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Microorganisms in the family Geobacteraceae are the predominant Fe(III)-reducing microorganisms in a
variety of subsurface environments in which Fe(III) reduction is an important process, but little is known about
the mechanisms for electron transport to Fe(IIl) in these organisms. The Geobacter sulfurreducens genome was
found to contain a 10-kb chromosomal duplication consisting of two tandem three-gene clusters. The last genes
of the two clusters, designated omcB and omcC, encode putative outer membrane polyheme c-type cytochromes
which are 79% identical. The role of the omcB and omcC genes in Fe(IIl) reduction in G. sulfurreducens was
investigated. OmcB and OmcC were both expressed during growth with acetate as the electron donor and either
fumarate or Fe(III) as the electron acceptor. OmcB was ca. twofold more abundant under both conditions.
Disrupting omcB or omcC by gene replacement had no impact on growth with fumarate. However, the
OmcB-deficient mutant was greatly impaired in its ability to reduce Fe(III) both in cell suspensions and under
growth conditions. In contrast, the ability of the OmcC-deficient mutant to reduce Fe(III) was similar to that
of the wild type. When omcB was reintroduced into the OmcB-deficient mutant, the capacity for Fe(III)
reduction was restored in proportion to the level of OmcB production. These results indicate that OmcB, but
not OmcC, has a major role in electron transport to Fe(III) and suggest that electron transport to the outer

membrane is an important feature in Fe(III) reduction in this organism.

Microbial oxidation of organic matter coupled to the reduc-
tion of Fe(III) plays an important role in the degradation of
natural and contaminant organic matter in aquatic sediments
and the subsurface, and this process influences the mobility of
a variety of trace metals in these environments (for reviews, see
references 23 and 24). Insoluble Fe(III) oxides, which are the
primary form of Fe(III) in most soils and sediments, are unlike
commonly considered electron acceptors such as oxygen, ni-
trate, fumarate, sulfate, and carbon dioxide, which are soluble
and can readily enter a cell to be reduced. If, as is generally
considered to be the case (23, 43), Fe(IlI)-reducing microor-
ganisms reduce extracellular Fe(III), then electron transport to
Fe(I1I) is likely to proceed via mechanisms significantly differ-
ent from those for the reduction of soluble electron acceptors.

Furthermore, phylogenetically distinct Fe(III) reducers
might reduce Fe(III) oxides via significantly different mecha-
nisms. For example, Geothrix fermentans and Shewanella spe-
cies produce soluble electron shuttles and/or Fe(I1I)-chelating
compounds which alleviate the need for contact between cells
and insoluble Fe(III) for Fe(IIT) reduction (38-40, 54). Others,
such as Geobacter metallireducens, do not produce electron
shuttles or Fe(III) chelators (37) but utilize appendages such
as flagella and pili to search for or to make direct contact with
insoluble Fe(III) (6).

The mechanisms for Fe(III) reduction in Geobacter species
are of particular interest, because molecular analysis of micro-
bial community structure has demonstrated that microorgan-
isms in the Geobacteraceae family are the predominant Fe(III)-
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reducing microorganisms in a wide variety of sedimentary
environments in which Fe(III) reduction is the terminal elec-
tron-accepting process (18, 22, 44, 45, 51, 52). Early studies
with G. metallireducens demonstrated that the Fe(III) reduc-
tase activity in G. metallireducens was localized in the mem-
brane (15), and this was subsequently confirmed in studies with
G. sulfurreducens (14, 29). A membrane-bound NADH-depen-
dent Fe(III) reductase complex, consisting of at least six dif-
ferent proteins, including an 89-kDa c-type cytochrome desig-
nated FerA, was partially purified from G. sulfurreducens and
characterized (29, 30). These results suggested that FerA is
involved in the final step of Fe(III) reduction. However, the
fact that many proteins with redox activity can nonspecifically
transfer electrons to Fe(III) (19) suggested that further eval-
uation of the in vivo role of these proteins was required. Such
studies are now possible due to the development of a genetic
system for G. sulfurreducens (9).

A search of the G. sulfurreducens genome revealed two
genes similar to ferA, designated omcB and omcC. Both genes
encode polyheme c-type cytochromes, which are predicted to
be localized in the outer membrane. The omcB and omcC
genes, which are 79% identical, are within a 10-kb chromo-
somal duplication. Here we report on the roles of OmcB and
OmcC in Fe(III) reduction in G. sulfurreducens.

MATERIALS AND METHODS

Bacterial strains and culturing conditions. Escherichia coli strain DHSa
[supE44 AlacU169 ($80 lacZAM15) hsdR17 recAI endAI gyrA96 thi-1 relA1] (17,
55) was used for DNA manipulations. Targeted gene disruption experiments
were performed on Geobacter sulfurreducens strain DL1 (4) to produce strains
DLS5 (omcC::kan) and DL6 (omcB::cam). G. sulfurreducens strains were routinely
cultured anaerobically in either acetate-fumarate or acetate-Fe(III) citrate me-
dium as previously described (9).

DNA manipulations and reverse transcriptase (RT) PCR conditions.
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FIG. 1. Organization of the gene duplication in G. sulfurreducens and mutation schemes. (A) Two gene clusters, orfl/orf2JomcB and orfl1/orf2/
omcC, were identified within a 10-kb duplication region in G. sulfurreducens (DL1). The central part of either omcC or omcB was replaced with
a kanamycin or a chloramphenicol cassette in the mutant DL5 (omcC::kan) or DL6 (omcB::cam), respectively. Gene replacement is indicated by
a horizontal bar. The transcription direction of the Kan" and Cam" cassettes is the same of that of the omcC and omcB genes and is indicated by
a horizontal arrow. A partial restriction enzyme map is shown with vertical arrows indicating BamHI sites (capital B) and Ncol sites (capital N;
dotted line). (B) Southern blot of genomic DNA prepared from wild-type G. sulfurreducens (DL1). Genomic DNA digested with restriction
enzymes BamHI and Ncol was probed with the omcC gene amplified with primers 8901 and 8904 (primer sequences listed in Materials and
Methods). Expected radiolabeled bands are 2.27, 0.5, 0.46, and 0.39 kb. However, due to the high identity between omcB and omcC, an extra band
of 3.07 kb, corresponding to the omcB gene, was also detected in the blot. The blot analysis proves that both omcB and omcC genes exist in the
G. sulfurreducens genome. Restriction map was based on sequence data obtained from The Institute for Genetic Research website (http:

/www.tigr.org).

Genomic DNA was extracted using the MasterPure Complete DNA & RNA
purification kit (Epicentre Technologies, Madison, Wis.). Plasmid DNA purifi-
cation and PCR product purification were carried out using Mini Plasmid puri-
fication kits and PCR purification kits, respectively (Qiagen Inc., Valencia, Cal-
if.). DNA cloning and other manipulations were carried out according to the
methods outlined by Sambrook et al. (47). Restriction enzymes and other DNA-
modifying enzymes were purchased from New England Biolabs, Beverly, Mass.
Using the Multiprime DNA labeling system (Amersham Pharmacia Biotech,
Piscataway, N.J.), probes for Southern blot analysis were labeled with
[a-*?P]dCTP. [a-*?P]dCTP was purchased from New England Nuclear (Boston,
Mass.). Unless otherwise stated, all primers used to amplify G. sulfurreducens
sequences were designed using the preliminary sequence of the G. sulfurreducens
genome (available at www.tigr.org). Tag DNA polymerase (Qiagen Inc.) was
used for all PCR amplifications.

RT PCR was utilized to determine whether omcB and omcC were expressed
during growth in the presence of two electron acceptors, fumarate and Fe(IIT)
citrate. Due to the identical 5’ ends of the omcB and omcC genes, only one sense
primer, 8907 (5'-CCGAAAACAAGGAGGGGACGG-3'), was designed. The
most divergent regions of the omcB and omcC genes were utilized to design
antisense primers specific for either omcC (89WR-2 [5'-GTTAGGCCGGTCC
GCTCCG-3']) or omeB (8908-2 [5'-GGTCAGCAGGCCACCGG-3']). Using
RNeasy Mini kits (Qiagen Inc.) followed by treatment with RNase-free DNase
(Ambion, Inc., Austin, Texas), total RNA was purified from mid-log cultures. RT
PCR was performed using the Thermoscript RT PCR system (Life Technologies,
Rockville, Maryland) according to the manufacturer’s instructions.

Disruption of the omcB and omcC genes via single-step gene replacement.

Single-step gene replacement was performed according to the protocols de-
scribed by Lloyd et al. (21). To disrupt the omcC gene, a linear DNA fragment
of 2.3 kb, containing the kanamycin resistance (Kan') marker flanked by the
sequence upstream of omcC and the 3’ end of omcC (Fig. 1A), was generated by
recombinant PCR (21, 33). Three primary PCRs were carried out as follows: (i)
primers 8904 (5'-CCGCAACCTGCAGTCGTGCC-3") and 8903-2 (5'-GGCAT
GGTTGCCGTTGACG-3") were used to amplify the upstream sequence of the
omcC gene (594 bp from —209 to +385); (ii) primers 8902 (5'-CCTATCCTG
ATATCAAAGGG-3") and 8901 (5'-CCCATGACATCTTGCCAGAGG-3')
were used to amplify the 3’ end of the omcC gene (606 bp from +1471 to
+2077); and (iii) primers 8905 (5'-AGACCCTTTGATATCAGGATAGGATG
GCAGGTTGGGCGTCGC-3") and 8906 (5'-CGTCAACGGCAACCATGCCA
CCTGGGATGAATGTCAGC-3') were used to amplify the Kan" cassette (1,114
bp), with pBBRIMCS-2 (20) as the template. Using the three PCR products as
templates, recombinant PCR was carried out with distal primers 8901 and 8904.
PCR conditions were similar to those described by Lloyd et al. (21), except that
the annealing temperature was 55°C.

To disrupt the omcB gene, a similar strategy was used. Using plasmid
PACYC184 as the template (5, 46), three primary PCRs were carried out as
follows: (i) primers 8904 (5'-CCGCAACCTGCAGTCGTGCC-3") and 8909 (5'-
GCTGTGTTGTGGGGTGAGCTC-3") were used to amplify the sequence up-
stream of omcB (439 bp from —209 to +230); (ii) primers 8910 (5'-GGGTGC
AGCGTTCAACGCC-3") and 8911 (5'-GCAACTCATGAGCTAATGGG-3')
were used to amplify the downstream sequence of omcB (541 bp from +2013 to
+2553); and (iii) primers 89camfor (5'-CAGAAGAGCTCACCCCACAACAC
GGAAGATCACTTCGC-3") and 89camrev (5'-GGCGTTGAACGCTGCACC
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CAGGGCACCAATAACTGCC-3") were used to amplify a chloramphenicol
resistance (Cam") cassette (919 bp). Recombinant PCR was performed as de-
scribed above by combining all three primary products with distal primers 8904
and 8911. PCR conditions were identical, except that the annealing temperature
was 58°C.

Electroporation, mutant isolation, and genotype confirmation were performed
as described by Coppi et al. (9) and Lloyd et al. (21). One of each of the mutants,
designated DL5 (omcC::kan) and DL6 (omcB::cam), was chosen as the repre-
sentative strain (Fig. 1A).

Expression of the omcB gene in trans. The complete omcB coding sequence
was amplified using the primers cyt89for (5'-GGGAATTCGGTACGTACTAA
TTGAGAGC-3'; the EcoRlI site is italicized) and cyt89rev-2 (5'-GGGAGATC
TGGAAAGCATGATCTGCTTGC-3'; the BglII site is underlined) and the fol-
lowing conditions: 96°C for 40 s, followed by 25 cycles of 96°C for 40s, 58°C for
1 min, and 72°C for 2 min and a final extension at 72°C for 10 min. The omcB
coding sequence was digested with EcoRI and Bgl/II and inserted into the EcoRI
and BamHI sites of the expression vector pCDS (as described below) to generate
pCDS-omcB. The omcB gene was then sequenced to screen for PCR artifacts.

Following electroporation of strain DL6 with pCDS-omcB, a streptomycin-
resistant transformant was isolated and designated DL6/pCDS-omcB. The simul-
taneous presence of both the plasmid pCDS-omcB and the omcB::cam mutation
in this strain was confirmed by PCR screening.

The plasmid pCDS was constructed by replacing the Kan" cassette of plasmid
pCD342 (11) with a streptomycin resistance (Str") cassette. Using primers prDL7
and prDLS8 (9; Bg/IT and BstB I sites at the 5" end), the Str" cassette was amplified
from the plasmid pJRD215 (10). Following digestion of the cassette with Bg/II
and BstBI, it was inserted into corresponding sites of pCD342.

Detection of OmcB and OmcC in the membrane fraction. The membrane
fraction of G. sulfurreducens was isolated as described by Kaufmann and Lovley
(19), except that cells were disrupted by a French pressure cell at 40,000 kPa and
25 mM MOPS (morpholinepropanesulfonic acid) (pH 6.5) was used for washing
and resuspension. Membrane proteins (50 pg) were analyzed by Tris-Tricine
denaturing polyacrylamide gel electrophoresis (1). c-type cytochromes were de-
tected by staining with N,N,N',N'-tetramethylbenzidine as previously described
(13, 53). Molecular weight markers (LMW electrophoresis calibration kit) were
purchased from Amersham Pharmacia Biotech Inc. and were stained separately
with Coomassie blue R-250. The Tris-Tricine gel image was digitized using a
Scanjet 7400C series scanner (Hewlett Packard, Palo Alto, Calif.). The levels of
OmcB and OmcC proteins were determined (according to pixel density) using
Labworks version 4.0 software (UVP Inc., Upland, Calif.).

Determination of Fe(III)-reducing ability of cell suspensions. Cell suspension
experiments were carried out as previously described (27), except that cells were
washed and resuspended in an isosmotic basal wash medium containing the
following ingredients: 0.42 g of KH,PO,/liter, 0.22 g of K,HPO,/liter, 0.38 g of
KCl/liter, 4.96 g of NaCl/liter, 0.04 g of CaCl, - 2H,O/liter, 0.1 g of MgSO, -
7H,O/liter, 1.8 g of NaHCOg/liter, and 0.5 g of Na,COg/liter.

Analytical techniques. Growth of fumarate cultures was assessed by measuring
turbidity at 600 nm in a Genesys 2 spectrophotometer (Spectronic Instruments,
Rochester, N.Y.). Cell densities of Fe(III)-grown cultures were determined by
epifluorescence microscopy using acridine orange staining (28). Fe(II) concen-
trations were determined with the ferrozine assay as previously described (27).
Protein concentration was determined by the bicinchoninic acid method with
bovine serum albumin as a standard (50).

RESULTS

Analysis of the gene cluster surrounding omcB and omcC.
The ferA gene sequence could not be found in the G. sulfurre-
ducens genome, but two other similar genes were discovered.
Both genes, designated omcB and omcC (outer membrane
c-type cytochrome), respectively, encode a putative outer
membrane c-type cytochrome with multiple heme-binding
sites. They share 79% identity and are located within a 10-kb
chromosomal duplication (DL1; Fig. 1A). Southern blot anal-
ysis confirmed that the chromosomal duplication containing
the omcB and omcC genes was indeed present within the G.
sulfurreducens genome and was not a sequencing artifact (Fig.
1B).

The 1.9-kb sequences preceding omcB and omcC are iden-
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tical with the exception of a single base pair change. This
duplicated sequence contains two consecutive open reading
frames designated orf1 (1.2 kb) and orf2 (0.6 kb). The orfl gene
encodes a protein of unknown function, and the orf2 gene
encodes a putative periplasmic c-type cytochrome. The 0.7 kb
of sequence upstream of the two orfl genes is divergent. There
is an open reading frame, designated orfR, which is immedi-
ately upstream of the orfl/orf2/omcB cluster and which en-
codes a putative TetR family transcriptional regulator.

A comparison of the predicted amino acid sequences of
OmcB and OmcC indicated that they share 73% identity and
that the N (first 100 residues) and C termini (last ~375 resi-
dues) share the highest degree of sequence identity, 85 and
88% for the N and C termini, respectively (Fig. 2). OmcB and
OmcC have identical N-terminal signal peptides (Fig. 2).
These signal peptides are homologous to those of other li-
poproteins and contain a cysteine residue (Fig. 2) which is
predicted to serve as a lipid attachment site (Wisconsin Pack-
age version 10.2; Genetics Computer Group, Madison, Wis.).
The absence of an aspartate residue directly downstream of
this cysteine suggests that OmcB and OmcC are likely to be
outer membrane associated (42). Both OmcB and OmcC con-
tain 12 heme-binding domains at similar positions in the two
proteins. Both proteins are predicted to have the same isoelec-
tric point, pH 6.57, and have very similar Kyte-Doolittle hy-
drophobicity plots. Hydrophobic and hydrophilic residues were
distributed evenly throughout the rest of the proteins, which
further suggests that OmcB and OmcC are not inner mem-
brane associated. The predicted secondary structures of both
proteins showed that both contain domains of coils intercepted
with short helices and beta strands (31). The predicted molec-
ular masses of OmcB and OmcC are 85.5 and 88.9 kDa, re-
spectively.

There were no protein sequences significantly similar to
those of OmcB or OmcC in the databases available on the
National Center for Biotechnology Information web site or
among the available genome sequences of Desulfovibrio vul-
garis and S. oneidensis (www.tigr.org). OmcB and OmcC show
very weak homology to several other multiheme c-type cyto-
chromes; however, it is limited to the heme binding motifs.

Expression of OmcB and OmcC. RT PCR analysis of omcB
and omcC mRNA confirmed that both genes were expressed
when G. sulfurreducens was grown with either fumarate or
Fe(III) citrate as the electron acceptor (data not shown). How-
ever, due to the high degree of similarity in their physical
properties, it was extremely difficult to distinguish the protein
products of omcB and omcC on a polyacrylamide gel. To iden-
tify OmcB and OmcC and determine their physiological roles,
mutants lacking OmcB (DL6 [omcB::cam]) and OmcC ([DLS
omcC::kan]) were constructed. In both of these mutants, the
central portion of the gene was replaced with an antibiotic
resistance cassette (Fig. 1A).

It was possible to resolve the two c-type cytochromes by
running a Tris-Tricine gel until ca. 50-kDa proteins were off
the gel (Fig. 3). Each mutant was missing a single membrane-
bound c-type cytochrome, making it possible to identify OmcB
and OmcC.

Wild-type cells produced both OmcB and OmcC during
growth with either fumarate or Fe(III) as the electron acceptor
(Fig. 3, lanes 1 and 2). There was more (~160%) OmcB than
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FIG. 2. Amino acid sequence alignments of OmcB and OmcC. Identical and conservatively substituted residues are highlighted in black and
gray, respectively. Heme-binding domains (CXXCH) are indicated with dotted lines. The signal peptide (dashed line) and lipid attachment site

(arrow) are indicated for both proteins.

OmcC during growth on both electron acceptors. Levels of
OmcB were comparable in fumarate- and Fe(III)-grown cells.
There was ~20% less OmcC in Fe(III)-grown cells than in
fumarate-grown cells (Fig. 3).

Characterization of mutant DL5 (omcC::kan) and DL6
(omcB::cam). The OmcB and OmcC knockout mutants grew as
well as the wild type in fumarate medium (Fig. 4). When
washed cell suspensions of fumarate-grown cells were sus-
pended in bicarbonate buffer containing either acetate or hy-
drogen as the electron donor and Fe(III) citrate as the electron
acceptor, the mutant lacking omcC (DL5) reduced Fe(III) as
well as the wild type (Fig. 5). However, Fe(III) reduction by
the OmcB-deficient mutant (DL6) was greatly reduced (Fig.
5). With acetate, the rate of Fe(IlI) reduction in the OmcB-
deficient mutant (DL6) was only 3.8% of that of the wild type.
With hydrogen, Fe(III) reduction was only 6.2% of that of the
wild type.

The OmcC-deficient mutant (DLS) grew as well as the wild
type with acetate as the electron donor and either Fe(III)
citrate (Fig. 6) or poorly crystalline Fe(III) oxide (data not
shown) as the electron acceptor. In contrast, growth of the

OmcB mutant (DL6) was considerably diminished with Fe(III)
citrate (Fig. 6) and growth of the mutant (DL6) was not sus-
tainable with Fe(III) oxide (data not shown).

When omcB was reintroduced into the OmcB-deficient mu-
tant (DL6) in trans, OmcB was produced at about 40% of the
wild-type level (Fig. 3, lane 5). This was presumably due to two

5 kDa

-97
OmcCp b &

OomeE > S P
| —— —66

FIG. 3. Heme-staining and Tricine-polyacrylamide gel electro-
phoresis of membrane fractions prepared from DL1, DL5 (omcC::
kan), DL6 (omcB::cam), and the complemented strain DL6/pCDS-
omcB. Membrane fractions were prepared from cultures grown with
acetate-fumarate (lane 1, DL1; lane 3, DLS; lane 4, DL6) or acetate-
Fe(III) citrate (lane 2, DL1; lane 5, DL6/pCDS-omcB). Membrane
proteins (50 pug) were resolved on a 10% Tris-Tricine polyacrylamide
gel and stained for heme. OmcB and OmcC are indicated with arrows.
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FIG. 4. Growth study showing results for DL1 (filled square), DL5
(omcC::kan) (empty triangle), and DL6 (omcB::cam) (empty circle) in
the medium containing acetate as the electron donor and fumarate as
the electron acceptor. Cell growth was measured at Ay, over time.
Data are means =+ standard deviations (SD) of triplicates.

reasons. First, it is difficult to maintain selective pressure with
streptomycin in liquid medium. Even though sufficient antibi-
otic was added, some cells lacking the omcB expression vector,
pCDS-omcB, might have been able to grow. Another potential
reason is that the omcB gene was not under the control of its
original operator/promoter.

Washed cell suspensions of the cells in which the expression
of OmcB was restored reduced Fe(III) at a rate 30 or 38% of
that of the wild type in medium containing acetate or hydrogen
as an electron donor, respectively (Fig. 7). This is commensu-
rate with the level of OmcB in these cells. Reintroduction of
omcB also restored the capacity for growth on Fe(III); how-
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ever, the lag period prior to growth was significantly longer
than that of the wild type.

DISCUSSION

The results suggest that the polyheme c-type cytochrome,
OmcB, is an important component in electron transport to
Fe(Ill) in G. sulfurreducens but that the highly similar OmcC
probably is not. There have been several reports of proteins
purified from G. sulfurreducens that can reduce Fe(III) in vitro
(19, 20, 30, 48), but OmcB is the first putative outer membrane
protein shown to have an in vivo role in Fe(III) reduction in
this organism. As discussed in detail below, although c-type
cytochromes like OmcB have the ability to transfer electrons to
Fe(I1I), it is not yet possible to definitively state whether OmcB
is an Fe(III) reductase or an intermediate electron carrier to
the terminal Fe(III) reductase in vivo.

Relationship between OmcB, OmcC, and “FerA.” It was
previously reported (30) that a membrane-bound 89-kDa c-
type cytochrome from G. sulfurreducens which was purified as
part of a NADH-dependent Fe(III) reductase complex and
was able to reduce Fe(III) in vitro was encoded by the “ferA”
gene (GenBank accession no. AY033095). However, the se-
quence of “ferA” (30) is not present in the genome of G.
sulfurreducens and is actually a hybrid of omcB and omcC. This
error likely arose from the high similarity of omcB and omcC
and the presence of both of these genes in the clone that was
used to obtain the “ferA” sequence. It is unlikely that the
procedure for purifying the cytochrome from the Fe(III) re-
ductase separated OmcB and OmcC. The availability of mu-
tants that produce only OmcB or OmcC should make it pos-
sible to obtain pure preparations of these two cytochromes in
the future.

Physiological role of OmcB and OmcC and implications for
Fe(III) reduction. The results clearly demonstrate a role for
OmcB, but not OmcC, in Fe(III) reduction. This further sug-
gests that outer membrane proteins play important roles in

0 1 2 3 4 5

FIG. 5. Cell suspension assay showing the production of Fe(IT) by DL1 and mutants DLS5 (omcC::kan) and DL6 (omcB::cam). Each sample was
assayed in triplicate, and all assays were done in parallel. Acetate (A) or hydrogen (B) was supplied as the electron donor. Symbols: DL1 (filled
square); DL5 (empty triangle); DL6 (empty circle). Data are means * SD of triplicates.
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FIG. 6. Growth of DL1 (filled square), DL5 (empty triangle), and DL6 (empty circle) in medium containing acetate as the electron donor and
Fe(III) citrate as the electron acceptor. Mid-log (4¢y0 = ~0.3) fumarate-grown cells were inoculated (3% inoculum) into fresh Fe(III) citrate
medium. (A) Fe(II) production; (B) cell density. Data are means = SD of triplicates.

Fe(III) reduction. However, given the many similarities be-
tween OmcB and OmcC, further investigation to determine
the structure and topology of both proteins and to understand
their regulation mechanisms is warranted.

Neither OmcB nor OmcC appears to be required for fuma-
rate respiration. This is consistent with the fact that in all other
organisms in which fumarate reduction has been studied, the

A
50

fumarate reductase is either cytoplasmic or periplasmic (7, 8,
32, 41, 49). Thus, outer membrane cytochromes should not be
involved in fumarate respiration.

The finding that OmcB, a putative outer membrane cyto-
chrome, is involved in Fe(III) reduction is consistent with the
concept (6, 24, 25, 37-39) that Geobacter species reduce
Fe(III) at the outer surface of the cell. The finding that many

Acetate DL1

Fe(Il) mM/mg

Hours

FIG. 7. Cell suspensions assay showing the production of Fe(II) by DL1 and mutants DL6 and the complemented strain DL6/pCDS-omcB.
Each sample was assayed in triplicate, and all assays were done in parallel. Acetate (A) or hydrogen (B) was supplied as the electron donor.
Symbols: DL1 (filled square); DL6 (empty circle); DL6/pCDS-omcB (triangle shaded in gray). Data are means = SD of triplicates.
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c-type cytochromes (2, 3, 12, 16, 21, 29, 30, 34-36, 48), includ-
ing an 89-kDa c-type cytochrome from G. sulfurreducens (30),
can reduce Fe(IIl) suggests that OmcB is a terminal Fe(III)
reductase. Alternatively, OmcB might function as an interme-
diary electron carrier between electron carriers in the
periplasm and a terminal Fe(III) reductase in the outer mem-
brane. Elucidation of these possibilities requires further bio-
chemical investigation. For example, at this point it is not
known whether a substantial portion of OmcB is exposed on
the extracellular surface of the outer membrane.

The fact that omcB is expressed during growth with fumar-
ate as the electron acceptor as well as with Fe(III) is consistent
with the finding that fumarate-grown cells have Fe(III) reduc-
tase levels that are comparable with those grown on Fe(III)
(29). Although electron transport to fumarate might be more
energetically favorable than electron transport to Fe(IIl), it is
not surprising that G. sulfurreducens might not downregulate
genes involved in electron transport to Fe(III) in the presence
of fumarate. This is because fumarate is unlikely to be an
abundant electron acceptor in sedimentary environments,
whereas Fe(I1I) oxides are generally among the most abundant
electron acceptors in subsurface environments and Fe(III) ox-
ide reduction is expected to be the primary form of respiration
of Geobacter species in subsurface environments (23, 24).

To date, the only other c-type cytochrome shown to have a
role in Fe(III) reduction in G. sulfurreducens in vivo is a 9.6-
kDa periplasmic cytochrome designated PpcA (21). When the
ppcA gene was deleted from the chromosome, the rate of
acetate-dependent Fe(III) reduction in cell suspensions was
decreased to 60% of the wild type and growth in acetate-
Fe(III) medium was also affected. Elimination of PpcA had no
impact on Fe(III) reduction with hydrogen as the electron
donor. These results suggest that PpcA is involved as an inter-
mediary electron carrier in acetate oxidation coupled to
Fe(III) reduction and shuttles electrons from electron carriers
in the inner membrane to electron carriers in the outer mem-
brane (21). PpcA might not be required for electron transport
from hydrogen to Fe(III), due to the presence of a periplasmic
hydrogenase. This contrasts with OmcB, which, as shown here,
was also required for hydrogen oxidation coupled to Fe(III)
reduction. This probably reflects the fact that OmceB is located
in the outer membrane, accepting electrons from a variety of
periplasmic electron carriers. Further investigation of potential
interactions between PpcA or hydrogenases and OmcB is war-
ranted.

Even though no orthologs of OmcB were identified in the
National Center for Biotechnology Information database or in
the genome of phylogenetically distinct Fe(III)-reducing or-
ganisms, orthologs of OmcB have been identified in other
Geobacteraceae. Using the G. sulfurreducens OmcB coding se-
quence, a search of the draft databases of G. metallireducens
and Desulfuromonas acetoxidans genomes (Department of En-
ergy Joint Genome Institute) revealed that both genomes con-
tain OmcB homologs, with 44 and 47% similarity, respectively
(K. O'Neill and S. Ciufo, personal communications). When the
OmcC coding sequence was used to search these genomes, the
same genes were identified. These genes were more homolo-
gous to OmceB than to OmcC. Because the G. metallireducens
and D. acetoxidans genomes are currently incomplete, it is
possible that additional omcB and omcC homologs might be
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identified in the future. The identification of OmcB orthologs
in other Geobacteraceae species might imply that closely re-
lated members of Geobacteraceae have similar key genes re-
lated to the crucial function of electron transport to Fe(III).

Despite the lack of either OmceB or PpcA homologs in other
phylogenetically distinct Fe(III)-reducing microorganisms,
these organisms contain genes for other c-type cytochromes
that might function in a similar manner. These include the
outer membrane decaheme c-type cytochrome MtrC (2) and
the periplasmic tetraheme c-type cytochrome CymA of She-
wanella oneidensis MR-1 (34, 36), as well as a periplasmic
tetraheme cytochrome c; of S. frigidimarina, CctA (16). The
absence of OmcB homologs in Shewanella spp. is consistent
with the suggestion that the mechanisms for Fe(III) reduction
in these organisms are distinct from that of the Geobacteraceae
(37-40).

In summary, the finding that OmcB plays an important role
in Fe(IIT) reduction is consistent with the inference from bio-
chemical studies that membrane-associated c-type cyto-
chromes are involved in Fe(III) reduction and might even
serve as the terminal Fe(IIl) reductase. Further investigations
on the localization of OmcB and its interactions with other
proteins should help elucidate whether OmcB is the terminal
Fe(III) reductase or an intermediary electron carrier.
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