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The Rhodobacter sphaeroides cycFG operon has been cloned, sequenced, and mapped to approximately
coordinate 2500 of chromosome I. The cycF gene encodes cytochrome c554, a member of the class II family of
soluble cytochrome c proteins. The cycF open reading frame includes a 20-amino acid extension at its N
terminus which has not been detected in cytochrome c554. Antiserum against cytochrome c554 shows that this
protein is localized to the periplasm of wild-type cells, which suggests that this N-terminal extension functions
as a signal peptide. The predicted cycG gene product is a diheme cytochrome c with a subunit molecular mass
of ;32 kDa. While a cytochrome with the properties predicted for CycG has not been reported for R.
sphaeroides, we have tentatively identified this protein as a heme-staining polypeptide that is associated with
membranes. CycG could have an overall structure similar to that of several other electron carriers, since the
similarity between the predicted amino acid sequence of CycG and other multiheme cytochrome c proteins
extends throughout the polypeptide. The cycFG transcript is ;1,500 nucleotides long and has a single 5 end
26 nucleotides upstream of the start of cycF translation. Expression of cycFG is regulated at the level of mRNA
accumulation, since approximately fivefold-higher levels of both cycF-specific transcript and cytochrome c554
protein are detected in cell extracts from aerobic cultures in comparison with those from anaerobically grown
cells. Although cytochrome c554 was detected under all growth conditions tested, the highest levels of this
protein were found when cells generate energy via aerobic respiration.

Electron transfer proteins are fundamental to energy gen-
eration by a wide variety of cells. Among electron transfer
proteins, soluble and membrane-bound proteins of the cyto-
chrome c family play important roles in the respiratory and
photosynthetic redox chains of both prokaryotes and eu-
karyotes (31). Because cytochrome c-mediated electron trans-
fer reactions in vivo normally require specific interaction with
one or more redox partners, a great deal of attention has been
focused on defining the protein-protein interactions required
for formation of productive complexes between such electron
transfer proteins. As a consequence, recent investigations have
shed considerable light on the interaction between membrane-
bound (21, 47) or soluble (30) redox partners for members of
the class I family of cytochromes c, including mitochondrial
cytochrome c and bacterial members of the cytochrome c2 (cyt
c2) family. However, it is well known that many cells contain
additional classes of soluble c-type cytochromes whose struc-
ture, spectroscopic, or surface properties differ significantly
from those of the well-studied class I prototypes (28, 31). Yet
relatively little is known about the physiological function of
these other types of soluble c-type cytochromes or how they
form productive complexes with their respective redox part-
ners.
The long-range goal of this work is to identify the physio-

logical role and redox partners for cyt c554 of the purple,
nonsulfur bacterium Rhodobacter sphaeroides. cyt c554 belongs
to the class II soluble c-type cytochromes (31). Among the
distinguishing features of this class are their small size and the
presence of a C-terminal heme attachment motif. Members of
the class II c-type cytochrome family are found in a number of
prokaryotes, and considerable physical and spectroscopic in-

formation is available for cyt c554 and other members of this
class (28, 31). Unfortunately, the metabolic role of cyt c554 or
any other members of the class II cytochromes has yet to be
determined.
In considering the potential function of cyt c554 as an elec-

tron transport protein, the conflicting reports that exist in the
literature on the relative abundance of this protein under dif-
ferent growth conditions make it difficult to predict what func-
tion it may provide. Early reports by Orlando (29) suggested
that a protein with spectroscopic properties similar to those of
cyt c554 was present at high levels in aerobically grown cells.
Subsequent experiments showed that increased yields of cyt
c554 were obtained when it was purified from oxygen-limited,
stationary-phase aerobic cultures (2). Although this observa-
tion and others indicate that cyt c554 might be present at in-
creased levels under aerobic conditions (5), other results sug-
gested that the abundance of this protein is greatest when cells
use dimethyl sulfoxide (DMSO) as an electron acceptor under
anaerobic conditions (50). In most of these previous studies, it
has been difficult to accurately monitor cyt c554 levels in crude
extracts because of the presence in R. sphaeroides of additional
soluble c-type cytochromes with similar spectroscopic proper-
ties (27). In addition, no defined cyt c554 mutants were avail-
able to aid in addressing the redox partners or physiological
function of this protein.
In this work, we used specific antiserum against cyt c554 to

isolate the cyt c554 structural gene (cycF) from an expression
library. By analyzing the cycF locus, we found that it is tran-
scriptionally linked to a gene (cycG) that is predicted to encode
a diheme cytochrome c. CycG has been tentatively identified as
a membrane-bound cytochrome by comparing the heme-stain-
ing polypeptide profile of wild-type cells, a CycFG null mutant,
and a strain containing a plasmid-encoded cycFG operon. In
addition, we found that expression of the cycFG operon re-
sponds to changes in oxygen tension. Specifically, our results
indicate that cycF-specific mRNA and mature CycF are both
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present at approximately fivefold-higher levels in aerobic cells
than in anaerobic cells.

MATERIALS AND METHODS

Cell growth and media. A description of the strains and plasmids used is given
in Table 1. R. sphaeroides cells were grown on agar plates or in batch liquid
cultures of Sistrom’s minimal medium A (41) at 328C (11). Liquid cultures were
harvested at mid-exponential phase to minimize the possibility of oxygen limi-
tation of aerobic cultures, shading of photosynthetic cultures, or nutrient exhaus-
tion of cells grown by DMSO respiration. To help ensure that aerobic cultures
were not oxygen limited, they were bubbled with a gas mixture (30%O2, 69% N2,
1% CO2) that was previously shown to repress photosynthetic membrane syn-
thesis (6). Escherichia coli cells were grown in batch cultures of Luria broth on a
rotary shaker at 378C or on Luria broth agar plates (24). To maintain plasmids
in E. coli cultures, ampicillin (50 mg/ml), kanamycin (25 mg/ml), spectinomycin
(25 mg/ml), or tetracycline (10 mg/ml) was added to liquid or solid media as
needed. For R. sphaeroides cultures, spectinomycin and kanamycin were used at
25 mg/ml and tetracycline was added to 1 mg/ml.
Cyt c554 purification and amino acid sequence determination. Partially puri-

fied cyt c554 was obtained from photosynthetically grown R. sphaeroides MRE
(Terry Meyer, University of Arizona, Tuscon). cyt c554 was purified by prepar-
ative isoelectric focusing over an ampholyte gradient of pH 3.5 to 6.0 (Ampho-
lines; Pharmacia LKB, Bromma, Sweden). After electrophoresis at 300 V for
;16 h, the orange-colored protein at pI 4.5 was excised from the gel and
electroeluted into 50 mM Tris (pH 7.5) (37).
Purified cyt c554 from photosynthetically grown CYCA65R7 (36) was a gift

from Marc Rott. An aliquot of this protein was used for amino acid sequence
determination (Joseph Leykam, Macromolecular Structure Facility, Michigan
State University, Ann Arbor). Since the N terminus of the cytochrome was
blocked, the protein was treated with chymotrypsin to obtain internal fragments
for sequencing. The amino acid sequences of the peptides which were analyzed
are shown below (see Fig. 2, italics).
Immunological techniques. Purified cyt c554 from R. sphaeroides MRE was

cross-linked with glutaraldehyde to bovine serum albumin (35) prior to immu-
nization of a New Zealand White rabbit (37). Polyclonal antiserum was prepared

by dextran sulfate-calcium chloride clearing (22) followed by ammonium sulfate
precipitation. Immune detection of cyt c554 was performed essentially as de-
scribed previously (5) except that all incubations were carried out at room
temperature and the blocking solution was Tris-buffered saline with milk powder
and 0.05% Nonidet P-40 (Sigma, St. Louis, Mo.). The primary antibody against
cyt c554 was diluted 1:500, and the secondary antibody (diluted 1:1,000 or 1:2,000)
was goat anti-rabbit immunoglobulin conjugated to alkaline phosphatase
(Boehringer Mannheim Biochemicals, Indianapolis, Ind., or Kirkegaard & Perry,
Gaithersburg, Md.).
Western blot (immunoblot) analysis was used to gauge the sensitivity and

specificity of the cyt c554 antiserum. It detected cyt c554 in either 10 mg of protein
from a crude extract of aerobically grown R. sphaeroides or 5 pmol of the purified
protein (data not shown). No detectable cross-reaction between the cyt c554
antiserum and 500 pmol of purified cytochrome c9, cyt c2, or isocytochrome c2
was seen. There also were no other cross-reacting species in R. sphaeroides
extracts when as much as 100 mg of soluble protein (data not shown) or 50 mg of
membrane protein (see Fig. 5) was analyzed by Western blotting.
Cloning cycF. The structural gene for cyt c554, cycF, was identified by immune

detection of a hybrid LacZ9-CycF protein in E. coli Y1090(pMC9) using a lgt11
expression library of R. sphaeroides NCIB8253 DNA kindly donated by Shigeyuki
Usui and Linda Yu (48). Screening of the library for plaques immunoreactive
with cyt c554 antiserum was done according to standard protocols (Promega,
Madison, Wis.). While screening of 5,000 plaques yielded four positive plaques,
isolate lgt11#40 was chosen for analysis because it gave the strongest reaction
with cyt c554 antiserum. After phage particles and DNA were prepared,
lgt11#40 was found to contain a 1.5-kb EcoRI restriction fragment which was
cloned into the EcoRI site of pUC19 (pJF4). DNA sequence analysis of pJF4
indicated that this clone contained part of the cyt c554 structural gene. To isolate
the entire cycF gene, the 1.5-kb EcoRI restriction fragment was nick translated
and used as a probe against an R. sphaeroides 2.4.1 genomic library in cosmid
pLA2917 (1, 12). Two positive isolates (pUI8367 and pUI8767) with overlapping
inserts were identified. A common 3-kb EcoRI restriction fragment was found to
contain cycF. All subsequent experiments in this study made use of the EcoRI
restriction fragment from pUI8367.
DNA manipulations, cloning, and sequencing techniques. Restriction en-

zymes, T4 DNA ligase, T4 DNA polymerase, and Klenow fragment of DNA
polymerase were used according to the suppliers’ specifications and the tech-

TABLE 1. Strains, phage, and plasmids

Strain, plasmid,
or phage Relevant features Source or reference

Strains
R. sphaeroides
2.4.1 Wild type Laboratory strain
CYCA1 cycA::kan derivative of 2.4.1 10
2.4.1FG1 cycF::VSpr derivative of 2.4.1 This work
BC17 fbcFBC::kan 52
BC17FG1 fbcFBC::kan cycF::VSpr This work
JS55 ctaD::kan 39
JS55FG1 ctaD::kan cycF::VSpr This work

E. coli
Y1090 Host for lgt11 expression system Promega
S17-1 Conjugative donor for mating 40

Phage and plasmids
pLA2917 Tcr cosmid vector for construction of R. sphaeroides library 1
pRK415 Tcr R. sphaeroides cloning vector 19
pSUP202 Apr Cmr Tcr R. sphaeroides suicide plasmid 40
pBSIIKS2 Apr Bluescript DNA sequence and riboprobe vector Stratagene
pHP45V Apr Spr source of 2-kb VSpr cassette 33
lgt11#40 lacZ9-cycF isolate of lgt11 bank 48; this work
pJF4 Apr 1.5-kb EcoRI piece of lgt11#40 cloned into pUC19/EcoRI This work
pUI8367 Tcr cycFG isolate of cosmid library This work
pUI8767 Tcr cycFG isolate of cosmid library This work
pJF367-3 Apr 3-kb cycFG EcoRI fragment of pUI8367 cloned into pUC19/EcoRI This work
pJF3E Tcr 3-kb cycFG EcoRI fragment of pUI8367 cloned into pRK415/EcoRI This work
pJF20 Tcr Spr cycF mutant of pJF3E (BsaI deletion Spr insertion) This work
pJFD1 Tcr Spr 4.4-kb EcoRI cycFGDVSpr fragment cloned into pSUP202/EcoRI This work
pJF3202 Apr 319-bp NarI fragment of cycF cloned into pBSIIKS2/ClaI This work
pJFN7 Apr 327-bp SacI-StuI fragment of cycG cloned into pBSIIKS2/SacI-SmaI This work
pJF9-4 Apr 906-bp BamHI-SacI fragment of cycF cloned into pBSIIKS2/SacI This work
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niques described by Maniatis et al. (24). Large-scale plasmid and cosmid prep-
arations were made with kits from Qiagen (Chatsworth, Calif.). DNA fragments
were isolated from agarose gels by using Gene Clean (Bio 101, La Jolla, Calif.)
or Prep A Gene (Bio-Rad Laboratories, Hercules, Calif.) kits. Taq polymerase
was used for dideoxy DNA sequencing with deazanucleotide mixes according to
the specifications of the manufacturer (Promega). Vector-specific sequencing
primers were obtained from Stratagene (La Jolla, Calif.). R. sphaeroides primers
were synthesized by Genosys (The Woodlands, Tex.). A complete list of plasmids
and sequencing primers used to obtain the double-stranded sequence in this
study is available from the authors. Sequence analysis was aided by the software
of the University of Wisconsin Genetics Computer Group (9a). Sequence infor-
mation referred to in this paper is given by the coordinate number of nucleotides
from the BamHI site (defined as positions 1 to 6).
Construction of cycFG null strains. The 3-kb EcoRI restriction fragment

containing cycFG was cloned into the EcoRI site of pRK415 to create pJF3E.
This plasmid was cut with BsaI to remove a 640-bp restriction fragment contain-
ing cycF (see Fig. 1A). The linearized DNA was treated with deoxynucleoside
triphosphates and T4 DNA polymerase to create blunt ends for ligation to the
2-kb SmaI-digested restriction fragment of pHP45V containing the spectinomy-
cin resistance cassette. The resulting plasmid is pJF20. The resulting 4.4-kb
EcoRI restriction fragment was removed from pJF20 and cloned into the unique
EcoRI site of pSUP202 (Tcr) to produce pJFD1. pJFD1 was transformed into E.
coli S17-1. Diparental mating of S17-1(pJFD1) and R. sphaeroides was performed
as described previously (10). The mating mixture was plated on Sistrom’s agar
plates containing spectinomycin to select for recombinants. Colonies were sub-
sequently patched onto plates containing both spectinomycin and tetracycline to
test for gene conversion. Genomic Southern blots were performed to ensure that
the Spr Tcs R. sphaeroides isolates had an inactivated cycFG operon. Spr Tcr

colonies represent single crossover events in which the entire plasmid was incor-
porated into the chromosome. A unique AseI site in plasmid pSUP202 allowed
us to use one of these Spr Tcr isolates to place cycFG on the R. sphaeroides
chromosomal map (see below).
DNA hybridization techniques. Southern blots were performed as described

previously (11). For pulsed-field mapping of chromosomal DNA, a contour-
clamped homogeneous electric field electrophoresis system (Bio-Rad, Rich-
mond, Calif.) was used to separate fragments of 2.4.1 chromosomal DNA cut
with SpeI, AseI, or SnaBI (42). For chromosomal mapping, a 906-bp nick-
translated BamHI-SacI restriction fragment of DNA containing the cycF gene
was used as a probe (see Fig. 1A).
Preparation of cell extracts and enzyme assays. Soluble extracts of R. spha-

eroides cells were made by sonication of washed cells (11). For localization of cyt
c554, cells were separated into periplasmic, cytoplasmic, cytoplasmic membrane,
and outer membrane fractions (43). Marker enzymes were assayed as described
previously (25). Protein concentrations were determined by a modification of the
Lowry procedure (26). Cytochrome activity was measured spectrophotometri-
cally (11). The ascorbate-reduced or dithionite-reduced spectrum with the fer-
ricyanide-oxidized spectrum subtracted was recorded with an SLM Aminco DW-
2000 split-beam spectrophotometer. The amount of cytochrome c present was
calculated by using an ε value of 20 mM21 cm21, at a-maximum minus 540 nm
(14). Heme-containing proteins were detected in sodium dodecyl sulfate (SDS),
lithium dodecyl sulfate (LDS), or isoelectric focusing gels by staining for heme
peroxidase activity (13) with hydrogen peroxide and 3,39-dimethoxybenzidine
(o-dianisidine; Sigma).
LDS-polyacrylamide gel electrophoresis (LDS-PAGE). Proteins were sepa-

rated on 10 to 14.5% acrylamide gradient gels under mild denaturing conditions
(9). The separating gel contained 375 mM Tris (pH 8.8) and no added detergent.
The stacking gel (6% acrylamide, 125 mM Tris [pH 6.8]) was also prepared
without detergent. The lower running buffer was composed of 6 g of Tris and 28.8
g of glycine per liter. The upper buffer was the same but with the addition of 1
mM EDTA and 1 g of LDS per liter. Proteins were solubilized for 30 to 60 min
at 48C prior to electrophoresis in a mixture of 1% LDS, 50 mM dithiothreitol, 8%
glucose, 60 mM Tris (pH 6.8), and 0.005% bromophenol blue dye. Electrophore-
sis was performed at 48C and 160 V for 15 h.
RNA techniques. Total cellular RNA was prepared from R. sphaeroides cells by

the method of Zhu and Kaplan (53). Alcoholic orcinol was used to quantitate the
RNA.
For Northern (RNA) blot analysis, strand-specific RNA probes were prepared

by using the indicated fragments (see Fig. 1A) of coding sequence cloned into
pBSIIKS2 (Stratagene) as templates. Phage T3 or T7 RNA polymerase and
[a-32P]CTP were used to create internally labelled RNA probes. Electrophoresis,
transfer, hybridization, and washing procedures were as described previously
(53).
Primer extension was done by the procedure of Karls et al. (17). Avian

myeloblastosis virus reverse transcriptase (Molecular Genetic Resources,
Tampa, Fla.) was used to synthesize single-stranded DNA from specific R.
sphaeroides RNA templates. Primer cycF10 is complementary to the coding
region for the 10th to 16th amino acids of the mature peptide (59 AGGCCGT
GGCGCCCTTCGAT 39). The cDNA products were run on denaturing urea-
polyacrylamide gels along with a sequencing ladder for sizing. A phospho-imag-
ing system (Ambis, San Diego, Calif.) was used to quantitate the levels of the
radioactive primer extension products.

Nucleotide sequence accession number. The nucleic acid sequence of cycFG
from the BamHI to EcoRI sites illustrated in Fig. 1A has been deposited in
GenBank under accession no. L36880.

RESULTS

Cloning of the cycFG operon. To identify cycF, antiserum
against cyt c554 was used to screen a bacteriophage expression
library of R. sphaeroides DNA (see Materials and Methods for
details). Ultimately, cycF was localized to an ;3-kb EcoRI
restriction fragment (Fig. 1A).
cycF is linked to a gene (cycG) that encodes another c-type

cytochrome. Translation of the nucleic acid sequence between
the BamHI and EcoRI sites (Fig. 1A) led to the identification
of two open reading frames. The first, cycF, is the structural
gene for cyt c554. The second, cycG, apparently encodes an-
other c-type cytochrome.
A Shine-Dalgarno sequence (AGGAGG) 5 bases upstream

of an ATG initiator methionine codon (coordinates 335 to
340) is the likely ribosome binding site for cycF. The cycF open
reading frame is 153 amino acids long. Amino acids 53 to 63,
87 to 110, and 112 to 128 of CycF are identical to those
obtained from cyt c554 peptide sequence from a 2.4.1 derivative
(Fig. 2, italics). The predicted CycF peptide sequence also
includes a highly conserved covalent heme attachment motif
(CGSCH) from amino acids 122 to 126 (31).
Downstream of cycF is a second open reading frame which

we have named cycG. The putative cycG ribosome binding site
(AGAAGGA; coordinates 797 to 803) lies within the last three
codons of cycF. The proposed start site for cycG is a GTG at
coordinates 811 to 813. The cycG open reading frame encodes
an ;32-kDa gene product of 296 amino acids (Fig. 3). CycG
could be a diheme cytochrome c, since it has two consensus
heme attachment motifs (CASCH at residues 52 to 56 and
CGECH at residues 202 to 206; Fig. 3). When the predicted
sequence of CycG is compared with those of other known
proteins, it has significant similarity to several prokaryotic mul-
tiheme c-type cytochromes (Fig. 3). The potential significance
of the similarity of CycG to other c-type cytochromes will be
presented below (Discussion).
The proximity of cycG to cycF suggested that these genes

might be transcriptionally linked. To address this possibility,
Northern blot analysis was used to investigate the transcrip-
tional organization of cycF and cycG. When used in a Northern
blot against total R. sphaeroides RNA, a probe internal to cycF
(Fig. 1A) hybridized to transcripts of approximately 1,500 and
1,100 nucleotides (nt) (Fig. 4). It appears that cycF and cycG
are transcriptionally coupled, since an internal cycG probe
(Fig. 1A) also hybridizes to similar-size transcripts. An
;1,440-nt transcript is predicted from the distance between
the presumed cycFG transcription initiation site (26 nt up-
stream of cycF; see below) and the putative factor-independent
transcription terminator at coordinates 1720 to 1760. The ex-
cellent agreement between the sizes of the predicted mRNA
species and the largest cycFG transcript observed in Northern
blots suggests that cycF and cycG are likely to be on the same
primary transcript. If cycFG are transcriptionally linked, the
approximately 1,100-nt transcript that hybridizes to both cycF
and cycG probes could simply represent a stable degradation
product.
The cycFG operon maps to chromosome I. To determine if

cycFG maps near operons encoding other R. sphaeroides cyto-
chromes, a cycF probe (Fig. 1A) was hybridized against restric-
tion-digested genomic DNA separated by pulsed-field gel elec-
trophoresis (42). Southern blot analysis indicates that cycFG
maps to the 562-kb SpeI, 1,040-kb AseI, and 1,219-kb SnaBI
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FIG. 1. The cycFG operon maps to chromosome I. (A) A 3-kb EcoRI restriction fragment from pUI8367 found to contain cycFG. The nucleic acid sequence was
determined for both strands of DNA from the indicated BamHI to EcoRI sites. The transcription start site (bent arrow) (see Fig. 7), the location of a putative
transcription terminator in the DNA sequence (hairpin), and the extent and direction of the probes used in this work (straight arrows) are indicated. The appropriate
pJF plasmid constructs are listed in Table 1. Oligonucleotide cycF10 is shown. Also illustrated is the extent of a cycF deletion used for the construction of CycFG null
mutants. B, BamHI; Bs, BsaI; E, EcoRI; N, NarI; S, SacI; St, StuI. (B) Chromosome I of the R. sphaeroides genome (modified from reference 42). The location of the
cycFG operon is indicated. Other cytochrome structural genes that have been mapped include cycA (cyt c2), fbcFBC (cytochrome b/c1 complex), coxABC (cytochrome
a/a3 complex), and cycI (isocytochrome c2).
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restriction fragments of chromosome I (data not shown).
When a second set of Southern blots using genomic DNA
digested with two of these enzymes was probed, cycFGmapped
to a 202-kb SpeI-SnaBI restriction fragment of chromosome I.
To further define the cycFG map location, an AseI site was
introduced into the genome by homologous recombination
with a cycFG derivative on a suicide plasmid (pJFD1; Table 1).
When DNA from one such recombinant was digested with
AseI and compared with the wild-type DNA, the additional

AseI site caused the 1,040-kb AseI restriction fragment to be
cut into ;830- and 210-kb fragments. Considered together,
these results place cycFG at approximately 2500 6 20 kb on
chromosome I (Fig. 1B). Therefore, cycFG is at least 480 kb
from the photosynthetic gene cluster which contains the gene
for cyt c2 (42) and ;190 kb from the operon that encodes
isocytochrome c2 (38). Genes encoding respiratory complex
subunits for the cytochrome a/a3 and b/c1 complexes (42) are
more than 800 kb from cycFG. In conclusion, it does not
appear that the cycFG operon is close to other known R.
sphaeroides cytochrome genes.
cyt c554 is localized to the periplasm. The predicted cycF

gene product (16 kDa) contains a 20-amino-acid N-terminal
sequence which is not found in purified cyt c554 (Fig. 2). This
N-terminal sequence conforms to the format of a typical pro-
karyotic signal peptide (34, 49), so it is likely to be removed
from the mature peptide. The predicted synthesis of CycF as a
precursor protein and the previous purification of cyt c554 as a
soluble protein in French press lysates (2, 27) suggested that
this protein would be periplasmic. To test this possibility, aer-
obically grown cells were fractionated into cytoplasmic, cyto-
plasmic membrane, periplasmic, and outer membrane frac-
tions. When equal amounts of protein (50 mg) from each
fraction were probed with antiserum against cyt c554, the anti-
serum reacted with only the periplasmic sample (Fig. 5A). The
apparent size of the cross-reacting species (15 kDa) is consis-
tent with the reported subunit mass of purified cyt c554 (2) and
with the size of a heme-containing cycF gene product if one
assumes that signal peptide cleavage occurs at position 11

FIG. 2. Amino acid sequence of the putative cyt c554 precursor protein. The putative CycF precursor protein from R. sphaeroides strain 2.4.1 (top line) and residues
from the published cyt c554 sequence from strain MRE (2) which are not in agreement with the deduced polypeptide sequence from strain 2.4.1 (bottom line) are shown.
Residue 11 is the first amino acid in the mature peptide. The first 20 residues, not found in the mature peptide (underlined and denoted by negative numbers), the
putative covalent heme attachment site (boldface), and the amino acid residues confirmed by sequencing peptides of cyt c554 from a 2.4.1 derivative (italicized) are
indicated.

FIG. 3. Comparison of the amino acid sequence of CycG with those of other
multiheme c-type cytochromes. Shown is an alignment of FixP from A. caulino-
dans (23), CycG from R. sphaeroides, and the 45-kDa cytochrome c subunit of a
PQQ-dependent alcohol dehydrogenase (ADH) from Acetobacter aceti (15).
Positions of identity with the analogous position in CycG (1) and the putative
covalent heme attachment sites (underlined) are indicated.

FIG. 4. cycF and cycG are cotranscribed. Total RNA (20 mg) from aerobi-
cally grown R. sphaeroides was separated by agarose gel electrophoresis and
transferred to nitrocellulose. Duplicate samples were probed with riboprobes
specific to cycF (lanes 1 and 2) or cycG (lanes 3 and 4). The probes used are
illustrated in Fig. 1A.
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(Fig. 2). Thus, from this analysis, cyt c554 appears to be a
periplasmic protein.
To support this conclusion, the purity of these cellular frac-

tions was tested by assaying for previously reported marker
enzymes. Succinate dehydrogenase is found in the cytoplasmic
membrane of R. sphaeroides (25), so the small amount of suc-
cinate dehydrogenase detected in the cytoplasmic and periplas-
mic fractions (,5% of total activity; Table 2) illustrates the
effective separation between membranes and soluble fractions.
Malate dehydrogenase is a known cytoplasmic enzyme in R.
sphaeroides (25), and the low recovery of malate dehydroge-
nase in the periplasm (;5%) shows that there is negligible
contamination of that fraction by cytoplasmic proteins. The
distribution of total ascorbate-reducible cytochrome measured
in Table 2 is also typical, since R. sphaeroides cytochrome c
proteins are found in both the periplasm (36) and the cyto-
plasmic membrane (51). Although some ascorbate-reducible
cytochrome c was also detected in the cytoplasm (;19%), it is
likely that this is an artifact of the fractionation procedure,
perhaps due to incomplete release of periplasm. However, it is
important that the cyt c554 antiserum reacted with only the
periplasmic fraction. In summary, the typical distribution of
marker enzymes in the samples analyzed in Fig. 5 supports the
conclusion that cyt c554 is localized in the R. sphaeroides
periplasm.
CycG is localized in the cytoplasmic membrane. A cyto-

chrome c with properties predicted from the cycG open read-
ing frame has not been reported for R. sphaeroides. To identify
the predicted cycG gene product, we sought conditions under
which the presence of a putative c-type cytochrome in soluble
or membrane fractions could be detected by heme peroxidase
assays. LDS-PAGE permitted the detection of a heme-staining
species, which we believe is CycG, in the crude membrane
fraction of wild-type cells (Fig. 6A). The identification of this
heme-staining protein as CycG is supported by the absence of
the protein in a CycFG null mutant (2.4.1FG1; Fig. 6A) that
also lacks cyt c554 (Fig. 6B). Another indication that this mem-

brane-bound protein is CycG comes from the increased abun-
dance of this heme-staining polypeptide in wild-type cells con-
taining a cycFG plasmid which increases the level of cyt c554
(Fig. 6A). Control experiments indicate that the crude mem-
branes which contain the putative cycG gene product are not
contaminated with soluble proteins, since they fail to react with
antiserum against periplasmic cyt c554 (data not shown). Fi-
nally, when cytoplasmic and outer membrane samples similar
to those described in Table 2 are analyzed by LDS-PAGE, a
heme-staining polypeptide whose migration is indistinguish-
able from that of the putative CycG protein identified in Fig.
6A is present in the cytoplasmic membrane fraction (Fig. 6C).
Taken together, the above observations suggest that the puta-
tive CycG polypeptide is localized to the cytoplasmic mem-
brane.
Expression of the cycFG operon is increased under aerobic

conditions. To address the apparently conflicting reports on
the abundance of cyt c554 under different growth conditions (2,
5, 29, 50), we sought to monitor cycFG expression in the pres-
ence and absence of oxygen. Western blot analysis of crude
soluble extracts indicates that exponential-phase aerobically
grown cells contain approximately fivefold more cyt c554 than
cells grown under anaerobic conditions (Fig. 5B). To deter-
mine if increased abundance of cycFG transcripts could con-
tribute to the higher levels of cyt c554 under aerobic growth
conditions, primer extension reactions were performed (Fig.
7). Primer extension analysis mapped the 59 end of the cycFG
transcript 26 nt upstream of the cycF initiator methionine (Fig.
7). While there was only one 59 end detected with this cycF-
specific primer, the abundance of the product varied with the
growth conditions. Quantitation of the primer extension prod-
uct indicated that there is at least five times more cycF-specific
mRNA in aerobic cultures than in photosynthetic cells. A sim-
ilar pattern of regulation was seen by Northern analysis using
cycF or cycG probes (data not shown). Since both cycF mRNA
levels and the amount of cyt c554 were approximately fivefold
higher in aerobically grown cultures, cyt c554 levels are appar-
ently regulated at the level of mRNA accumulation.

DISCUSSION

We have shown that the structural gene for cyt c554 (cycF) is
cotranscribed with a gene (cycG) that apparently encodes a
membrane-bound cytochrome. Through our identification and
analysis of the cycFG operon, we show that this operon is
expressed at higher levels in the presence of oxygen and that it
is regulated largely at the level of mRNA accumulation. Below,
we discuss some of the new information and additional ques-
tions arising from our identification and analysis of the cycFG
operon.
R. sphaeroides cyt c554 is a periplasmic protein. While pre-

vious analysis of R. sphaeroides cyt c554 has identified it as a

TABLE 2. Purity of cell fractions used to localize cyt c554 and CycG

Fraction
Distribution (%)a

Cytochrome c SDH MDH

Cytoplasm 18.6 4.7 92.3
Periplasm 71.5 ND 5.5
Cytoplasmic membrane 9.9 93.3 0.9
Outer membrane ND 2.0 1.3

a Values are averages of at least two experiments and are expressed as per-
centages of the total activity detected in fractionation of ;1011 R. sphaeroides
cells grown under aerobic conditions. SDH, succinate dehydrogenase; MDH,
malate dehydrogenase; ND, none detected.

FIG. 5. Localization and regulation of cyt c554. (A) Western blot of wild-type
R. sphaeroides cytoplasmic (C), periplasmic (P), cytoplasmic (inner) membrane
(IM), and outer membrane (OM) samples probed with cyt c554 antiserum. A
50-mg sample of protein was separated by SDS-PAGE prior to Western transfer.
Lane S, molecular mass standards. (B) Soluble protein extracts from wild-type R.
sphaeroides cells grown under different conditions were prepared and separated
by SDS-PAGE, transferred to nitrocellulose, and treated with antibody against
cyt c554. D, cells grown by anaerobic respiration in the presence of DMSO; P,
cells grown by anaerobic photosynthesis; A, cells grown by aerobic respiration; S,
molecular mass standards. A 50-mg sample of protein was loaded in each lane.
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soluble electron transfer protein (2, 27), purification from
French press lysates could not determine its cellular location.
In this paper, we have provided several pieces of evidence
which support the notion that cyt c554 is a periplasmic protein.
First, we observed that the cycF open reading frame (16 kDa)
contains a 20-amino-acid N-terminal sequence that is missing
in pure cyt c554. Since this N-terminal extension is similar to
prokaryotic signal peptides (34, 49), this observation suggested
that cyt c554, like other R. sphaeroides soluble c-type cyto-
chromes (11, 38), is made as a higher-molecular-weight pre-
cursor that is exported from the cytoplasm. As predicted, spe-
cific antiserum has been used to localize cyt c554 to periplasmic
fractions of known purity.
With the exception of this N-terminal signal peptide, the

predicted protein sequence of cyt c554 from R. sphaeroides 2.4.1
agrees well with the published sequence for this protein from
strain MRE. However, five amino acid differences are seen
when the translated cycF sequence of strain 2.4.1 is compared
with the published amino acid sequence of cyt c554 from MRE.
These five amino acid differences are probably those alluded to
by Bartsch et al. (2) on the basis of amino acid composition
analysis. Three of these five differences (Ile-56, Gly-92, and
Ala-121) were confirmed by amino acid sequence analysis of
cyt c554 from a 2.4.1 derivative, CYCA65R7 (Fig. 2), and two of
the deduced amino acid substitutions are conservative
(Ile3Leu and Ala3Gly). None of the five residues appear to
be in highly conserved positions in an alignment of cyt c554 with
other proteins of the class II soluble c-type cytochromes (28).
Therefore, we do not consider these apparent strain-depen-
dent differences in the cyt c554 amino acid sequence to be
functionally significant.
When Bartsch and coworkers published the sequence of the

cyt c554 protein from strain MRE, they noted that this se-
quence should be considered preliminary because they were
unable to obtain definitive evidence for overlaps in several
N-terminal peptides (2). However, the three peptide fragment
overlaps in the previous MRE sequence which were not un-
ambiguously assigned have now been confirmed by our analysis
of the cycF nucleotide sequence from strain 2.4.1.
CycG is a membrane-bound diheme cytochrome c. A second

gene, cycG, appears to be cotranscribed with cycF since two
gene-specific probes detect similar-size transcripts in Northern
blot analysis. The size of the largest mRNA (;1,500 nt) is

FIG. 6. The cycFG mutant lacks both cyt c554 and CycG. (A) Results obtained when 500 mg of crude membrane protein (cytoplasmic and outer membranes) from
aerobically grown cultures of R. sphaeroides strains was solubilized, subjected to LDS-PAGE (see Methods and Materials), and stained for heme peroxidase activity.
Lane 1, 2.4.1FG1; lane 2, 2.4.1; lane 3, 2.4.1(pJF3E). The location of the putative CycG protein (asterisk) is indicated. (B) Western blot of crude soluble extracts
(cytoplasm and periplasm) separated on an SDS–15% PAGE gel and tested for cross-reactivity with antiserum against cyt c554. A 100-mg sample of protein was loaded
in each lane. Lane 1, 2.4.1FG1; lane 2, 2.4.1; lane 3, 2.4.1(pJF3E). (C) Heme-stained gel illustrating the results of LDS-PAGE separation of 600 mg of protein from
purified cytoplasmic membrane (lane 1) and outer membrane (lane 2) samples of a wild-type strain. The location of the putative CycG protein (asterisk) is indicated.

FIG. 7. cycFG mRNA levels are increased under aerobic conditions. Shown
are the results of a primer extension of total cellular RNA from wild-type cells
grown by aerobic respiration or anaerobic photosynthesis. (A) Autoradiogram.
Lanes 1 and 2, 5 and 10 mg of RNA from aerobic cells, respectively; lanes 3 and
4, 10 and 50 mg of RNA from anaerobic cells, respectively. The 59 end of the
primer extension product is 26 nt upstream of the ATG start codon. (B) Nucle-
otide sequence upstream of the cycF transcription initiation site. The BamHI
restriction site (Fig. 1A) is indicated. The position of the 59 end of the primer
extension product (boldface A, 26 nt upstream of the methionine codon), the
Shine-Dalgarno sequence (boldface), the initiator methionine of cycF (position
346; italicized), an inverted repeat which may serve as a protein binding site
(region underlined with arrows), the putative promoter hexamers (overscored),
and a sequence similar to an FNR consensus site (double underlined) are shown.
The consensus FNR binding site is included below the sequence, and the three
nucleotides in each half-site believed to make site-specific protein contacts with
the E. coli protein are indicated (asterisks) (20).
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consistent with the predicted size of a cycFG operon, given a 59
end at position 322 and a putative transcription terminator
downstream of cycG at positions 1720 to 1760. The apparent
loss of a putative CycG protein in a mutant that contains a
polar insertion in cycF (2.4.1FG1; Fig. 6A) also suggests that
cycFG constitute an operon.
In spite of the previous extensive analysis of electron trans-

fer proteins in R. sphaeroides, no reports of a cytochrome c
with properties similar to those of CycG exist (8, 27). However,
we have used heme staining of LDS-PAGE gels to identify a
putative cycG gene product. The apparent size of this gene
product is in reasonable agreement with that predicted from
the DNA sequence, considering that LDS-PAGE was used. In
addition, the absence of this heme-staining polypeptide in a
DcycF strain and its increased abundance in cells containing a
cycFG plasmid support our assignment of this ;25-kDa pro-
tein as CycG. Finally, using cell fractions of demonstrated
purity, we have shown that CycG is localized to the R. spha-
eroides cytoplasmic membrane.
CycG could be a diheme cytochrome c, since the translated

cycG gene product has two consensus heme attachment motifs
in the 296-amino-acid sequence. In addition, CycG contains six
histidines and a methionine, which are candidates for the axial
iron ligands to the two potential heme centers. Given the
presence of the covalent heme attachment motifs and the
heme peroxidase activity of the putative cycG gene product, we
feel that it is likely that CycG is a c-type cytochrome. While the
deduced amino acid sequence predicts that the majority of
CycG is hydrophilic, the amino-terminal 20 residues could
form a hydrophobic domain. Considering that most bacterial
c-type cytochromes are found in the periplasm or the periplas-
mic face of the cytoplasmic membrane (31), it is possible that
the N-terminal region of CycG tethers the protein in the outer
leaflet of the cytoplasmic membrane. Such an orientation
could expose the relatively hydrophilic remainder of CycG to
the periplasm. CycM of Bradyrhizobium japonicum (4) and cyt
cy of Rhodobacter capsulatus (16) are believed to have a similar
topology in the cytoplasmic membrane. Experiments to de-
velop more-specific assays for CycG and determine its organi-
zation in the cytoplasmic membrane are in progress.
Does CycG belong to a larger class of c-type cytochromes?

When we compared the amino acid sequence of CycG with
those of other multiheme proteins, we found that the greatest
similarity (;57%) is to a 45-kDa triheme cytochrome c subunit
of a pyrroloquinoline quinone (PQQ)-dependent alcohol de-
hydrogenase found in some Gluconobacter and Acetobacter
species (15, 44, 45). The alignment of CycG and this 45-kDa
cytochrome c extends throughout the R. sphaeroides protein
(Fig. 3). However, CycG is smaller than these cytochromes,
and it lacks a third potential heme-binding domain at the C
terminus. Three of the previously noted potential CycG axial
heme ligands (His-109, His-201, and Met-268) are also con-
served between these c-type cytochromes and CycG. If the
sequence similarity between the two proteins reflects structural
conservation, then two of these three residues are likely can-
didates for axial ligands to the heme groups of CycG. If R.
sphaeroides CycG were a functional homolog of the triheme
c-type cytochromes, cells lacking this electron carrier might be
deficient in metabolism of primary alcohols. However, DcycF
strains (i.e., 2.4.1FG1, JS55FG1, and BC17FG1) show no de-
tectable defect in aerobic growth when butanol or ethanol is
used as the sole carbon source on plates (data not shown). It is
possible that in the absence of cyt c554 and CycG redundant
functions in the cell mask our ability to score this phenotype.
However, we feel that it is likely that this amino acid sequence
similarity indicates more about structural correspondence than

functional similarity between the two different classes of c-type
cytochromes.
Weaker similarity (;43%) is found between CycG and the

fixP (or ccoP) gene products of Rhizobium meliloti, Azorhizo-
bium caulinodans, B. japonicum, and R. capsulatus (3, 23, 32,
46). These gene products are similar to CycG in size, the
number of putative covalent heme attachment sites, and the
placement of one potential axial heme ligand (His-109). How-
ever, the second heme attachment sites of FixP and CycG do
not align without insertion of a large gap in the FixP sequence
(Fig. 3). Despite this amino acid similarity, we feel that it is
unlikely that CycG is an R. sphaeroides FixP or CcoP homolog,
because placing a DcycF allele in either wild-type cells or
strains that also lack the cytochrome b/c1 complex (52) or the
cytochrome a/a3 terminal oxidase (39) does not alter growth by
aerobic respiration in the presence of 30 or 2% oxygen (data
not shown; see Table 1 for relevant strains). However, even if
CycFG were involved in aerobic respiration, the function of an
alternate cytochrome c-independent quinol oxidase (52) might
prevent existing mutants from exhibiting an aerobic growth
defect. Therefore, biochemical analyses of aerobic respiratory
chain function in CycFG mutants are required to provide a
direct test of the potential function of the c-type cytochromes
in electron transport.
Expression of cycFG is reduced under anaerobic conditions.

While the DcycF strains show no growth defect under aerobic
conditions, we observed an approximately fivefold increase in
the abundance of both cycFG-specific transcripts and cyt c554
when wild-type cells were grown in the presence of 30% oxy-
gen. Similarly low levels of cyt c554 were found regardless of
whether the anaerobic cells were grown via photosynthesis or
anaerobic respiration in the dark using DMSO as an electron
acceptor (Fig. 5B). This indicates that the presence or absence
of light has no significant effect on the abundance of cyt c554
when oxygen is absent. In addition, the low levels of cyt c554
under anaerobic respiratory conditions conflict with previous
reports that levels of this protein are increased when DMSO is
used as an electron acceptor (50). Prior to our studies, levels of
cyt c554 have been determined either by monitoring heme per-
oxidase activity or by estimating recovery of pure protein from
stationary-phase cells (2). However, the changes in cyt c554
levels that we found by employing a specific assay for this
protein provide direct evidence that its levels are increased
under aerobic conditions.
The increased abundance of cycFG transcripts which we

observed under aerobic conditions makes this one of the few
characterized R. sphaeroides operons whose expression appar-
ently decreases under anaerobic conditions. The putative
cycFG transcription start site is preceded by 210 and 235
hexamers with limited homology to a consensus E. coli Es70

promoter (7), so it is possible that the cycFG promoter is
recognized by an R. sphaeroides Es70 homolog (18). Inspection
of the DNA sequence in the vicinity of this proposed transcrip-
tion start site reveals two different imperfect inverted repeats
(Fig. 7) which may bind regulatory proteins. In particular, the
sequence centered at 242 has limited similarity to the consen-
sus binding site for the oxygen-sensitive E. coli transcription
factor FNR. Experiments to determine the physiological rele-
vance of these sequences in cycFG expression are in progress.
In summary, our results strongly suggest that the R. spha-

eroides cycFG operon encodes two c-type cytochromes, cyt c554
and CycG. Transcription of the cycFG operon is increased in
the presence of oxygen, suggesting that these gene products
might provide some function to aerobically grown cells.
Through the biochemical and phenotypic analysis of mutants
grown under different energy-generating modes, we hope to
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address the question of how cyt c554 and CycG function in
wild-type cells. In addition, future work will focus on the po-
tential interactions between cyt c554 and CycG in an as-yet-
uncharacterized electron transfer pathway.
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