultures
with succinate and acetate added. Direct transcript
analysis revealed the RNA level as the regulatory level
and included another operon, the vanA,B genes as
also underlying the repressing effect. Furthermore, by
using transcriptional fusions of the promoters of the
pca and pob genes to the reporter gene lacZ integrated
into the chromosome, the transcriptional level was
identified as the one, where the effect is exerted at
least to a significant extent. A plasmid-based reporter
system for the activity of pcaIp has been found
inappropriate to detect the repressing effect, which
may be an indication of a low concentration of a
regulatory factor transferring the effect to the regula-
tory region. Addition of a low number of copies of this
region appeared to render the effect undetectable.
Even in strain ADPU14 with only one additional copy of
the pca regulatory region upstream of lacZ the
repressing effect was detected only in part of the
logarithmic growth phase and was not as strong as
when measuring a pca gene product directly.

The derepression towards the end of logarithmic
growth observed in this study may occur, when acetate
and succinate are not completely consumed as seen
for the inhibition of styrene degradation by succinate in
Pseudomonas fluorescens (Santos et al., 2000). In
light of the fact that succinate is an intermediate of the
citric acid cycle and in addition the final metabolite of
reactions catalyzed within the b-ketoadipate pathway

Figure 8. b-Galactosidase activity (black diamonds) of cells of Acinetobacter sp. strain ADP4003 carrying a transcriptional pobAp-lacZ fusion in the
chromosomal pobA gene locus. The enzyme activity was determined in the course of growth (empty squares) of the cells on mineral medium with
different carbon source combinations as indicated above the diagrams. In parenthesis indicated is the carbon source the cells were pregrown with.
POB, p-hydroxybenzoate.
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one would expect the simultaneous activity of both
enzyme groups (for catabolism of succinate and
aromatic compounds) under a certain succinate con-
centration. The absolute values of this threshold
concentration inside and outside the cell can only be
revealed in future investigations. Another question of
relevance to this study is the possibility of an inhibition
of transport of aromatic compounds into the cell in the
presence of repressing substrates. The consequence
of this scenario would be a concentration of aromatic
compounds inside the cell too low to significantly
induce expression of the respective genes. This
possibility cannot be excluded at this point, particularly
since pcaK, encoding one of several transporters for p-
hydroxybenzoate and protocatechuate, is part of the
pca gene cluster and is most likely cotranscribed with
the structural genes (D’Argenio et al., 1999) (unpub-
lished observation). The inactivation of the two known
transporters for protocatechuate and p-hydroxybenzo-
ate, PcaK and VanK still allows the entrance of some
protocatechuate into the cells as judged from indirect
evidence (the sensitivity of a strain with an additional
mutation in pcaB towards protocatechuate in the cell)
and of enough p-hydroxybenzoate to support growth
(D’Argenio et al., 1999). Taking into consideration the
low threshold protocatechuate concentration neces-
sary for induction of the pca genes (10 mM outside the
cell for the wild type) and further the fact that even
completely uninduced cells display a considerable
basal level pca gene expression (Trautwein and
Gerischer, 2001) it seems plausible to speculate that
even under the strongest carbon catabolite repression
conditions the inducers or precursors thereof would be
able to enter the cells in high enough concentrations to
induce the respective operons.

Species of the genus Acinetobacter in the family
of the Moraxellaceae are grouped together with the
pseudomonadaceae in a common subgroup of the
gamma subdivision of the proteobacteria (Wheeler
et al., 2000). There are numerous reports on the
phenotype of carbon catabolite repression in different
Pseudomonas species (Collier et al., 1996) and many
of these are concerned with catabolic pathways for
aromatic compounds or alkanes (Ampe et al., 1998;
Staijen et al., 1999). Multiple examples of carbon
catabolite repression of catabolic enzymes of aromatic
compounds have been described in Acinetobacter sp.
strain ADP1, e.g. catechol 1,2-dioxygenase and
salicylate esterase (Jones et al., 2000; Neidle and
Ornston, 1987). In most cases intermediates of the
tricarboxylic acid cycle and most frequently succinate
are described as preferred carbon sources repressing
the expression of other operons (McFall et al., 1997;
Santos et al., 2000; Yuste et al., 1998). As another
group of carbon sources with a repressing effect
carbohydrates should be named (Müller et al., 1996;
Santos et al., 2000). Acinetobacter strain BD4 and
derivatives thereof like strain ADP1 can grow on
glucose slowly but many strains of Acinetobacter are
not able to grow on glucose (Towner et al., 1991).
Thus, the observation that glucose does not cause
repression of the operons analyzed in this study

seems reasonable and the amount of repression
observed here by the combined addition of succinate
and acetate is high in comparison with other cases
where repression is less pronounced (Collier et al.,
1996).

The picture evolving from the numerous investiga-
tions of catabolite repression in this group of bacteria
poses the question as to what kind of molecular
mechanism is causing the phenomenon. To this point,
there are not more then a few clues. Several reports
including the current one have elucidated the transcrip-
tional level as the regulatory one thus calling for a
mechanism of gene regulation. In a few cases there are
data pointing to a regulation via the specific regulatory
protein of the respective pathway. This was done by
overproducing the respective specific regulator with the
consequence of a loss of the repressing effect (Canosa
et al., 2000; Müller et al., 1996) or directly in an in vitro
transcription assay, where the citric acid cycle inter-
mediate fumarate was shown to compete with the
inducer of the regulator protein (2-chloromuconate) for
binding (McFall et al., 1997). This would be a very direct
mechanism for establishing a hierarchy of carbon
sources as compared to the well-characterized sys-
tems in E. coli or Gram-positive bacteria (Stülke and
Hillen, 1999). Indirect evidence gained by determining
the expression pattern of the pca genes in the absence
of the specific regulator PcaU may be interpreted in a
way that repression caused by succinate or acetate
does still occur (Trautwein and Gerischer, 2001). Pca
gene expression without the regulator PcaU is about
twice as high after growth on pyruvate as compared to
cells grown on acetate or succinate. In contrast to this
observation the fact that cells missing the repressor
VanR regulating the expression of vanillate demethy-
lase pregrown on succinate medium are immediately
able to metabolize vanillate (Morawski et al., 2000) may
be an indication of the regulator protein being the target
of catabolite repression. The identification and char-
acterization of strains impaired in carbon catabolite
repression will be the most straightforward approach to
unravel the mechanism that governs this global gene
regulation.

Experimental Procedures

Bacterial Strains, Plasmids, and Growth
Conditions
Bacteria and plasmids used in this study are listed
in Table 1. Strains of Acinetobacter were grown at 308C
in mineral medium (10 mM Na2HPO4, 8.8 mM KH2PO4,
9.3 mM NH4Cl, 0.8 mM MgSO4, 0.033 mM FeSO4,
0.034 mM CaCl2) supplemented with 10–20 mM lactate,
10–20 mM pyruvate, 10–20 mM glucose, 15 mM acet-
ate, 10–15 mM succinate, 5 mM p-hydroxybenzoate, or
combinations thereof (Trautwein and Gerischer, 2001).
Strains of Escherichia coli were grown at 378C in LB
medium (Miller, 1992). Antibiotics were added to the
medium when required for E. coli strains at 100 mg/ml
(ampicillin), 5 mg/ml (gentamycin) and for Acinetobacter
strains at 3 mg/ml (tetracycline), 6 mg/ml (kanamycin),
100 mg/ml ampicillin, or 5 mg/ml (gentamycin). No
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antibiotics were added to the strains of Acinetobacter
with an integration of DNA into the chromosome
containing an antibiotic resistance gene since the
stability of such constructs for at least 20 generations
has been verified in initial experiments.

Construction of Acinetobacter sp. Strain
ADPU14 Containing a Chromosomal
pcaIp-lacz Fusion
The 798-bp NarI fragment containing the complete
intergenic region between pcaI and pcaU as well as
the beginnings of either gene from Acinetobacter sp.
strain ADP1 was isolated from plasmid pZR9 and
cloned into the BstBI restriction site of plasmid
pZR102 which is located in the middle of the
Acinetobacter recA gene (Figure 1). The plasmid in
which pcaIp was directed against the direction of
transcription of recA was chosen (pAC20) to avoid
transcriptional readthrough from the recA gene pro-
moter. A lacZ-Gmr promoter-probe cassette cut out of
plasmid pAB2001 with restriction endonuclease SmaI
was inserted into the Eco47III restriction site of pAC20
creating plasmid pAC35. The Eco47III restriction site
is located 35 bp downstream of the start codon of pcaI
and the correct orientation of the reporter gene
cassette was verified by restriction analysis. The
complete insert of plasmid pAC35 was separated from
the vector with restriction endonuclease HindIII and
the DNA was used to transform Acinetobacter sp.

strain ADP1. Selection for transformants was on LB
medium with gentamycin. Transformants were
checked for growth on mineral medium with p-hydro-
xybenzoate to ensure that the chromosomal integra-
tion had not occurred into the pca gene cluster. No
growth on LB medium with ampicillin indicated that no
cointegration of the vector had occurred. Southern blot
analysis was employed to verify the correct integration
of the construct into the recA gene locus on the
chromosome of Acinetobacter sp. strain ADP1. Chro-
mosomal DNA of the potential pcaI-lacZ fusion strain
was digested with restriction endonuclease BamHI.
Hybridization with a recA probe (insert of plasmid
pZR102) showed an increase in size of the 3.5-kbp
wild type fragment to 8.8 kbp. Hybridization of HindIII-
digested chromosomal DNA with the 798-bp NarI
fragment containing the intergenic region between
pcaI and pcaU resulted in signals at 3.5 kbp and
7.7 kbp. The 3.5-kbp signal is also observed in the
wild type and represents the native pca gene cluster;
the 7.7 kbp signal is not present in the wild type and
is derived from the newly integrated pcaI-lacZ fusion
in the recA gene (data not shown). The new strain
was named Acinetobacter sp. strain ADPU14. A
control strain containing only the lacZ-Gmr promoter-
probe cassette cut out of plasmid pAB2001 with res-
triction endonuclease SmaI integrated into the SnaBI
restriction site of recA was prepared and verified as
described above (strain ADPU16). b-Galactosidase

Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Relevant characteristics Source or reference

Acinetobacter strains
ADP1 Wild type (strain BD413, ATCC 33305) (Juni and Janik, 1969)
ADPU14* pcaIp-lacZ fusion in recA, Gmr this study
ADPU16 lacZ-Gmr cassette in recA this study
ADP4003* pobAp-lacZ, Kmr (DiMarco et al., 1993a)
E. coli strains
DH5a general cloning strain (Hanahan, 1983)
Plasmids
pAB2001 promoter-less lacZ and aacCI on a cassette

flanked by multiple cloning sites in pUC6S
(Becker et al., 1995)

pZR9 pcaU ‘-pcaIJFBD’ from Acinetobacter sp. ADP1 (Gerischer et al., 1998)
pZR102 Acinetobacter sp. strain ADP1 recA within

HindIII fragment inserted in pUC19
(Gregg-Jolly and Ornston, 1994)

pZR504 10-kbp BamHI-XhoI fragment containing
Acinetobacter qui genes

(Elsemore and Ornston, 1994)

pZR404 5156-bp PstI-SstI fragment containing
quiA,pobS,R,A in pUC18

(Averhoff et al., 1992)

pAC20 798-bp NarI fragment from pZR9
containing pcaI-pcaU intergenic region
cloned into the BstBI restriction site of
pZR102

this study

pAC35 lacZ-Gmr cassette from plasmid pAB2001
inserted into the Eco47III site of pAC20 as
a SmaI fragment

this study

pAC37 lacZ-Gmr cassette from plasmid pAB2001
inserted into the recA gene of pZR102
SmaI fragment

this study

*Strains ADPU14 and ADP4003 contain lacZ reporter gene cassettes from different origins. The resulting b-galactosidase
activities cannot be compared between the two strains. The two cassettes result in different activity levels as found by fusing
the same promoter to either cassette.
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activity determination with this strain showed that no
detectable transcription occurred in this chromosomal
location and direction.

Transformation of Acinetobacter sp. Strain
ADP1 with Linear DNA
Acinetobacter strains were grown in 5 ml mineral
medium with succinate overnight. After addition of
10 ml 1 M succinate and additional growth for 30 min,
50 ml of the culturewas transferred onto a polycarbonate
filter (Costar Nucleopore, Cambridge, Mass) placed on
a nonselective plate together with 1 mg of linear DNA.
After incubation for 5–6 h at 378C the cells were washed
off the filter and spread on a selective plate.

Enzyme Activity and Protein Determination
Previously described procedures were used for assay
of protocatechuate 3,4-dioxygenase (Doten et al.,
1987). Each extract was assayed 5–10 times and the
standard deviation between individual assays was no
more then 4%. The standard deviation for protoca-
techuate 3,4-dioxygenase between different cultures
grown under the same conditions was 10–15%.
p-Hydroxybenzoate hydroxylase activity was deter-
mined as described (Entsch et al., 1988). The protein
content of the extracts was determined by the method
of Lowry (Lowry et al., 1951). b-galactosidase activity
was measured as described by Miller using chloroform
and sodium dodecyl sulphate to open the cells (Miller,
1992). Each sample was assayed in duplicate or more;
the standard deviation was no more than 2%.

Quantification of Aromatic Compounds
in the Culture Supernatant
Aromatic compounds have a characteristic absor-
bance in the ultraviolet wavelength range (Ornston
and Stanier, 1966). This quality was used for a
spectrophotometric determination of the concentration
of p-hydroxybenzoate and protocatechuate in the
culture supernatant. Determining the area under the
peak between 220–330 nm generated a calibration
curve between 0.01–0.4 mM p-hydroxybenzoate or
protocatechuate. Culture supernatant from cells grown
on succinate medium showed no significant absor-
bance in this range. We used an average of both
curves to determine the content of aromatic com-
pounds in dilutions of the culture supernatant. The
rationale for this was that (1) the calibration curves for
protocatechuate and p-hydroxybenzoate were very
similar and (2) the contribution of protocatechuate
and p-hydroxybenzoate could not be distinguished well
using this method.

Northern Blot Analysis
Cells for preparation of RNA were harvested within no
more than 2 min, frozen in liquid nitrogen and stored at
" 708C. For the preparation of total RNA the kit
RNeasy (Qiagen GmbH, Hilden, Germany) was used
which employs a silica-gel-based membrane to selec-
tively bind RNA. 10 mg of RNA per lane were size
fractionated along with a size standard in a formalde-
hyde agarose gel as recommended by the manufac-

turer. The integrity of the samples was documented by
the appearance of the ethidium bromide stained rRNA
bands. The RNA was transferred to nylon membranes
(Hybond-N+, Amersham Pharmacia Biotech Europe
GmbH, Freiburg, Germany) by capillary blotting as
recommended by the manufacturer and the nucleic
acid was crosslinked to the membrane by ultraviolet
radiation. The DNA fragments used as hybridization
probes were purified from agarose gels using DEAE
cellulose as described elsewhere (Sambrook et al.,
1989) or produced in a polymerase chain reaction
using oligonucleotides 50-GCTTCATTCTGACTTTGG-
TCG-30 and 50-GTTACGCCTGAAACAGAAACG-30 for
the van probe. The fragments were used as templates
to synthesize radioactive probes with the Random
Primers DNA Labeling System (Life Technologies
GmbH, Karlsruhe, Germany) and hybridization was
performed in a hybridization oven as described earlier
(Gerischer and Dürre, 1992). For signal detection a
Bio Imager Fujix BAS 1000 (Fuji Photo Film Co., Ltd.,
Tokyo, Japan) was used. The software MacBAS (Fuji
Photo Film Co., Ltd., Tokyo, Japan) was applied for
quantitative exploitation.

Southern Blot Analysis
Total DNA from cells was extracted as described
elsewhere (Gerischer and Ornston, 1995). DNA was
digested with restriction endonucleases and analyzed
by Southern blotting and hybridization using Hybond-
N+ nylon membranes as recommended by the manu-
facturer (Amersham Pharmacia Biotech Europe GmbH,
Freiburg, Germany). The DNA probe was labeled with
[a-32P]dATP using a Random Primers DNA Labeling
System (Life Technologies GmbH, Karlsruhe, Germany).
For detection of radioactivity bound to the membrane a
Bio Imager Fujix BAS 1000 (Fuji Photo Film Co., Ltd.,
Japan) was used.
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