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Two abundant, low-redox-potential cytochromes c were purified from the facultative anaerobe Shewanella
oneidensis strain MR1 grown anaerobically with fumarate. The small cytochrome was completely sequenced,
and the genes coding for both proteins were cloned and sequenced. The small cytochrome c contains 91 residues
and four heme binding sites. It is most similar to the cytochromes c from Shewanella frigidimarina (formerly
Shewanella putrefaciens) NCIMB400 and the unclassified bacterial strain H1R (64 and 55% identity, respec-
tively). The amount of the small tetraheme cytochrome is regulated by anaerobiosis, but not by fumarate. The
larger of the two low-potential cytochromes contains tetraheme and flavin domains and is regulated by
anaerobiosis and by fumarate and thus most nearly corresponds to the flavocytochrome c-fumarate reductase
previously characterized from S. frigidimarina to which it is 59% identical. However, the genetic context of the
cytochrome genes is not the same for the two Shewanella species, and they are not located in multicistronic
operons. The small cytochrome c and the cytochrome domain of the flavocytochrome c are also homologous,
showing 34% identity. Structural comparison shows that the Shewanella tetraheme cytochromes are not related
to the Desulfovibrio cytochromes c3 but define a new folding motif for small multiheme cytochromes c.

Shewanella is a versatile genus of facultatively anaerobic,
gram-negative bacteria that is capable of growth under a vari-
ety of conditions. The most remarkable characteristic of She-
wanella species is their ability to reduce and dissolve insoluble
metal oxides, including those of iron and manganese (31).
Shewanella oneidensis strain MR1 (formerly called Shewanella
putrefaciens strain MR-1 [42]) was specifically isolated as a
metal oxide-reducing organism that could couple the reduction
of metal oxides to the oxidation of organic carbon (28). While
the mechanism of reduction of metal oxides by strain MR1 (or
any other metal oxide reducer) remains unknown, the process
has received much attention because of its potential impor-
tance. Some of the impacts of the process relate to the cycling
of organic carbon, particularly in freshwater environments, to
the potential use of dissimilatory metal oxide-reducing bacteria
as agents of bioremediation and potential roles in processes,
such as metal leaching and corrosion (19, 31). Given these po-
tential impacts, it is not surprising that MR1 was chosen for
genome sequencing, a project that is nearly completed (www
.TIGR.org).

Although the details of the mechanism(s) of metal oxide
reduction remain elusive, there is agreement that electron
transport processes are involved, carrying reducing equivalents
from the cell to the metal oxides at or near the cell surface. For
this reason, many studies have focused on the characterization
of the electron transport components of various Shewanella
species. Cytochromes are abundant in S. oneidensis MR1 and
have been implicated in the reduction of metal oxides (31). In
fact, the preliminary genome sequence shows that it has more
c-type cytochromes than any other species examined to date
(approximately 38 at last count in contrast to the 7 found in
Escherichia coli). We report here a continuation of our studies
of the structure and function of cytochromes of strain MR1.
Through this approach, we hope to begin to understand at
many levels (global regulation, protein synthesis, and enzyme
activity) the processes involved in anaerobic metabolism by this
versatile organism.

Myers and Myers (24) showed that 80% of the membrane-
bound cytochrome (actually heme) is localized to the surface
of the outer membrane, presumably where insoluble iron and
manganese oxides are reduced. Myers and Myers (25) also
showed that there are at least four distinct outer membrane
cytochromes with masses of 150, 83, 65, and 53 kDa, and they
isolated and purified the 83-kDa cytochrome. The 83-kDa cy-
tochrome is induced by anaerobiosis and is more abundant in
cells grown on fumarate than in those grown on soluble iron
citrate as the terminal electron acceptor. The cytochrome gene
(omcA) was cloned by Myers and Myers (29) from S. oneidensis
strain MR1 and found to encode a lipoprotein with an N-
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terminal diacylglyceride binding site (providing the membrane
anchor) and to contain 10 hemes. Other species and strains of
Shewanella contain high-molecular-weight membrane-bound
cytochromes, and at least two strains have homologs of OmcA
(29). A much larger, 14-kb DNA fragment of strain MR1 in the
region of omcA was cloned by Beliaev and Saffarini (6; Gen-
Bank accession no. AF083240) and found to contain five 10-
heme cytochrome genes including omcA. There are two 73-
to 76-kDa lipoprotein homologs of OmcA, called MtrC and
MtrF, and two 40-kDa, apparently periplasmic, 10-heme cyto-
chromes related through a recent gene duplication, called
MtrA and MtrD. It is unknown how the most recently discov-
ered 10-heme cytochromes are related to the cytochromes
observed on gels by Myers and Myers (25).

In previous studies of Shewanella, using low-temperature
electron spin resonance spectroscopy, both a succinate dehy-
drogenase and two different types of fumarate reductase, sol-
uble and membrane bound, were thought to be present (38).
The succinate dehydrogenase operon from Shewanella frigidi-
marina (also known as S. putrefaciens) NCIMB400 has been
cloned and shown to have the usual flavoprotein and iron-
sulfur protein subunits as well as a cytochrome b membrane
anchor (EMBL accession no. Y13760). The structural organi-
zation of membrane-bound fumarate reductase would presum-
ably be similar to that of succinate dehydrogenase (for reviews,
see references 10 and 41). However, studies with knockout
mutants, in which the genes for the soluble fumarate reductase
were inactivated, suggest that it is the only functional fumarate
reductase present in Shewanella (9, 27).

Morris et al. (22) thoroughly characterized the soluble fu-
marate reductase from S. frigidimarina, and the gene was
cloned by Pealing et al. (33), who showed that it results from
the fusion of a small tetraheme cytochrome c gene to the 59
end of a flavoprotein gene that is related to membrane-bound
succinate dehydrogenase and fumarate reductase genes. The
gene for a second flavocytochrome c (ifcA) from S. frigidima-
rina, which is homologous to the soluble fumarate reductase
and which is induced by growth on soluble iron citrate, was
cloned and characterized by Dobbin et al. (7). Although IfcA
has fumarate reductase activity in vitro, it appears that it is
nonfunctional in fumarate reduction in vivo because of the way
it is regulated. ifcA mutants in which the gene was inactivated
show no impairment in their ability to grow on iron citrate (or
fumarate) as the electron acceptor, which suggests alternative
pathways. Moreover, at least two other cytochromes are in-
duced by growth on iron citrate, a soluble 35-kDa protein,
further enhanced in the knockout mutants, and a 45-kDa mem-
brane cytochrome. A soluble 52-kDa cytochrome is also ap-
parent in the iron citrate-induced cultures.

Wolinella succinogenes, which was isolated as a fumarate-
respiring organism, shows several interesting similarities to
Shewanella. Wolinella has the usual three-subunit membrane-
bound fumarate reductase (FrdABC) (16, 17). In addition,
Wolinella has a soluble fumarate reductase like that of She-
wanella, but in this case, separate genes for the flavoprotein
(fccA) and cytochrome c (fccB) were found to be associated
with another tetraheme cytochrome c gene (fccC) to form an
operon (fccABC) (36). A Shewanella 21-kDa membrane-bound
tetraheme cytochrome c gene (cymA) was cloned by Myers and
Myers (26, 30) that is required for reduction of fumarate,

nitrate, and iron oxide, but it is not the terminal enzyme. This
gene is closely related to Wolinella fccC.

MATERIALS AND METHODS

Growth conditions, cytochrome quantification, and protein preparation.
S. oneidensis strain MR1 was grown at a temperature of 30°C usually for 24 to
48 h on lactate (20 mM) plus oxygen or anaerobically on lactate (20 mM) plus
fumarate (15 mM) Luria-Bertani (LB) medium (37). Cytochromes were quan-
tified once they were separated from the other cytochromes by column chroma-
tography but before they were completely purified. The extinction coefficients at
the alpha peak for pure protein were used to determine the amount of heme
present; this was divided by the heme content per protein to determine the
amount of protein present. The cytochromes c were purified as described pre-
viously (39). Briefly, an extract from fumarate-grown cells was adsorbed to
DEAE-cellulose from 10 mM Tris-HCl, pH 8, and the column was developed
with a stepwise salt gradient. Flavocytochrome c eluted at about 60 to 100 mM
NaCl, and the small cytochrome c eluted at 200 to 300 mM NaCl. The cyto-
chromes c were chromatographed on Sephadex G-75. The small cytochrome c
was fractionated by 60 to 80% ammonium sulfate precipitation and chromato-
graphed on DEAE-Sepharose using a linear gradient from 200 to 400 mM NaCl
from which it eluted at about 270 mM NaCl. There was no noticeable 280-nm
peak, and the 280-nm absorbance/408-nm absorbance ratio for pure protein was
0.066. The extinction coefficient was 23 mM21 cm21 heme21 at 552 nm, assum-
ing a value of 30 mM21 cm21 for the pyridine hemochromogen. Flavocyto-
chrome c precipitated at 50 to 70% ammonium sulfate and eluted from DEAE-
Sepharose at 160 mM NaCl. The 280-nm absorbance/408-nm absorbance ratio
for pure protein was 0.24. The extinction coefficient was 33 mM21 cm21 heme21

at 552 nm. Both proteins showed single bands on sodium dodecyl sulfate (SDS)-
polyacrylamide gels using 15% T and 3% C gels run by the method of Laemmli
(15).

Protein modification. Heme was removed from the small cytochrome c by
overnight treatment with HgCl2 in acidified urea by the method of Ambler and
Wynn (3). Desalting was performed by gel filtration through a Sephadex G-25
column (0.32 by 10 cm; Pharmacia, Uppsala, Sweden), equilibrated, and eluted
with 5% formic acid. Cysteines in the apoprotein were alkylated with 3-bro-
mopropylamine by the method of Jue and Hale (14).

Enzymatic digestions. Five nanomoles of the alkylated apoprotein of the small
cytochrome c was digested with LysC endoprotease (Wako, Osaka, Japan) for
3.5 h at 37°C in 20 mM Tris-HCl buffer, pH 8.03, at an enzyme/substrate ratio
(wt/wt) of 1/20. The same amount of modified apoprotein was used for digestion
with GluC endoprotease (Boehringer, Mannheim, Germany) at an enzyme/
substrate ratio of 1/40. The protein was incubated overnight at room temperature
in 25 mM ammonium bicarbonate buffer, pH 7.85. Finally, an AspN (Boehr-
inger) digestion was performed on 3.2 nmol of apoprotein. This digestion was
incubated for 2 h at 37°C in 20 mM Tris-HCl buffer, pH 8.0, at an enzyme/
substrate ratio (wt/wt) of 1/40.

Peptide purification. Peptides from the enzymatic digestions were separated
on a C2C18 3.2/3 column on a SMART chromatographic system (Pharmacia)
with gradient elution in which solvent A was 0.1% trifluoroacetic acid–H2O and
solvent B was 0.08% trifluoroacetic acid–70% acetonitrile–H2O.

Amino acid sequence analysis. N-terminal and peptide sequence analyses were
performed on a 477A or 476A pulsed liquid sequenator equipped with an on-line
phenylthiohydantoin amino acid analyzer (all from Perkin-Elmer Biosystems,
Foster City, Calif.). The C-terminal sequence analysis was performed on a Pro-
cise Sequencer (Perkin-Elmer Biosystems).

Mass analysis and NMR measurement. Electrospray mass spectrometry was
performed on a Bio-Q quadrupole mass spectrometer equipped with an electro-
spray ionization source (Micromass, Altrincham, United Kingdom). Ten micro-
liters of sample solution in 50% acetonitrile–0.5% formic acid was injected
manually in the 10-ml loop of the Rheodyne injector and pumped to the source
at a flow rate of 5 ml/min. The solvent was delivered by a solvent delivery system
(model 140A; Perkin-Elmer Biosystems). Scans of 12 s over the mass range of
400 to 1,600 atomic mass units were collected for 2 min. The instrument was
calibrated with 50 pmol of horse myoglobin (Sigma). Matrix-assisted laser de-
sorption mass spectrometry was performed on a TofSpec SE Time-of-Flight
instrument using a nitrogen laser (337-nm wavelength) (Micromass, Wythen-
shawe, United Kingdom). Scans were accumulated over 20 to 70 laser shots,
using alpha-cyanohydroxycinnamic acid as the matrix. External calibration was
performed using both angiotensin II and bovine insulin (Sigma). Nuclear mag-
netic resonance (NMR) spectra were obtained with a Bruker DRX-400 NMR
spectrometer. All NMR measurements were done at a temperature of 303 K and
at a pD of 9.0.
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Gene cloning. The general strategy for obtaining the nucleotide sequence of
the small cytochrome c gene was as follows. Two oligonucleotide primers were
designed for PCR based upon the amino acid sequence as follows: primer SAS1,
GCI GAY GGY GCI TTY GAR TT, and primer SAS2, TCR CAI GTI GGY
TTY TGR CC. PCR with chromosomal DNA isolated from S. oneidensis strain
MR1 as a template gave four bands, including a band of ca. 90 bp which was
expected from the known amino acid sequence. This band was sequenced and
found to code for the small tetraheme cytochrome c. The PCR product was then
used to probe digests of chromosomal DNA. After hybridization and washing the
filter for 30 min at 62°C in 0.23 SSC (NaCl and sodium citrate buffer [pH 7]) and
0.5% SDS (35), we obtained a number of single bands using 18 different endo-
nucleases. We chose the 2.7-kb PstI fragment for subsequent DNA analysis. The
PstI fragment was ligated with pUC18, which had also been digested with PstI.
The ligation product was used for PCR as a set of templates using oligonucle-
otide SAS1 or SAS2 as one primer. For a second primer, we used standard
forward or reverse primers from M13. These PCR products were then ligated
into pGEM-T for sequencing.

To clone the flavocytochrome c gene, we applied a strategy similar to the one
described above. For initial PCR, we used primers which were designed based
upon the N-terminal sequence of the protein and that of a peptide as follows:
primer SAS7, GCD CCW GAR GTI YTD GCD GAY TT, and primer SAS8,
TGR CAI SWR TCR CAY TC. We isolated and purified a PCR product of
ca. 500 bp and found it to have the correct sequence. We performed Southern
analysis with this fragment as a probe and chose a 2.2-kb SphI fragment for
subsequent DNA analysis.

RESULTS AND DISCUSSION

Induction of cytochrome synthesis. When grown on LB
medium with lactate, Shewanella produces a large quantity of
cytochromes as well as a variety of cytochromes. There are
three major soluble cytochromes: a small, high-potential mono-
heme cytochrome (HP cyt); a small, low-potential tetraheme
cytochrome (ST cyt); and a large, low-potential tetraheme fla-
vocytochrome (FL cyt) (21, 39). We completely purified the
two low-potential cytochromes as shown by homogeneity by
column chromatography, by SDS-polyacrylamide gel electro-
phoresis, and by a low absorbance at 280 nm. The absorption
spectra of the two proteins are similar to one another (data not
shown), but there were two prominent differences. There is no
280-nm peak, and the alpha peak of the small tetraheme cy-
tochrome is broad and has a lower extinction coefficient than
that of the large cytochrome. Cells grown to log phase with
high levels of oxygen in batch culture contained the smallest
quantity of soluble cytochrome c, and it had a high redox
potential (1.3 mmol of HP cyt, 0.1 mmol of FL cyt, and 0.15
mmol of ST cyt [all values per 100 g of cells]). As the cells
became limited for oxygen when grown to stationary phase
with less vigorous aeration, cytochrome synthesis was dramat-
ically increased. The quantity of HP cyt did not change very
much with reduced oxygenation levels, but the synthesis of the
two low-potential soluble cytochromes c, large and small, was
increased by a factor of 10 (1.1 mmol of FL cyt and 1.4 mmol of
ST cyt [both per 100 g of cells]). When the strain was grown
anaerobically with fumarate, there was a further increase in the
synthesis of the two low-potential cytochromes, with the large
cytochrome half again as abundant as the smaller cytochrome
(2.5 mmol of FL cyt and 1.7 mmol of ST cyt [both per 100 g of
cells]). Thus, it appears that both low-potential cytochromes
are induced by anaerobiosis, although the large cytochrome is
specifically induced by growth on fumarate.

Amino acid sequence of the ST cyt c. The complete amino
acid sequence of the S. oneidensis strain MR1 ST cyt shows that
the protein contains a total of 91 amino acid residues and four
heme binding sites. The 12,210-Da mass deduced from the

mass of the mature protein sequence plus the mass of the four
hemes is in excellent agreement with that measured by mass
spectroscopy, 12,210.5 Da (the 12,120-Da mass reported pre-
viously [39] was a typographic error). The S. oneidensis ST cyt
is 64% identical to that from S. frigidimarina (EMBL accession
no. AJ000006), and they are 55% identical to that from bac-
terial strain H1R (2). The ST cyt’s are 34% identical to the
N-terminal tetraheme domain of S. frigidimarina fumarate re-
ductase (33). The amino acid sequences of these cytochromes
are compared in Fig. 1.

Sequence of the ST cyt gene. The S. oneidensis MR1 ST cyt
gene was cloned by PCR using primers based on the amino
acid sequence. A 2.7-kb PstI fragment of chromosomal DNA
was isolated as shown in the physical map of Fig. 2 and se-
quenced. The start codon appears to be GTG (rather than the

FIG. 1. Comparison of the sequences of ST cyt’s and the tetraheme
domains or subunits of FL cyt’s from different species. Bacterial strain
H1R ST cyt (2) (rows 1), S. oneidensis MR1 ST cyt (rows 2), S. frigi-
dimarina NCIMB400 ST cyt (EMBL accession no. AJ000006) (rows
3), S. oneidensis MR1 FL cyt (rows 4), S. frigidimarina NCIMB400
FL cyt (33) (rows 5), S. frigidimarina NCIMB400 IfcA cytochrome (7)
(rows 6), W. succinogenes (36) (rows 7), and D. vulgaris Miyazaki
cytochrome c3 (12) (rows 8) sequences are shown. The heme binding
sites and sixth heme ligand histidines are boxed. The sixth ligands to
Shewanella hemes 1 to 4 are labeled H1 to H4 above the sequence and
those for the Desulfovibrio hemes are labeled H1 to H4 below the
sequence. To conserve space, no attempt to precisely align the N and
C termini was made. Gaps introduced to optimize alignment are indi-
cated by the dashes.
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more usual ATG), and there is a possible ribosome binding site
8 bases upstream as well as a signal peptide of 25 amino acid
residues which is cleaved in the mature protein. The translated
gene sequence of the ST cyt is in complete agreement with the
amino acid sequence obtained by Edman degradation. There is
a palindromic region (bases 37 to 60) upstream and down-
stream of the ST cyt gene (bases 727 to 762).

Cytochrome b. There is a 744-bp open reading frame (ORF)
85 bases downstream of the end of the gene encoding the ST
cyt, but the orientation of this ORF is opposite that of the ST
cyt gene. The 248-residue protein encoded by this ORF is
homologous to a number of membrane-spanning cytochromes
b, such as those that are part of hydrogenase operons (43). The
Shewanella cytochrome b gene is not preceded by hydrogenase
genes, and it appears to be independently transcribed. Based
upon sequence homology, it is most similar to the cytochrome
b from Chromatium vinosum (27% identity) that is adjacent to
a cytochrome c9 gene (8). However, we have no evidence that
would link the ST cyt c to cytochrome b in an electron transfer
chain. The ST cyt gene has also been cloned from S. frigidima-
rina NCIMB400 (EMBL accession no. AJ000006). However,
the genetic context of the NCIMB400 gene is different from
that of the MR1 gene in that it is followed, 288 bases down-
stream, by the gene for an assimilatory nitrate reductase. This
lack of conservation of the genetic context suggests that MR1
ST cyt is not functionally associated with cytochrome b or with
nitrate reductase.

Transcriptional regulator homolog. Another 581 bases
downstream of the start of the gene for cytochrome b, there is

a gene (ORF213) that apparently encodes a transcriptional
regulator in the same orientation as the ST cyt gene. The
C-terminal 65 residues of ORF213 are clearly homologous to a
large family of DNA binding proteins exemplified by E. coli
NarL for which there is a crystal structure (4). NarL is respon-
sible in part for nitrate-dependent induction of nitrate reduc-
tase, nitrite export, and formate dehydrogenase genes. Most of
the transcriptional regulators homologous to NarL contain
an N-terminal chemotactic CheY-like domain, which changes
conformation upon phosphorylation, either activating or inac-
tivating the other domain. However, the N terminus of the
supposed Shewanella transcriptional regulator is not related to
CheY and has only one homolog (with 28% identity), the CsgD
protein from E. coli which is involved in regulation of synthesis
of Curli polymers (11). The MR1 transcriptional regulator gene is
also followed by a palindrome, and there are no other obvious
ORFs in the remaining 266-base sequence of the clone.

Gene sequence of flavocytochrome c. In addition to the ST
cyt gene, we cloned and sequenced the FL cyt gene from
S. oneidensis strain MR1. In S. frigidimarina, this gene had
been shown to be a fusion of genes for a tetraheme cytochrome
c at the 59 end and the flavoprotein moiety of fumarate reduc-
tase at the 39 end (33). This also proved to be the case for the
flavocytochrome c of MR1, as shown in the sequence align-
ments in Fig. 1 and 3. The FL cyt’s of the two Shewanella
species show 59% identity overall and contain three small
insertions and deletions. Most of the identity lies in the fla-
voprotein region, with only 48% identity in the cytochrome
(N-terminal) domain. An isozyme of fumarate reductase,

FIG. 2. Physical map of the cloned S. oneidensis MR1 ST cyt gene (A) and FL cyt gene (B).
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called IfcA, is induced in S. frigidimarina by growth on iron
citrate (7). Overall, it has slightly higher identity to the S. onei-
densis fumarate reductase than to the S. frigidimarina fumarate
reductase (45 versus 41%), and the heme domain shows a
consistently lower similarity (34 versus 31%). The sequences of
the ST cyt’s and the tetraheme domains of the FL cyt’s from

Shewanella species are also homologous and show a relatively
low identity of 34%. There is only 32% overall identity to the
Wolinella fumarate reductase, and there are 11 insertions and
deletions. This sequence is interesting, because it shows that
fumarate reductase can exist as a single gene for a protein of
two domains or it can have separate genes for cytochrome and
flavoprotein subunits.

The S. frigidimarina fumarate reductase clone has ORFs
both upstream and downstream of the FL cyt gene (33). We
did not sequence a large enough DNA fragment to determine
whether the genetic context was similar. However, the genome
sequence of S. oneidensis shows that the upstream gene is not
present and the downstream gene is more than 74 kb down-
stream of the FL cyt gene. The MR1 FL cyt gene is followed
247 bases downstream by a D-lactate dehydrogenase gene. Thus,
the FL cyt gene is not part of a multigene cluster, and it is not
possible to tell if the same FL cyt is induced by fumarate in the
two species, since there are five copies in the MR1 genome.

Structural comparison of tetraheme cytochromes. The
three-dimensional structures of three different Shewanella sol-
uble fumarate reductases have been determined. We deter-
mined the structure of the S. oneidensis FL cyt (18). The S. frigi-
dimarina FccA structure was established by Taylor et al. (37).
Bamford et al. (5) deduced the folding pattern of S. frigidima-
rina IfcA. These structures indicate similar folding patterns for
all three but with appropriate insertions and deletions. The
folding pattern of the flavoprotein domain is also similar to
those of the flavoprotein subunits of the membrane-bound
fumarate reductases from E. coli (13) and W. succinogenes (16).
The structure of the Shewanella cytochrome domain of the FL
cyt is shown in Fig. 4, where it contrasts with Desulfovibrio
vulgaris Miyazaki F cytochrome c3 (12), another small tetra-
heme cytochrome with a low redox potential to which it had
been equated. It is apparent that the Shewanella and Desulfo-
vibrio cytochromes c fold quite differently. The cytochromes c3

fold in a compact sphere with the four hemes more or less
perpendicular to one another, whereas the FL cyt domain of
the Shewanella fumarate reductase is elongated with the hemes
arranged in a more or less linear motif. Note that the histidine
ligands are positioned differently in the FL cyt sequence for
three of the four hemes, as contrasted with cytochrome c3,
consistent with the different folding patterns (Fig. 1). Note also
that the ST cyt and FL cyt sequences have equivalent numbers
of histidine residues, so presumably they are structurally ho-
mologous to each other and not to cytochromes c3.

Despite the lack of congruence in three-dimensional struc-
tures, sequence comparisons previously suggested a relation-
ship between the Shewanella ST cyt and FL cyt’s on the one
hand and the class III c-type cytochromes on the other. How-
ever, the Shewanella cytochromes have only about 24% se-
quence identity to the class III cytochromes c3 of Desulfovibrio
(12, 20, 23) for which at least seven insertions and deletions are
necessary for alignment (Fig. 1). This borderline sequence
similarity (which we believe is not significant because of the
dominance of heme binding residues) combined with the evi-
dence for gene duplication led Pealing et al. (34), Tsapin et al.
(39), Bamford et al. (5), and Turner et al. (40) to equate the
Shewanella cytochromes with the Desulfovibrio cytochromes c3.
The evidence for gene doubling is stronger for the Desulfovib-
rio cytochromes c3 than for the Shewanella cytochromes; the

FIG. 3. Comparison of the flavocytochrome c flavoprotein domains
from S. oneidensis MR1 (rows 1), S. frigidimarina NCIMB400 (33)
(rows 2), S. frigidimarina NCIMB400 IfcA (7) (rows 3), and W. succi-
nogenes (36) (rows 4). Insertions and deletions are boldfaced, and
conserved residues are boxed. Gaps introduced to optimize alignment
are indicated by the dashes.
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FIG. 4. Stereo view of the three-dimensional backbone structures of the complete S. oneidensis MR1 flavocytochrome c (18) (A), the heme
domain of the FL cyt including residues 1 to 101 (B), and D. vulgaris cytochrome c3 (12) (C). The histidine heme ligands are the only side chains
shown. The N terminus is at the bottom in all three representations. Shewanella hemes 1 to 4 are in order from right to left. The Desulfovibrio
hemes, starting from the upper right, are in the order 3, 1, 2, and 4.
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sequence evidence is based upon an unusual four-residue spac-
ing between two pairs of heme binding cysteines at hemes 2
and 4 in some of the cytochromes c3 and upon the locations of
two pairs of histidines in front of hemes 1 and 3. However,
there is no evidence for gene duplication from the three-di-
mensional structures of either protein in that they fold in single
domains rather than in two domains. Thus, despite the appar-
ent sequence homology, the presence of four hemes, and low
redox potentials, the ST and FL cyt’s cannot be classified as
cytochromes c3 or class III cytochromes.

Redox potential and NMR spectra of the ST cyt. The po-
tentials of the individual hemes of the S. oneidensis ST cyt
could not be resolved in a previous redox titration, but the
average redox potential was reported to be 2233 mV (39). In
Desulfovibrio, the close proximity of the four hemes in cyto-
chrome c3 results in heme-heme interactions that modulate the
potential as the protein is reduced; thus, there are 32 micro-
scopic redox potentials associated with the four hemes that can
be determined by NMR (32). Since a similar behavior in the ST
cyt might be expected, we performed a preliminary study to
establish whether it is possible to resolve the ST hemes by
NMR. 1H NMR spectra of the ST cyt from S. oneidensis and
the cytochrome c3 from D. vulgaris Miyazaki F in the oxidized
state are presented in Fig. 5 . All four hemes are paramagnetic
and low spin. However, there is an interesting difference. The
11 heme methyl proton signals that we have identified in the
Shewanella ST cyt (of which there should be 16) are distributed
over a wider range in the low-magnetic-field region (up to 40
ppm) than those of D. vulgaris Miyazaki F cytochrome c3 (up to
31 ppm), showing that the spin density distribution is different
for the two cytochromes and that there is less spectral overlap.

By following the movement of the heme methyl resonances
toward the high-magnetic-field diamagnetic region as a func-
tion of reduction, we were able to classify the 11 heme methyl
signals to four groups. Their chemical shifts at a pD of 9.0 are
summarized in Table 1. The macroscopic oxidation states S0,
S1, S2, S3, and S4 stand for the fully oxidized, one-electron
reduced, two-electron reduced, three-electron reduced, and
fully reduced states, respectively. The macroscopic redox po-
tentials at pH 9.0 were determined to be 2138, 2192, 2219,
and 2225 mV by differential pulse polarography (32). The
hemes represented by groups 1, 2, and 4 are mainly reduced at
the first, second, and fourth macroscopic reduction steps, re-
spectively, judging from the chemical shift changes. The heme
represented by group 3, however, does not have a major re-
duction step, in contrast to D. vulgaris Miyazaki F cytochrome
c3 for which each heme has a major macroscopic reduction
step. Therefore, it can be said that heme group 3 has unusual
characteristics in comparison with others.

The redox potentials of the Shewanella fumarate reductase
hemes, obtained by another method, average 2170 mV and
vary by as much as 136 mV (40). The higher redox potentials
of the ST and FL cyt’s are consistent with lower solvent expo-
sure than in the cytochromes c3. The lower potential of the ST
cyt relative to the FL cyt indicates that heme 4 is likely to be
slightly more exposed to solvent, as suggested by the crystal
structure of fumarate reductase. The broad signals in the high-
magnetic-field region (expanded inserts) can be assigned to
C-2 protons of the coordinated imidazole groups (1). While all
eight signals due to the histidines are well separated and cover
the region between 24 and 222 ppm for D. vulgaris Miyazaki
F c3, only four overlapping signals (from the histidines) be-

FIG. 5. 1H NMR spectrum for S. oneidensis MR1 ST cyt (A) and D. vulgaris Miyazaki cytochrome c3 (B) at a pD of 9.0 and 303 K. The heme
methyl resonances shown in Table 1 are labeled alphabetically from the low magnetic field. Upfield resonances are presented in an expanded scale
to show signals due to heme-coordinated histidine C-2 protons. (A) Resonances 1 to 4 are at 212.23, 214.81, 216.70, and 219.81 ppm. (B)
Resonances 1 to 8 are at 25.16, 27.28, 29.98, 211.7, 214.1, 215.1, 219.3, and 221.2 ppm.
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tween 210 and 218 ppm can be seen in the high-magnetic-
field region for the Shewanella ST cyt. These signals can be
interpreted as being caused by at least five protons. Further
work is necessary to completely assign these resonances and to
locate the three remaining resonances.

Functional role of Shewanella cytochromes. The Shewanella
genome sequence shows that there are at least six genes for
soluble fumarate reductase-like proteins. There are two pro-
teins containing a single subunit and four proteins with sepa-
rate heme and flavin subunits as in Wolinella. It appears un-
likely that they all function as fumarate reductases. The IfcA
protein has fumarate reductase activity but is induced by iron
citrate (7). It will therefore be interesting to see how the other
homologs are regulated.

In summary, Shewanella spp. have the capacity to produce a
large number of cytochromes c. To elucidate the functional roles
of these proteins, it is first necessary to compare which genes
are expressed under different growth conditions and which are
regulated. We have cloned the genes for two of the most
abundant soluble cytochromes, a small tetraheme cytochrome
c, which is induced by anaerobiosis, and a related tetraheme
flavocytochrome c, which is induced by anaerobiosis and fur-
ther induced by growth on fumarate. The genetic contexts of
these genes are different for the two species of Shewanella that
have been studied, indicating that they are independently tran-
scribed. Nevertheless, they appear to be orthologous, i.e., they
have similar structures and appear to be regulated by the same
growth conditions.
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