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The fdxA gene was identified upstream of and in the opposite direction from the Caulobacter crescentus cysC
gene. Analyses of the nucleotide sequence and the deduced amino acid sequence of the fdx4 gene demonstrated
that it encodes a ferredoxin with a molecular mass of 12,080 Da. This ferredoxin has common structural
features with ferredoxins that contain a [3Fe-4S] and a [4Fe-4S] cluster, including seven conserved cysteines
responsible for the binding of the two clusters. A mutation in the fdx4 gene was obtained, and the resulting
strain did not produce one of the two ferredoxins (FdI) found in C. crescentus. Further experiments demon-
strated that the fdxA gene is temporally expressed in C. crescentus and that Fdl is required for completion of

the cell cycle at 37°C.

Ferredoxins are small, acidic iron-sulfur proteins that are
widely distributed among animals, plants, and bacteria. They
function as electron carriers in diverse metabolic processes,
including photosynthesis, nitrogen fixation, biodegradation of
aromatic compounds, and various reactions involved in fer-
mentative metabolism (for a review, see reference 4). Ferre-
doxins are classified based on the nature of their iron-sulfur
cluster(s) and the similarity of their peptide sequences. Ferre-
doxins in the same subgroup have iron-sulfur clusters with
common structural properties and similar spacing of the cys-
teines in their amino acid sequences (4). Bacterial ferredoxins
consist of single polypeptides ranging in mass from 6,000 to
13,000 Da. A number of bacteria possess two or more ferre-
doxins which function in different biochemical pathways. Some
bacteria, e.g., Chlorobium limicola (37), have two ferredoxins
belonging to one subgroup, possibly generated by a relatively
recent gene duplication, while others possess multiple ferre-
doxins belonging to distinct subgroups (28, 34, 40). In this
report, we demonstrate that Caulobacter crescentus contains
two ferredoxins, designated ferredoxin I (FdI) and ferredoxin
II (FdII). FdII is a [2Fe-2Fe]-type ferredoxin encoded by the
fdxP gene (39). Here we report the identification and charac-
terization of a second ferredoxin gene, fdxA4, which encodes
Fdl in C. crescentus. In addition, we demonstrate that expres-
sion of fdxA is regulated by the C. crescentus cell cycle.

MATERIALS AND METHODS

Bacteria and growth conditions. Wild-type C. crescentus CB15 and mutant
strains derived from it were grown in PYE or defined M2 medium at 30°C as
described previously (16). Escherichia coli strains were grown in LB medium at
37°C (22). The following antibiotic concentrations were used for the selection of
recombinant plasmids: kanamycin, 50 mg/liter for solid and 25 mg/liter for liquid
media; ampicillin, 100 mg/liter; and tetracycline, 15 mg/liter in LB or 1 mg/liter
in PYE.

Molecular techniques. C. crescentus chromosomal DNA isolation procedures
have been described previously (3, 9). Plasmid isolation, restriction digestion,
ligation, transformation, Southern hybridization, and random priming were per-
formed essentially as described by Sambrook et al. (29). DNA fragments were
purified by the Geneclean II kit of Bio 101 (La Jolla, Calif.). All restriction
enzymes, T4 DNA ligase, and the Klenow fragment of E. coli DNA polymerase
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I were purchased from New England Biolabs (Beverly, Mass.) and used in accord
with the manufacturer’s recommendations.

Plasmid DNA was introduced by CaCl,-mediated transformation into E. coli
and by electroporation or mating into C. crescentus (8). DNA sequencing reac-
tions were performed based on the dideoxy chain termination method (30) with
Sequenase (Amersham/US Biochemical, Cleveland, Ohio). For single-strand
sequencing, DNA fragments were cloned into the phagemid pBluescript in both
orientations, and single-stranded DNA was rescued by the VCS M13 phage by
the procedure recommended by the manufacturer (Stratagene, La Jolla, Calif.).
Deaza-dGTP was used in place of dGTP for chain elongation. Nucleotide se-
quences were analyzed with the Genetics Computer Group programs (6). A C.
crescentus codon usage table (33) was used in the codon preference analysis.

Isolation and purification of ferredoxins and biochemical assays. C. crescentus
strains were grown in batch culture in M2 medium at 33°C. Cells were harvested
by centrifugation at late growth phase, yielding approximately 2 g of cells per liter
of culture. For purification of ferredoxins, 20 g of cells was resuspended in 40 ml
of 50 mM phosphate buffer (pH 7.8). Extracts were prepared by sonication as
described previously (5). Following centrifugation for 1 h at 39,000 X g, the
supernatant was passed through a DEAE-cellulose (DE-52) collection column
(1.2 by 5 cm, at a flow rate of 10 ml/h) which had been equilibrated with 50 mM
phosphate buffer (pH 7.8). The column was washed with 100 ml of phosphate
buffer containing 0.1 M NaCl. The column was then inverted, and protein bound
to the DEAE-cellulose (brown in color) was blown out of the column from the
top. The protein was resuspended in 10 ml of the phosphate buffer and loaded
onto a DE-52 concentration column (1 by 10 cm, at a flow rate of 5 ml/h). The
ferredoxins were eluted in 10-ml fractions with 0.4 M NaCl in 50 mM phosphate
buffer. The peak fraction of ferredoxins was diluted 1:10 with 50 mM phosphate
buffer and applied to a DEAE-Sephadex A-50 column (1.2 by 18 cm, at a flow
rate of 10 ml/h) equilibrated with 50 mM phosphate buffer (pH 7.8). Protein was
eluted with a linear gradient of NaCl over the range from 0 to 400 mM in the
same buffer. The peak fractions were pooled and concentrated to 1 ml (final
volume) with Centricon-10 microconcentrators (Amicon, Danvers, Mass.). This
solution was applied to a Sephadex S-100 column (1.2 by 25 cm, at a flow rate of
4 ml/h) which had been preequilibrated with the phosphate buffer. The fractions
eluted from this column resulted in two peaks of brown color. Ferredoxin activity
was measured by the ability to substitute for chloroplast ferredoxin in the pho-
toreduction of NADP in an assay employing a ferredoxin-free plant ferredoxin-
NAD™ reductase (5).

Site-directed mutagenesis. Plasmid pUC4KIXX (Pharmacia, Piscataway, N.J.)
was digested with Xhol, and the 1.6-kb fragment containing the kanamycin
resistance cassette was isolated from an agarose gel. Plasmid pSCW106, contain-
ing the 1.45-kb SstI-SstII fragment shown in Fig. 1, was digested with Sall, ligated
with the isolated kanamycin cassette, and transformed into E. coli XL1-blue
(Stratagene). Colonies with both kanamycin and ampicillin resistance were pu-
rified, and the identity of the recombinant plasmid was confirmed by restriction
analysis. The resulting plasmid, pSCW106Km, containing a kanamycin cassette
in the fdxA gene, was transferred to C. crescentus LS107 (bla-6 syn-1000) (1) by
electroporation. Kanamycin-resistant colonies were transferred to ampicillin and
kanamycin plates in replicate, and colonies that were kanamycin resistant but
ampicillin sensitive were identified. This phenotype would be obtained if the
wild-type fdxA gene were replaced by the mutated version containing the kana-
mycin cassette. One of the mutants was designated SC3866. To confirm the
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FIG. 1. Restriction map of a C. crescentus DNA fragment containing the fdx4
gene and diagram of recombinant plasmids. (A) pPSCW100Z, an fdxA-lacZ tusion
in the transcriptional fusion vector plac290 (13). (B) pPSCW106, a subclone of the
fdxA fragment on pBluescript KS* (Stratagene). A kanamycin cartridge disrupt-
ing fdxA was inserted in pSCW106, creating pSCW106Km. (C) Complementa-
tion of LS35 with different subclones. The DNA fragment contained in each
subclone is depicted by a solid bar.

mutant genotype, genomic DNA was isolated from SC3866, digested with EcoRI
and HindIlIl, and hybridized with the 0.5-kb EcoRI-HindIII fragment containing
the fdxA gene. As expected, the 0.5-kb EcoRI-HindIII genomic DNA fragment
was shifted to 2.1 kb by the insertion of the 1.6-kb kanamycin cassette (data not
shown).

Cell cycle immunoblot and immunoprecipitation. Immunoblot assays were
carried out with an antibody raised against the Azotobacter vinelandii ferrodoxin
I (a gift from Barbara K. Burgess, University of California, Irvine). C. crescentus
LS107 was synchronized as described previously (11). For immunoprecipitation
experiments, strains derived from LS107 and harboring the proper plasmids were
cultured and synchronized in minimal M2 glucose medium. Synchronous
swarmer cells were obtained by repeated centrifugation in ice-cold M2 medium
(25). Swarmer cells (95% pure) were labeled for 10 min with 10 wCi of [**S]me-
thionine per ml of culture. Labeled cells were lysed and treated with Staphylo-
coccus aureus A cells, and the cell extracts were immunoprecipitated with anti-
bodies as described previously (14). Samples were analyzed by sodium dodecyl
sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE), and the
proteins were visualized by autoradiography.

Nucleotide sequence accession number. The nucleotide sequence reported in
Fig. 2 has been deposited in the GenBank database under accession number
U10035.

RESULTS

Sequence analyses of fdx4 gene. A clone containing the C.
crescentus cysC gene was identified by Schoenlein et al. (32).
During DNA sequence analysis of this clone, an open reading
frame (ORF) was identified within the EcoRI-HindIII frag-
ment, upstream of the cysC gene (Fig. 1). Analysis of the DNA
sequence indicated that this ORF is 342 bp in length (Fig. 2).
A potential ribosome-binding site, GAG, is present 6 bp up-
stream of the ATG start codon. The ORF could encode a
protein containing 113 amino acid residues, with a predicted
molecular mass of 12,080 Da. When the deduced amino acid
sequence was used to search the GenBank database, we found
that the corresponding protein is a homolog of a group of
ferredoxins encoded by the fdxA genes of various bacteria (Fig.
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Sall
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DECIDTCGVTCEWPETCPVDATIKFEP
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T G K F EKY F S EKPGKTGS S *
Hindl1l
541 CGATTTCTCAAGCCCAGAGCGTGACCGCCTCGCGAAAGCTT 581

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the C.
crescentus fdxA gene. A potential ribosome-binding site (10) upstream of the
ATG start codon is underlined.

3). The C. crescentus ferredoxin protein has 65.2, 57.3, and
38.7% identity over the entire predicted polypeptide with the
related proteins from Rhodobacter capsulatus (28), A. vinelan-
dii (23), and Saccharopolyspora erythraea (7), respectively. The
number and the spacing of the eight cysteines are strikingly
conserved, i.e., a first Cys-rich domain of CXXCXXXXCXX
XCP and a second Cys-rich domain of CXXCXXCXXXCP.
Seven of these cysteines have been shown to be involved in the
formation of the [3Fe-4S] and [4Fe-4S] clusters in A. vinelandii
FdxA (15, 35). On the basis of this information, we designated
the ORF fdxA.

C. crescentus has two ferredoxins. To study the function of
the fdxA gene product, we partially purified the C. crescentus
ferredoxin(s). Two ferredoxins were identified and designated
FdI and FdII, according to their sequence of elution from the
separation column (Fig. 4). Both ferredoxins can substitute for
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FIG. 3. Comparison of amino acid sequences of the fdx4 products of C.
crescentus (Cc), R. capsulatus (Rc) (28), A. vinelandii (Av) (23), and S. erythraea
(Se) (7). Vertical bars and colons represent identical and similar amino acid
residues, respectively. C. crescentus FdxA is 65.2, 57.3, and 38.7% identical to
FdxA from R. capsulatus, A. vinelandii, and S. erythraea, respectively. The con-
served seven cysteines thought to be the binding sites for the [3Fe-4S] and the
[4Fe-4S] clusters are shaded.
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FIG. 4. Purification of ferredoxins from C. crescentus. The ferredoxins eluted
from a Sephadex S-100 column were identified by the A,,, (solid squares).
Ferredoxin activity was measured by a reconstitution assay with chloroplast
photoreduction (open squares). (A) Ferredoxin from LS107; (B) ferredoxin from
SC3866.

the spinach chloroplast ferredoxin in the photoreduction assay.
However, the two ferredoxins have different visible absorption
spectral patterns (data not shown). Thus, it is likely that the
two ferredoxins are encoded by two different genes. To deter-
mine which ferredoxin is encoded by the fdx4 gene, the fdxA4
gene was interrupted with a kanamycin resistance cassette as
described in Materials and Methods. One of the resulting mu-
tants, SC3866, was chosen for further experiments. When
ferredoxins were isolated from SC3866, we found that the
ferredoxin peak corresponding to FdI was missing (Fig. 4).
Thus, FdI is encoded by the fdxA4 gene.

Cell cycle arrest phenotype of an fdxA mutant. Although
several fdxA genes have been identified, the function of their
gene products has not yet been established for any organism.
To study the possible function of the fdx4 gene in C. crescentus,
the fdxA mutant SC3866 was analyzed. This mutant should be
identical, at the DNA level, to the parent strain LS107 except
for disruption of the fdxA gene by the insertion of a kanamycin
cartridge. We tested SC3866 in several different growth con-
ditions at 30°C and found no differences in generation time or
the developmental cell cycle compared with LS107. However,
we found that, in contrast to LS107, SC3866 would not grow at
37°C, suggesting that expression of fdx4 was required for
growth at the elevated temperature.

As part of a separate set of experiments to isolate cell cycle
mutants of C. crescentus (17), six independent temperature-
sensitive mutants which appeared to be defective at different
stages of the cell cycle were identified. One of the six mutants,
designated LS35, appeared to be arrested at the predivisional
cell stage when grown at 37°C. To identify the gene(s) respon-
sible for this mutant phenotype, a cosmid library containing C.
crescentus genomic DNA was moved into the mutant to com-
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plement the temperature-sensitive growth phenotype of LS35.
A positive clone was identified and designated pJK203 (Fig.
1C). To locate the gene within pJK203, various DNA restric-
tion fragments were subcloned into broad-host-range plasmid
pRK290-20R, a pRK290 derivative (12). The resulting sub-
clones were used to complement the LS35 mutant. The results
indicated that the region between the EcoRI and HindIII sites
of pJK203 (Fig. 1C) was responsible for the complementation
of the LS35 mutant. When the DNA sequence of the EcoRI-
HindIll fragment was determined, we found that it was iden-
tical to the EcoRI-HindIII fragment of pSCW106. Therefore,
the temperature-sensitive mutation in LS35 was located in the
fdxA gene.

To further characterize the cell cycle arrest phenotype of
LS35, the strain was cultured in PYE at 30°C to the early
logarithmic phase and then shifted to 37°C. Three hours after
the temperature upshift, cells were examined by electron mi-
croscopy. As shown in Fig. 5, LS107 grew both at 30°C and at
37°C, and both cultures proceeded through the normal cell
cycle, producing stalked cell and swarmer cell progeny. How-
ever, at 37°C, the LS107 cells had shorter stalks. The LS35
strain resembled the parent strain at 30°C, but the cells ar-
rested at the predivisional stage at 37°C. With continued incu-
bation at this temperature, the cells elongated but no cell
division occurred. Similar results were obtained with SC3866.
These results suggest that C. crescentus requires the metabolic
function of FdI for cell division at the elevated temperature.

Expression of the fdxA gene during the C. crescentus cell
cycle. To determine if the fdxA4 gene is expressed differentially
during the C. crescentus cell cycle, two assays were employed.
In the first experiment, we used an antibody raised against the
A. vinelandii FdxA protein for a Western immunoblot. It was
found that FdI was present throughout the C. crescentus cell
cycle (Fig. 6). However, the steady-state level of FdI increased
about threefold during the predivisional cell stage. In the sec-
ond experiment, we used a transcription fusion of the fdxA4
gene to a lacZ reporter gene (Fig. 1). When fdxA promoter
activity was measured by immunoprecipitating pulse-labeled
protein with antibody to B-galactosidase, we found that the
fdxA promoter has two peaks of expression during the cell
cycle. One peak corresponds to a 5-fold increase in expression
at the time of stalk elongation, and the second corresponds to
a more than 20-fold increase in expression in the predivisional
cell stage. These peaks of expression are reflected by the cell
cycle pattern of accumulation of ferredoxin protein measured
by the Western blot analysis.

DISCUSSION

A C. crescentus ferredoxin gene, fdxA, was identified, and
analysis of an insertion mutant demonstrated that fdx4 en-
codes FdI. Comparison of the deduced polypeptide sequence
of the FdxA protein revealed that it is homologous to the
products of the fdxA genes from other bacteria, such as R.
capsulatus, A. vinelandii, and S. erythraea (Fig. 3). These ferre-
doxins are believed to be of the [3Fe-4S][4Fe-4S] type (7, 23,
28). The distribution of the cysteines is highly conserved in all
the fdxA gene products. Seven of the nine cysteines have been
shown to be the ligands of the [3Fe-4S] and [4Fe-4S] clusters in
A. vinelandii ferredoxin I (15, 35). Thus, the C. crescentus fdxA
gene probably encodes a ferredoxin with a [3Fe-4S] and a
[4Fe-4S] cluster.

Expression of the C. crescentus fdxA gene is subject to cell
cycle control, with two peaks of expression, one during the
swarmer to stalked cell transition, and a second stronger peak
of expression in predivisional cells (Fig. 6). Both of these times
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FIG. 5. Electron micrographs of parent strain LS107 (A and B) and the fdx4 mutant LS35 (C and D). The bacteria were grown in PYE medium at 30°C to the
logarithmic growth stage and either maintained at 30°C (A and C) or shifted to 37°C (B and D) for 3 h before examination. The open arrows represent progeny cells
(either stalked or swarmer cells).
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FIG. 6. Expression of an fdxA-lacZ fusion and steady-state levels of FdxA in the cell cycle. Synchronous cells of LS107 harboring plasmid pSCW100Z were pulse
labeled with [*>S]methionine at different time points in the cell cycle, and expression of the fdxA-lacZ fusion was assayed by immunoprecipitation with anti-g-
galactosidase antibodies (O). Accumulation of FdI protein was assayed by Western analysis of a synchronous culture of LS107 with antibodies against A. vinelandii FdxA
protein (X). The flagellins were also assayed with antiflagellin antibodies as a control for synchrony (®). The data points represent a summation of the synthesis of the

three flagellin proteins (29, 27, and 25 kDa).

coincide with periods of increased rates of membrane synthe-
sis, the first during stalk formation and the second prior to cell
division. Thus, FdI may be involved in some aspect of mem-
brane biogenesis (see below). FdI protein accumulates in the
cell in a pattern that reflects the changes in the rate of synthesis
(Fig. 6). Thus, protein turnover rates appear to be relatively
low. This raises an important question. How can FdI protein
levels be sixfold lower in swarmer cells than in predivisional
cells? One possibility is that FdI is selectively degraded in
swarmer cells. However, no drop in overall FdI levels was

observed when cell division occurred (Fig. 6). Alternatively,
FdI may segregate preferentially to stalked cells during cell
division. Preferential protein segregation during cell division is
well documented in C. crescentus (2, 24), and the Lon and
DnaK proteins have been shown to segregate preferentially to
stalked cells (27). Further experiments will be needed to de-
termine if a similar phenomenon occurs with FdI.
Ferredoxins have been studied extensively because of the
important biological roles that they play in nitrogen fixation
(28, 31) and biodegradation of aromatic compounds (18, 26,
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36) in microorganisms, in photosynthesis of the green plants,
and in various other reactions involved in fermentative metab-
olism (4). Different ferredoxins may have specific functions,
although their principal biochemical role is to serve as an
electron carrier. The protein products of the fdxA4 genes are the
most intensively studied ferredoxins (15, 23, 28), but their
function is the least understood. In A. vinelandii, disruption of
the fdxA gene with a kanamycin cartridge resulted in growth
properties virtually identical to those of the wild type (23),
although growth was affected if the flavodoxin gene was mu-
tated as well (21). On the other hand, attempts at disruption of
the fdxA genes in R. capsulatus and S. erythraea were unsuc-
cessful (7, 28), suggesting that the fdxA gene product may be
essential for the growth of these organisms. However, no spe-
cific biological function for fdx4 has been determined. We
demonstrated that expression of fdxA is required for C. cres-
centus to grow at elevated temperatures. Microscopic exami-
nation revealed that the fdx4 mutant was arrested at the pre-
divisional stage. Thus, at the elevated temperature, the cell
cycle appeared to be arrested in the fdx4 mutant. It is signif-
icant that the cell cycle arrest occurs at one of the peaks of fdxA4
expression. This concordance suggests that fdxA is involved in
some process which is critical for cell division at elevated tem-
peratures.

One possible role for FdI is that it is required for the syn-
thesis of some membrane phospholipids in C. crescentus. We
noticed that the fdxA4 mutant has a phenotype similar to that of
a fatty acid auxotroph of C. crescentus, AE6001, in that both
are arrested at the predivisional stage (14, 19). In plants, it has
been shown that a ferredoxin was required for a stearoyl-acyl
carrier protein desaturase which catalyzes the principal con-
version of saturated fatty acids to unsaturated fatty acids (38).
In C. crescentus, expression of fdxA was increased at the time of
stalk elongation and during cell division. Since the stalk con-
tains an extension of the cell membrane, large amounts of
membrane phospholipids need to be synthesized during the
period of stalk elongation as well as prior to cell division (20).
Furthermore, C. crescentus growing at different temperatures
could have different membrane fluidities, which are dependent
on the saturation-desaturation status of the fatty acids of the
membrane phospholipids. If FdI were involved in saturation-
desaturation enzyme processes in C. crescentus, it might be
required at the higher temperature to maintain an appropriate
level of membrane fluidity. At the lower temperature, the
process involving FdI may be less important because of the
effect of temperature on membrane fluidity. Thus, the effect of
fdxA mutations on cell division would be indirect. Alterna-
tively, C. crescentus may have a protein which can substitute for
FdI at the lower temperature but not at the higher tempera-
ture. In either case, this type of functional role for FdI would
be consistent with the fact that Fdl homologs are widely dis-
tributed in the bacterial kingdom.
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