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Hydroxylase Activity in Caulobacter crescentus
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A gene, fdxP, was identified upstream of the rrnA gene in Caulobacter crescentus and shown to encode
ferredoxin II (FdII) by insertional inactivation. FdII is homologous to a class of [2Fe-2S] ferredoxins typified
by putidaredoxin. Furthermore, reconstitution assays demonstrated that FdII was able to promote p-hydroxy-
benzoate hydroxylase activity in ferredoxin-depleted extracts. Thus, biodegradation of p-hydroxybenzoate may
be ferredoxin dependent in C. crescentus.

Caulobacter crescentus is a gram-negative, freshwater bacte-
rium that has been studied extensively because it differentiates
during its normal cell division cycle (for recent reviews, see
references 7 and 17). Each cell division results in a mature
stalked cell and an immature swarmer cell. The stalked cell is
capable of starting a new cell cycle immediately. However, the
motile swarmer cell must go through a maturation process,
during which it sheds its flagellum and synthesizes a stalk,
before it can initiate a new cell cycle. In nature, caulobacters
are ubiquitous and thrive in low-nutrient conditions. In addi-
tion, MacRae and Smit (14) have demonstrated that cau-
lobacters are a major component of trickling filter systems in
sewage treatment plants. Furthermore, they have been shown
to be capable of degrading aromatic compounds (4, 5, 19).
Thus, they may play an important role in cleaning polluted
environments.
As part of our effort to assess metabolic genes and their

regulation in C. crescentus, we have been analyzing the genes
that encode ferredoxins. Ferredoxins are small, acidic iron-
sulfur proteins that serve as electron carriers in several meta-
bolic processes, including photosynthesis, nitrogen fixation, the
biodegradation of aromatic compounds, and various reactions
involved in fermentative metabolism (for a recent review, see
reference 3). They are widely distributed, being found in bac-
teria, plants, and animals. Bacterial ferredoxins are polypep-
tides ranging in mass from 6,000 to 13,000 Da that contain
various iron-sulfur clusters at their active sites. They are clas-
sified based on the type of iron-sulfur cluster(s) that they
contain and the similarity of their amino acid sequences. Ferre-
doxins in the same subgroup have common structural proper-
ties, such as the number and type of FeS clusters and the
spacing of the critical cysteines in their apoproteins (3). Many
bacteria possess two or more ferredoxins which function in
different biochemical processes, and we have demonstrated
that C. crescentus synthesizes two ferredoxins, designated FdI
and FdII (23). In this paper, we report the identification and
characterization of a ferredoxin gene, fdxP, in C. crescentus.
Furthermore, we demonstrate that FdII is encoded by the fdxP

gene and that it stimulates the activity of p-hydroxybenzoate
hydroxylase.
The DNA sequence of the promoter region of the rrnA gene

in C. crescentus was published previously by Amemiya (2).
During our study of C. crescentus promoter regions, a com-
puter analysis of this DNA sequence demonstrated that a pro-
tein coding region was present immediately upstream of the
rrnA gene promoter (Fig. 1). This protein coding region is 321
bp in length and would encode a protein with 106 amino acid
residues and a predicted molecular weight of 11,236. The pro-
tein would be acidic, containing 18 acidic amino acid residues
and 9 basic amino acid residues. Furthermore, when we com-
pared the deduced amino acid sequence with the GenBank
database, we found that it is homologous to a group of ferre-
doxins with a [2Fe-2S] active cluster. This group includes ferre-
doxins from bacteria (8, 13, 22), chickens (12), and humans
(15). The highest similarity (45.3% identity at the amino acid
level), however, is with putidaredoxin, a [2Fe-2S] ferredoxin
from the bacterium Pseudomonas putida (13) (Fig. 2). There-
fore, we named this C. crescentus ferredoxin gene fdxP. More
recently, a third [2Fe-2S] ferredoxin has been discovered in
Rhodobacter capsulatus that was shown to be 60% identical to
the C. crescentus FdxP protein (16).
Bacterial [2Fe-2S] ferredoxins can be divided further into

two major types. One type of [2Fe-2S] ferredoxin has an active
site similar to that of chloroplast-type ferredoxins. Ferredoxins
in this group usually have four conserved cysteine residues to
coordinate with the two iron atoms. They are typically ar-
ranged in the pattern -Cys-X4-Cys-X2-Cys-X29-Cys-. These
ferredoxins are important for the reduction of nitrate in
halobacteria (24) and for nitrogen fixation in Rhodobacter spp.
(8). A second type of [2Fe-2S] ferredoxin, typified by putidare-
doxin, was shown to function in the biodegradation of camphor
(8, 13), benzene (6), and toluene in P. putida (21) and in the
degradation of naphthalene in Pseudomonas sp. strain NCIB
9816 (9, 10). These ferredoxins have the conserved four cys-
teines arranged in a pattern -Cys-X5-Cys-X2-Cys-X36/37-Cys-,
and the protein encoded by the fdxP gene matches this pattern
perfectly (Fig. 2). Since C. crescentus has been shown to be
capable of degrading aromatic compounds (4, 5, 19), the ho-
mology between the fdxP gene product and putidaredoxin sug-
gests that the fdxP gene product functions in the metabolism of
aromatic compounds.
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To demonstrate that the fdxP gene encoded a ferredoxin, we
inactivated the fdxP gene of strain LS107 (bla-6 syn-1000) (1)
by insertion of a kanamycin resistance gene cassette (Fig. 1).
When ferredoxins were partially purified from the resulting
mutant, SC4058, we found that FdII was not present (Fig. 3).
This result proves that FdII is encoded by the fdxP gene in C.
crescentus. When the growth properties of SC4058 were tested,

we found that the mutant grew identically to the parent strain
on both rich medium and minimal medium with glucose as a
carbon source (Fig. 4A). However, SC4058 formed consider-
ably smaller colonies than the parent strain when grown on
minimal medium with p-hydroxybenzoate as the sole carbon
source (Fig. 4B). A mutant generated by a single crossover with
the mutated fdxP gene, SC4059 (containing both an inactivated
and an intact fdxP gene), formed colonies the same size as
those of the wild type when p-hydroxybenzoate was used as a
carbon source (data not shown), indicating that the mutant
gene product is not inhibitory. Thus, these results demonstrate
a role for FdII in the metabolism of p-hydroxybenzoate. Con-
trary to published reports (4), significant growth of wild-type C.
crescentus with other aromatic compounds as a sole carbon
source was not obtained in our laboratory.
To determine if FdII is required for p-hydroxybenzoate hy-

FIG. 1. Diagrams showing the rrnA region and the construction of an insertional inactivation of the fdxP gene. Plasmid pKL4 was obtained from N. Ohta (18). The
diagram of pSWKL4Km is not drawn to scale. Some of the restriction sites were omitted for clarity. The vertical arrow is the transcriptional start site for the rrnA gene.
Abbreviations: Bg, BglII; Bm, BamHI; K, KpnI; N, NcoI; P, PstI; R, EcoRI; S, SalI; Sm, SmaI; Kmr, kanamycin resistance gene cassette.

FIG. 2. Comparison of the deduced amino acid sequences of the C. crescen-
tus (Cc) fdxP gene product with those of the P. putida (Pp), E. coli (Ec), and
human (Hum) [2Fe-2S] ferredoxins. Vertical bars and colons represent identical
and similar amino acid residues, respectively. C. crescentus FdxP is 45.7, 40.8, and
36.3% identical to the ferredoxins from P. putida, E. coli, and human mitochon-
dria, respectively, over the entire polypeptide. Cysteines purported to be the
binding sites for the [2Fe-2S] cluster are shaded.

FIG. 3. Characterization of ferredoxins from C. crescentus SC4058. The
ferredoxins were separated on a Sephadex S-100 column and identified by A410
(solid squares). The approximate positions of FdI and FdII from the wild-type
strain (23) are indicated. Ferredoxin activity was demonstrated by a reconstitu-
tion assay with chloroplast photoreduction (25) (open squares).
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droxylase (PHB-hydroxylase) activity, cell extracts were pre-
pared from the fdxP wild-type and mutant strains. When ferre-
doxins were removed by passing the crude extract through a
DEAE-cellulose column at low ionic strength, it was observed
that PHB-hydroxylase activity was reduced four- to fivefold in
the wild-type strain (Table 1). The activity was restored to
wild-type levels by adding back partially purified FdII but not
FdI (Table 1). On the other hand, crude extracts of SC4058
had a low level of PHB-hydroxylase activity which changed

little after passage through the DEAE-cellulose column. When
partially purified FdII was added to the resulting extract, the
PHB-hydroxylase activity was restored to approximately the
wild-type level. Again, the addition of FdI had no effect. Thus,
although C. crescentus synthesizes two ferredoxins (23), they
function differently in promoting PHB-hydroxylase activity.
Furthermore, crude extracts of the fdxP mutant had reduced
levels of PHB-hydroxylase activity that could be restored by the
addition of FdII. This proves that FdII stimulates PHB-hydrox-
ylase activity. It should be noted that there was always a basal
level of PHB-hydroxylase activity in the absence of FdII. Thus,
there does not seem to be an absolute requirement for FdII.
This low level of PHB-hydrolase activity could be sufficient for
the slow growth of SC4058 when p-hydroxybenzoate is used as
a carbon source. To our knowledge, this is the first indication
that biodegradation of p-hydroxybenzoate may be stimulated
by a ferredoxin.
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