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Abstract

The formation of outer membrane (OM) cytochromes seems to be a key step in the
evolution of dissimilatory iron-reducing bacteria. They are believed to be the
endpoints of an extended respiratory chain to the surface of the cell that establishes
the connection to insoluble electron acceptors such as iron or manganese oxides. The
gammaproteobacterium Shewanella oneidensis MR-1 contains the genetic informa-
tion for five putative OM cytochromes. In this study, the role and specificity of these
proteins were investigated. All experiments were conducted using a markerless
deletion mutant in all five OM cytochromes that was complemented via the
expression of single, plasmid-encoded genes. MtrC and MtrF were shown to be
potent reductases of chelated ferric iron, birnessite, and a carbon anode in a microbial
fuel cell. OmcA-producing cells were unable to catalyze iron and electrode reduction,
although the protein was correctly produced and oriented. However, OmcA produc-
tion resulted in a higher birnessite reduction rate compared with the mutant. The
presence of the decaheme cytochrome SO_2931 as well as the diheme cytochrome
SO_1659 did not rescue the phenotype of the deletion mutant.

MtrF.

Introduction

Dissimilatory metal-reducing bacteria have been investigated
intensively since the late 1980s. One important model organ-
ism for the biochemical elucidation of metal-reducing pro-
cesses is Shewanella oneidensis. Electron transfer to insoluble
metal oxides at the cell surface was shown to be mostly
dependent on a c-type cytochrome-based conductive interpro-
tein connection between the quinone pool within the cytoplas-
mic membrane and the insoluble terminal electron acceptor
located at the outer membrane (OM) (Shi et al., 2007).

The final reduction is catalyzed by c-type cytochromes
that are attached to the OM by a lipid anchor. In addition to
this catalysis of a direct electron transfer to metal oxides (Shi
et al., 2007; Wang et al., 2008), other possible functions have
also been ascribed to OM cytochromes, including adhesion
to mineral particles (Xiong et al., 2006; Lower et al., 2007;
Coursolle et al., 2009) and interaction with shuttling com-
pounds (Lies et al., 2005; Marsili et al., 2008). Many studies
on the role of OM cytochromes have been published to date.
Surprisingly, it is still a matter of ongoing research to assign
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specific functions to independent proteins. This situation
might in part be attributed to the conceivable functional
redundancy of these proteins and c-type cytochromes in
general (Dobbin et al., 1999; Myers & Myers, 2003b).

The aim of this study was the characterization and
comparison of reductase activities of individual OM cyto-
chromes. For this purpose, an S. oneidensis deletion mutant
deficient in all five OM cytochromes (Meyer et al., 2004) was
generated to avoid data acquisition that is at least partly
affected by a potential low level or upregulated production
of proteins with overlapping activities. Subsequently, indi-
vidually tagged proteins were produced in this background
and the activity of complemented strains to reduce soluble
and insoluble electron acceptors was tested.

Materials and methods

Growth conditions and media

All the microorganisms used in this study are listed in Table 1.
Escherichia coli strains were grown in Luria—Bertani (LB)
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Table 1. Yeast and bacterial strains used in this study
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Strain no.

Strain

Relevant genotype

Source or reference

JG98

E. coliWM3064

thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360
A(araBAD)567 AdapA1341::[erm pir(wt)]
aci?, PN25-tetR, Sp®, deoR, supE44, A(lacZYA-argFV/169),

F-A(argF-lac)169 ®80dlacZ58(AM15) ginV44(AS) rfbD1

gyrA96(NalR) recAT endA1 spoT1 thi-1 hsdR17 deoR/pir+
MATa/MATw leu2/leu2 trp1-289/trp1-289 ura3-52/ura3-52

A(mtrD-mtrC) 3100633 :: (araC, Pgap)
A(mtrD-mtrC) ASO_2931 ASO_1659, 3100633:: (araC,
JG132/pBAD202-omcAsirep

JG132/pBAD202-50_1659%¢rep
JG132/pBAD202-50_293 7 s1rep

1G22 E. coli DH50. Z1
@80 lacZ AM15
JG152 E. coli DH5a. A(pir)
1G26 S. cerevisiae InvSc1
his3-41/his3-41
1G7 S. oneidensis MR-1 Wild type
JG53 S. oneidensis MR-1 A(mtrD-mtrC)
JG132 S. oneidensis MR-12°M< (Om cytochrome
deletion mutant) Psan)
JG137 S. oneidensis MR-14°M< pBADOomCcAstrep
JG138 S. oneidensis MR-14°M pBADMrCyyrep JG132/pBAD202-mtrCyrep
JG139 S. oneidensis MR-14°M< pBADM1trFye, JG132/pBAD202-MrFstrep
JG140 S. oneidensis MR-14°M pBADSO_1659%e,
JG141 S. oneidensis MR-14°M pBADSO_293 7,
JG162 S. oneidensis MR-129MC pBADomcA JG132/pBAD202-omcA
JG50 S. oneidensis MR-14mta PBADMIrAstrep AmtrA/PBAD202mtrAstrep

Saltikov & Newman (2003)
Lutz & Bujard (1997)
Stalker et al. (1982)
Invitrogen

Venkateswaran et al. (1999)
This work
This work

This work
This work
This work
This work
This work
This work
Schuetz et al. (2009)

medium at 37 °C. Saccharomyces cerevisiae InvScl was
grown on YPD medium and was selected for transformants
on uracil-free medium (Clontech, Mountain View). Shewa-
nella oneidensis strains were grown aerobically at 30 °C in an
LB medium or anaerobically in a mineral medium, as
described elsewhere (Schuetz et al., 2009). If not mentioned,
disodium-fumarate (100 mM) was used as an electron
acceptor. If necessary, kanamycin (25 or 50 ugmL™") was
added to the medium.

For growth experiments with birnessite as an electron
acceptor, 2.5mM birnessite was added to the mineral
medium that was supplemented with 0.1 mM arabinose.
Birnessite was prepared as described earlier (Burdige &
Nealson, 1985). Manganese reduction was determined in
two independent cultures using leucoberbelin blue (Boo-
gerd & de Vrind, 1987).

Construction of a markerless S. oneidensis
AOMC strain

Saccharomyces cerevisiae-based cloning according to Shanks
et al. (2006) was used to combine three fragments into
suicide plasmid pMQ150 (accession no. EU546823): two
500-bp regions flanking the upstream and downstream
regions of mtrD and mtrC, respectively, and one fragment
containing Ppap and the araC gene. The fragments were
amplified (primers 1-2, 3—4, 5-6; see Table 2) and contained
overlapping regions to the vector and to the adjacent
fragment. The three fragments and the BamHI and the Sall
linearized vector were transformed into S. cerevisiae. The
resulting suicide plasmid was used for mutagenesis of S.
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oneidensis MR-1, resulting in strain JG53 (Table 1). Subse-
quently, genes SO_2931 and SO_1659 were deleted using the
same technique (fragments were amplified with primers
7-14; Table 2).

Cloning and production of OM cytochromes

Gene SO_29314,, was cloned into pBAD202 via TOPO
cloning (Invitrogen, Karlsruhe, Germany). The gene was
amplified using primers 15 and 16 and was thereby modified
to contain an Ncol restriction site and the sequence for a C-
terminal strep-tag. His-patch thioredoxin was excised from
the vector by cleavage with Ncol and subsequent religation.
This vector was used for cloning of the other OM cyto-
chrome genes after Ncol/Pmel restriction digest. The genes
were PCR amplified using 5 primers (primers 17, 19, 21, 23)
containing a BspHI site and 3’ primers with a Pmel site and
a sequence for a C-terminal strep-tag (primers 18, 20, 22, 24;
Table 2). For strain JG162, omcA was amplified with primers
21 and 26 containing no strep-tag sequence.

Membrane preparation, SDS-PAGE, heme
staining, and Western blotting

Membrane fractions were prepared as described elsewhere
(Schuetz et al., 2009). Protein concentrations were deter-
mined using the method of Bradford (Bradford, 1976) with
bovine serum albumin as a standard. For the quantification
of protein concentrations in cell suspensions, 0.2mM
NaOH was added to the suspensions before a 10-min
incubation at 95 °C.
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Table 2. Primers used in this study (5’-3’)

No. Sequence

1 AAGCTTGCATGCCTGCAGGTCGACTCTAGAGTTAGAACCATGAA
CCTGAC

2 TGGGACAAATTGGGAAGCCTATT

3 TCTTCATAATAGGCTTCCCAATTTGTCCCAGAATTCGCTAGCCC
AAAAAAACG

4  GTCAAATGGACGAAGCAGGG

5  TITGCAGAATCCCTGCTTCGTCCATTTGACAATTTGAGTTATGCTG
TTGAA

6  CATGATTACGAATTCGAGCTCGGTACCCGGGGCCGTTAAATATAA
GTGGCG

7  AAGCTTGCATGCCTGCAGGTCGACTCTAGAGTTAGAACCATG
AACCTGAC

8  ATGATTACGAATTCGAGCTCGGTACCCGGGTCGGCGCTACAATC
AAACCC

9  CAAAGGTACTAGTACCATCGCGTCCCTTTTCTTTC

10 AAAAGGGACGCGATGGTACTAGTACCTTTGGGTTG

11 CGGCCAGTGCCAAGCTTGCATGCCTGCAGGGCGGGTTGACATT
CCAAGG

12 ATGATTACGAATTCGAGCTCGGTACCCGGGGGATGAAACGACA
GTCGCG

13 GTTGAGGTTATGTACATGAGTTATCCGCTCGTGAG

14  GAGCGGATAACTCATGTACATAACCTCAACTCGGC

15 CGGCCAGTGCCAAGCTTGCATGCCTGCAGGGAGCGATCGCAG
TTTTCGAC

16 CACCATGGGCAAAAACCGCCAAACTCTTTCG

17  TTATTTTTCGAACTGCGGGTGGCTCCAAACACAAGTTCCT
AAGCTGG

18 GATAGAATCATGAATAAGTTTGC

19  AGCTTTGTTTAAACTTATTTTTCGAACTGCGGGTGGCTCC
AGTTTATTGGATGGACTTTGA

20  GAAATATCATGAATAAGTTTGCAAGC

21 AGCTTTGTTTAAACTTATTTTTCGAACTGCGGGTGGCTCC
ACATTTTCACTTTAGTGTGATCTG

22 GAAATATCATGATGAAACGGTTC

Proteins were separated on polyacrylamide gels according
to Laemmli (1970). Heme proteins were visualized by
peroxidase staining (Thomas et al., 1976). Proteins contain-
ing a C-terminal strep-tag were detected on a Western blot
using a primary strep-tag antibody (Qiagen, Hilden, Ger-
many) and a secondary horseradish peroxidase-labeled anti-
body. The blot was developed using the Ace-glow detection
kit from Peglab according to the manufacturer’s instructions
(Peqlab, Erlangen, Germany). Signals were visualized in a
chemidoc XRS+detection system and were quantified using
the IMAGE 1aB software (Biorad, Munich, Germany).

Cell surface exposure of OM cytochromes

Surface exposure of OM cytochromes was detected using a
proteinase K digest as described by Myers & Myers (2003a),
with slight modifications. The duration of incubation was
increased to 60 min. The incubation temperature was set to
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37 °C. As positive controls for cell surface exposure, strains
JG137 and JG138, producing OmcAp and MtrCgyrep,, Were
chosen; as a control for OM integrity under the incubation
conditions, the periplasmic c-type cytochrome MtrA con-
taining an N-terminal strep-tag (MtrAg.p,) was produced in
an S. oneidensis AmtrA background (JG50) (Schuetz et al.,
2009).

Cell suspension assays

Cells were grown anaerobically overnight in minimal media
with fumarate as an electron acceptor. At an ODsyg,, of
~0.2, 0.1 mM arabinose was added to induce OM cyto-
chrome and MtrA/MtrB production. After 4h of produc-
tion, cells were harvested and washed twice with mineral
media without fumarate and lactate and then resuspended
in HEPES buffer (100mM, pH 7.5) containing 50 pM
MgCl, to obtain a final ODs;g,,, between 3 and 5. All
further measurements were performed in independent du-
plicates in an anaerobic glove box. Specific reduction rates
were obtained by normalization to the protein content of
the cell suspension. Fifty microliters of the cell suspension
was pipetted in a well of a microtiter plate. The assay was
started through the addition of 150 pL of a solution contain-
ing 10 mM lactate and 10 mM ferric citrate. At different time
points (0-30 min), the reaction was stopped by the addition
of 100 uL 3 M HCIL. The Fe*" concentration of the samples
was determined using the ferrozine reagent (Viollier et al.,
2000).

Microbial fuel cell (MFC) experiments

The MFC setup used in this study features an anode and
cathode chamber with a working volume of 8 mL each,
separated by a Nafion-117 membrane (Quintech,
Goppingen; Kloke et al., 2010). A saturated calomel refer-
ence electrode (SCE) was separated from the anode com-
partment by another Nafion membrane. Electrodes were
made of graphite felt cubes (Alpha Aesar, Karlsruhe) con-
nected to platinum wires (0.1 mm; Chempur, Karlsruhe).
The anode compartment was filled with 5.5mL mineral
media containing 50 mM lactate and 0.1 mM arabinose. Five
hundred microliters of a cell suspension with an ODsyg ,, of 4
was added to start the experiment. All MFC experiments were
performed in duplicate and conducted at a constant tempera-
ture of 30 °C. The whole setup was connected to a potentiostat
(Pine Instruments, Grove City). The standard measurement
protocol consisted of two phases: after a conditioning period
with a constant current flux over 5h (0.3 pLAcrn_3), MEFC
cultures were subjected to a continuous increase in current
density at a rate of 1.1pAcm >h™" over 45h (current sweep
phase). The anode compartment was continuously flushed
with nitrogen gas to maintain anoxic conditions. Additional
terminal electron acceptors were not added.
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Results

Preparation of the OM cytochrome-deficient
mutant

A markerless multideletion mutant in all annotated OM
cytochromes of S. oneidensis was constructed to generate a
strain platform that allows for analysis of OM cytochrome
activity without the potential detection of redundant activ-
ities from similar proteins. We will refer to this mutant as
AOMC. Genes coding for MtrF, MtrC, and OmcA were
deleted in one step. This deletion led to further excision of
mtrD and mtrE from the chromosome. The genes for the
decaheme c-type cytochrome SO_1659 and the diheme
cytochrome SO_2931 were deleted subsequently. The
presence of MtrA and MtrB was shown to be a requirement
for metal reduction by S. oneidensis (Bretschger et al., 2007).
Hence, possible effects of the removal of genes ranging from
mirF to mtrC on the expression of mtrA and mtrB were
circumvented by the concomitant introduction of an arabi-
nose-inducible promoter and the araC repressor.

Cloning and production of OM cytochromes in
the AOMC mutant

Genes coding for OM cytochromes from S. oneidensis were
cloned separately into plasmid pBAD202 to assign specific
functions to these proteins in further experiments. The
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sequence information for a C-terminal strep-tag was added
to allow for the specific detection of the proteins produced.
The relative amounts of the produced OM cytochromes
were quantified via immunodetection of the added strep-tag
epitope (Fig. la). OmcA production resulted in the stron-
gest strep-tag derived signal compared with all other OM
cytochromes produced (Fig. 1c). Signals resulting from
MtrCgirep and MtrFy,, production were detected in similar
quantities, which indicates similar production levels. In
contrast, the production of SO_165%ep, and SO_2931ep
seems to be strongly reduced compared with the other three
OM cytochromes.

Surface exposure of OM cytochromes

Proteinase K assays according to Myers & Myers (2003a)
were performed to investigate whether the proteins are
oriented toward the periplasm or the surrounding media
(Fig. 2). Detection was based on the added strep-tag epitope.
A control reaction using production of a strep-tagged MtrA
protein that is localized to the periplasm was performed, to
ensure that the assay conditions did not interfere with cell
integrity. Localization of OmcA and MtrC to the cell surface
was already shown by other research groups (Myers &
Myers, 2003a; Shi et al., 2008). Hence, MtrCgyy., and
OmcAgyep were used as proteinase K-degradable control
proteins. As Fig. 2 shows, OmcAgyeps MtrCopreps MtrFygrep,

(b)
kDa 1 2

130

95
72

55
43
34

(c)

OmecAye, MG,

MUrF e S0_1659,,,,|50_2931,,.,

OmcA,,., |1.000 0.969

0.787 0.468 0.109

Fig. 1. Relative quantification of the OM cytochromes produced. SDS-PAGE gels were loaded with membrane fractions prepared from Shewanella
oneidensis AOMC strains grown anaerobically on fumarate and induced with 0.1 mM arabinose to produce single OM cytochromes. (a) Western blot of
cells producing OmcAsyep (lanes 1 and 2), MtrCyyep (lanes 3 and 4), MtrFep, (lanes 5 and 6), SO_1659ep, (lanes 7 and 8), and SO_293 1, (lanes 9 and
10). Three micrograms of the membrane fraction was loaded in lanes 1, 3, 5, and 7. Two micrograms was loaded in lanes 2, 4, 6, and 8. Lanes 9 and 10
contain 8 and 6 ug membrane fractions, respectively. (b) For a series of control experiments, the native form of OmcA was produced. The protein was
detected using heme activity staining. Twenty-five micrograms of the membrane fractions from cells producing either OmcA (lane 1) or OmcAgyep, (lane
2) were loaded. (c) Relative quantification of the detected hrp-derived signals. Mean values from two independent quantifications are shown. The single
values varied within a range of not > 5%. The OmcA signal intensity was set to 100%.
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and the decaheme cytochrome SO_1659., are clearly
hydrolyzed by the proteinase. Diheme SO_2931y,e, does
not seem to be surface exposed or is not available for
proteinase activity.

Proteinase K
+ —

OmeA,,,.
MtrF ..,
S B so 2031,
SO_1659,,
- P MrA,
§ W MUrC,,,

Fig. 2. Cell surface exposure of OM cytochromes tested by proteinase
K assays. OM cytochromes were detected with immunostaining
based on the strep-tag epitope. Assays conducted with addition of
proteinase K are indicated by a +. The periplasmic decaheme cyto-
chrome MtrA was chosen as a control for cell integrity under the assay
conditions.

C. Bucking et al.

Reduction of ferric citrate

Cell suspension assays showed that only the production of
MtrCyyep and MitrFy,., could partly rescue the mutant
phenotype for ferric citrate reduction (Fig. 3a and b).
MtrFp production resulted in a 1.2-fold accelerated ferric
citrate reduction rate compared with the MtrCg,-produ-
cing strain.

Surprisingly, the presence of OmcAgy., did not lead to
increased ferric iron reduction rates compared with the
AOMC mutant. To exclude the possible effects of the strep-
tag epitope on protein activity, control experiments with the
native form of omcA in the same vector backbone were
performed. Production of the native form of OmcA was
shown via heme activity staining (Fig. 1b). Still, even the
presence of the native form of OmcA did not lead to an
altered phenotype compared with the AOMC mutant.

Birnessite reduction

Birnessite was used to study the effect of OM cytochrome
production on the reduction of manganese oxides. Interest-
ingly, the complementation pattern did not resemble the
results from the reduction experiments with ferric citrate
(Fig. 3c). Although MtrFy,, and MtrCgye, production
markedly increased the ability of the AOMC mutant to
reduce Mn** (53 +1.8% Mn*" reduction after 50h com-
pared with the wild type), an effect of OmcA and OmcAyep
production (30% Mn** reduction after 50h compared with
the wild type) was also detectable (Fig. 3c). The production of
the diheme cytochrome SO_2931, and the decaheme
cytochrome SO_1659, did not lead to birnessite reduction
rates that differed from the AOMC mutant. Still, these three
strains exhibited a low-level reduction capability (Fig. 3¢).

() (b) 25 (c)
s * - 100
— g4 o oxwr o AN E g I
< o 5 O MtrCgyrep s 80 | =
"ETE £ 151 * * MiFgep . 4
..“_3 é 5 X OmcAgyep _:‘g \\§¥
&, 3 T 10 s O OmcA £ 40
- E £ £ 3 & O AOMC 5 B
a5 N Py A SO_29314ep ° 20
£ §§i é § i ' SO_1659ep B —
0 e e e e
0 5 10 15 20 25 30 0 25 50 75 100 125 150 175

Time (min)

Time (h)

Fig. 3. Reduction rates of Shewanella oneidensis wild type, AOMC mutant, and complemented mutant strains with ferric citrate (a, b) and birnessite (c)
as electron acceptors. (a) Ferric citrate reduction rates were measured in cell suspension experiments using cells that were grown anaerobically with
fumarate as an electron acceptor. OM cytochrome and MtrA/B production was induced with 0.1 mM arabinose. (b) Time course of the ferric citrate
reduction experiments. The reduction rates remained almost constant over a total time period of 30 min. (c) Manganese reduction was quantified in the
growth experiments. Birnessite (2.5 mM) was added to mineral medium with lactate as an electron donor and 0.1 mM arabinose to induce OM
cytochromes and MtrA/B. Five hundred microliters of washed cells (ODs7gnm=4) from an anaerobically grown culture were used as an inoculum.
Percentage Mn“" is relative to the starting concentration. Initial values for [Mn**] varied slightly (£ 0.266 mM) and were therefore set to 100%.
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Fig. 4. Anode potentials measured against an SCE at varying current densities. (a) Representative U-/ curves from selected mutant strains. The
horizontal line represents the potential of 512 mV vs. SCE where the system starts to consume electricity. Curves for cells producing SO_1659 or
SO_2931 were not distinguishable from the AOMC data and were therefore excluded. (b) Mean LCD from two independent experiments. The LCD was
defined as the current density where the recorded anode potential exceeds 512 mV vs. SCE.

Anode reduction

MEFCs represent another form of a solid terminal electron
acceptor (Logan, 2009). Each bacterial strain displayed a
characteristic U-I curve (Fig. 4a). Common to all MFC
cultures was a steep increase in potential at the beginning of
the current sweep, followed by a region where potentials
increased more linearly in response to higher currents. In
this region, bacterial cells behaved analogous to Ohmic
resistances. At higher current fluxes, another rapid increase
in potential was observed, and above these currents, all U-I
curves merged into one common line that presumably
results from hydrolysis of the base electrolyte. The current
density at which bacteria failed to provide sufficient quan-
tities of electrons to sustain a given current flux represents a
characteristic feature of each mutant strain. To simplify
comparison between performances of different bacterial
strains in current sweep experiments, the limiting current
density (LCD) was defined as current flux beyond which the
measured anode potential first exceeded 512mV vs. SCE
(Fig. 4b), which roughly corresponds to the potential range
where the U-I curves of all strains exhibit the second striking
rise in potential. The AOMC mutant showed a 75% reduced
LCD value compared with the wild type and could be
rescued to a small degree by the production of MtrFy,.,
(Fig. 4a). The presence of MtrCyp,, by contrast, exerted a
more significant effect. The LCD values of the other strains
were similar to the AOMC mutant and are therefore not
shown.

Discussion

Elucidation of metal-reducing processes and the underlying
cellular network in S. oneidensis is a puzzling subject due to
the functional overlap of key components (Myers & Myers,

FEMS Microbiol Lett 306 (2010) 144-151

2003b; Bretschger et al., 2007). The focus of this study was to
analyze the activity of single OM cytochromes in an in vivo
context and to examine the phenotype of a mutant deficient
in all of these proteins. It was not the purpose of this
study to attain wild-type reduction rates with complemen-
ted strains, which would most probably necessitate
the production of two or more OM cytochromes, but rather
to establish a reliable test platform for OM cytochrome
activities.

To analyze the activity and specificity of the different OM
cytochromes, we compared electron transfer to metals and
an anode surface. The reduction of an anode is as surface
limited as the reduction of an insoluble metal. However,
anode reduction experiments can provide an additional set
of information due to the possibility to change the rate of
electron abstraction from the anode surface and thus the
potential.

MtrC and MtrF

The reduction experiments conducted showed that
MtrCyyrep and MtrFg, could partly rescue the AOMC
phenotype, while the production of other OM cytochromes
resulted only in minor effects, if at all. A central role of MtrC
in metal reduction is in agreement with earlier results
(Beliaev et al., 2001; Myers & Myers, 2001) and might reflect
the recently discovered capability of a complex of MtrC,
with the B-barrel protein MtrB and the decaheme cyto-
chrome MtrA, to transport electrons over a liposome
membrane and hence most probably also over the OM of S.
oneidensis cells (Hartshorne et al., 2009).

mtrF is part of a gene cluster that includes with mtrD and
mtrE genes that are highly similar to mtrA and mtrB
(McLean et al., 2008). We could show that MtrFg,., is a
functional reductase that has, under several conditions, an
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even accelerated activity compared with MtrCgyep. McLean
et al. (2008) speculate that the mtrDEF gene cluster could
encode a reductase that is active under oxic or suboxic
conditions and might have a function in reduction-based
detoxification of radionuclides. The experiments presented
here underline at least that MtrF is a reductase that could
have this hypothetical function.

The relative reduction activities of MtrFg,., compared
with MtrCyy, follow the same pattern for all electron
acceptors, except for an electrode in an MFC. Here, the
LCD of MtrFp-producing cells is only 46% compared
with the LCD achieved with MtrCg,ep-producing cells.
Therefore, we hypothesize that MtrF.., might be not as
well connected to the periplasmic electron pool, which
could be due to a reduced capability of forming a complex
with MtrA and MtrB. This interprotein electron transfer
might not be rate limiting under mineral-reducing condi-
tions, but could become important when a certain current is
applied to the MFC.

OmcA

OmcA production did not lead to accelerated reduction
rates compared with the AOMC mutant in ferric iron
reduction assays. This effect does not seem to be due to the
reported partial mislocalization of OmcA in a AmtrC
mutant (Myers & Myers, 2001) since proteinase K assays
clearly demonstrated the surface exposure of OmcA in the
AOMC mutant. OmcA is part of the core proteins that can
be found in ferric iron-reducing S. oneidensis cells (Shi et al.,
2007). We hypothesize that OmcA is an in vivo ferric iron
reductase that is dependent on electron transport by another
OM cytochrome. This cytochrome would most probably be
MtrC. However, we cannot explain how OmcA might be
linked to the periplasmic electron pool under manganese-
reducing conditions. Still, our data, which indicate a func-
tion of OmcA under manganese-reducing conditions, are in
line with the results obtained previously by Myers & Myers
(2001, 2003b).

$0-2931 and SO_1659

The production of SO_2931yye, and SO_1659, was
shown to be less efficient when compared with OmcA
production. Nevertheless, the production of SO_2931 or
SO_1659 was detectable, but never resulted in a significantly
different phenotype compared with the AOMC mutant. For
the diheme cytochrome SO_2931, this could be due to a
periplasm-oriented localization in the OM. So far, we can
only speculate that these proteins might be involved in other
electron transfer pathways or do not have a function in the
physiology of S. oneidensis in general.
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AOMC mutant

Interestingly, a low-level reduction of birnessite and an
anode surface were observed for the AOMC mutant. This
could be due to the production of endogenous shuttling
components. Still, our data indicate that if electron shuttles
are the reason for this reduction, they are at least in part not
dependent on the interaction with OM cytochromes and
therefore seem to be OM permeable.
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