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Abstract
Bacterial metal reduction is an important biogeochemical process in anaerobic environments. An understanding of electron transfer pathways from dissimilatory metal-reducing bacteria (DMRB) to solid phase metal (hydr)oxides is important
for understanding metal redox cycling in soils and sediments, for utilizing DMRB in bioremedation, and for developing technologies such as microbial fuel cells. Here we hypothesize that the outer membrane cytochromes OmcA and MtrC from
Shewanella oneidensis MR-1 are the only terminal reductases capable of direct electron transfer to a hematite working electrode. Cyclic voltammetry (CV) was used to study electron transfer between hematite electrodes and protein ﬁlms, S. oneidensis MR-1 wild-type cell suspensions, and cytochrome deletion mutants. After controlling for hematite electrode dissolution
at negative potential, the midpoint potentials of adsorbed OmcA and MtrC were measured (201 mV and 163 mV vs. Ag/
AgCl, respectively). Cell suspensions of wild-type MR-1, deletion mutants deﬁcient in OmcA (DomcA), MtrC (DmtrC), and
both OmcA and MtrC (DmtrC–DomcA) were also studied; voltammograms for DmtrC–DomcA were indistinguishable from
the control. When the control was subtracted from the single deletion mutant voltammograms, redox peaks were consistent
with the present cytochrome (i.e., DomcA consistent with MtrC and DmtrC consistent with OmcA). The results indicate that
OmcA and MtrC are capable of direct electron exchange with hematite electrodes, consistent with a role as terminal reductases in the S. oneidensis MR-1 anaerobic respiratory pathway involving ferric minerals. There was no evidence for other terminal reductases operating under the conditions investigated. A Marcus-based approach to electron transfer kinetics indicated
that the rate constant for electron transfer ket varies from 0.025 s1 in the absence of a barrier to 63.5 s1 with a 0.2 eV barrier.
Ó 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Bacterial metal reduction is a key biogeochemical process in anaerobic environments. The most common natural
redox-active metals, Fe and Mn, are insoluble at mid-range
pH, necessitating either a microbe-to-mineral respiratory
electron transfer pathway or Fe(III) solubilization and
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reduction. Dissimilatory metal-reducing bacteria (DMRB)
have been the focus of much recent work because of their
abundance in a wide range of natural environments and
their involvement in global redox cycling (Myers and Nealson, 1988; Lovley, 1991, 1993, 1997; Lovley et al., 1991;
Venkateswaran et al., 1999). DMRB can use a wide variety
of compounds as terminal electron acceptors, including organic compounds and redox sensitive metals and radionuclides such as oxidized forms of U, Tc, Np, Pu, V, Mo, Cr,
and Se (e.g., Lloyd, 2003; Carpentier et al., 2005; Fredrickson et al., 2008). The metabolic capacity to reduce metals
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and radionuclides has fueled interest in DMRB for bioremediation (Lovley et al., 1989; Lovley, 1995; Fredrickson
and Gorby, 1996; Rooney-Varga et al., 1999; Markwiese
and Colberg, 2000; Tiedje, 2002; Viamajala et al., 2002).
Here, we use voltammetry to study both the energetics
and kinetics of electron transfer between hematite electrodes and DMRB as well as key enzymes isolated from
DMRB.
Several mechanisms have been proposed for DMRB
electron transfer to respiratory oxidants (e.g., Luu and
Ramsay, 2003; Hernandez et al., 2004; Gorby et al., 2006;
Shi et al., 2007; Marsili et al., 2008; von Canstein et al.,
2008). Diﬀerent species may use diﬀerent mechanisms,
and each may utilize several parallel mechanisms depending
on conditions. DMRB utilize an electron transport system
that extends from the periplasm to the surface of the cell’s
outer membrane (Richardson, 2000; Luu and Ramsay,
2003; Hartshorne et al., 2007; Ross et al., 2007; Shi et al.,
2007) in order to reduce solid oxidants outside the cell.
Cytochromes (and other proteins) that are expressed on
the outer cell surface have been hypothesized to be terminal
reductases (Beliaev and Saﬀarini, 1998; Myers and Myers,
2003; Ruebush et al., 2006; Shi et al., 2006, 2008).
Some DMRB reportedly require physical contact with
minerals in order to transfer electrons (e.g., Arnold et al.,
1988; Lovley and Phillips, 1988; Lovley et al., 1991; Urrutia
et al., 1999; Das and Caccavo, 2000; Nevin and Lovley,
2000). Other DMRB appear able to reduce minerals at a
distance through use of secreted or naturally-occurring soluble electron shuttles (Hernandez and Newman, 2001; Nevin and Lovley, 2002; Luu and Ramsay, 2003). Several
molecular electron shuttles have been proposed, some of
which are produced by the cell and others that occur in
the environment (e.g., Lovley et al., 1996; Newman and
Kolter, 2000; Turick et al., 2002; Marsili et al., 2008; von
Canstein et al., 2008). The discovery of electrically-conductive pili or ‘‘nanowires” produced by DMRB suggests a
solution to the reduction-at-a-distance paradox (Reguera
et al., 2005; Gorby et al., 2006), though nanowires are also
used in bioﬁlm formation (Reguera et al., 2007). Nanowires
may contain proteins such as cytochromes (Gorby et al.,
2006), in which case the c-type cytochromes may still act
as terminal reductases.
Recent research has focused on proteins and other molecules involved in electron transfer to solid terminal electron acceptors (Kim et al., 1999a,b; Newman and Kolter,
2000; Magnuson et al., 2001; Kappler et al., 2004; Lies
et al., 2005; Khare et al., 2006b; Taillefert et al., 2007; Marsili et al., 2008; von Canstein et al., 2008). Several DMRB
have been sequenced and much is thus known about their
redox proteins (e.g., Heidelberg et al., 2002; Methe et al.,
2003; Beliaev et al., 2005; Kolker et al., 2005). Here we focus on Shewanella oneidensis MR-l (abbreviated MR-1), a
gram-negative, facultative anaerobe, whose genome encodes for 42 c-type cytochromes (Heidelberg et al., 2002;
Meyer et al., 2004), three of which have been shown to be
involved in metal reduction (OmcA, MtrC/OmcB which
we refer to as MtrC, and MtrA; Beliaev et al., 2001; Myers
and Myers, 2001; Bretschger et al., 2007; Lower et al.,
2009). Although MtrD and MtrF are paralogs of MtrA
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and MtrC, respectively, their role in metal reduction has
not yet been shown (Myers and Myers, 2002; Bretschger
et al., 2007; Marshall et al., 2006). Cytochromes are localized in various positions spanning the inner and outer membrane of MR-1 and other Shewanella spp., creating a
‘‘molecular wire” that may allow the bacteria to access
insoluble electron acceptors and move electrons out of the
cell (Myers and Myers, 1992, 1997; Richardson, 2000; Beliaev et al., 2001; Croal et al., 2004; DiChristina et al., 2005).
OmcA is an 83-kDa deca-heme cytochrome with 708 amino
acids and MtrC is 77-kDa deca-heme cytochrome with 671
amino acids (Myers and Myers, 2003). OmcA and MtrC
have been localized to the outer surface of the outer membrane (Myers and Myers, 2003; Lower et al., 2009; Shi
et al., 2008) or the extracellular matrix (Marshall et al.,
2006) in which proteinase K (digestive enzyme) experiments
suggest that OmcA is more prominently exposed on the
outer membrane than MtrC (Myers and Myers, 2003). Both
cytochromes are hypothesized to be terminal reductases
that catalyze electron transfer from the cell to Fe(III) and
Mn(IV) minerals. These proteins have been shown to form
a functional 2:1 complex (Shi et al., 2006) although cells retain some capacity for Fe(III) reduction in the absence of
one or the other cytochrome (Bretschger et al., 2007). MtrC
has also been puriﬁed as a stable complex with the periplasmic cytochrome MtrA and predicted outer membrane bbarrel protein MtrB with 1:1:1 stoichiometry and the
in vitro ability to reduce soluble and solid iron and manganese (Ross et al., 2007).
Cytochromes are not the only outer membrane proteins
in MR-1 involved in Fe(III) or Mn(IV) reduction. MtrB is
essential to Fe(III) reduction (Beliaev and Saﬀarini, 1998;
Beliaev et al., 2001) and to proper localization of OmcA
and MtrC on the outer membrane (Myers and Myers,
2002). A variety of other molecules are associated with
the outer membrane of DMRB, including iron–sulfur proteins and quinones (Richardson, 2000). Among these is
prismane, an iron–sulfur protein whose abundance increased in MR-1 in the presence of Fe(III) (Giometti, 2006).
A series of recent studies have focused on the interaction
of OmcA and MtrC with iron or Mn(IV) oxides. In vitro
reductase assays indicate that both OmcA and MtrC can
transfer electrons directly to solid substrates, including
hematite (Shi et al., 2006; Xiong et al., 2006; Eggleston
et al., 2008; Hartshorne et al., 2007). Also, membrane fractions containing these proteins reduce soluble, chelated
Fe(III) and solid-phase Fe(III) in the presence of an electron donor such as lactate (Myers and Myers, 1993; Ruebush et al., 2006). Protein- and cell-functionalized atomic
force microscopy (AFM) tips have been used to show that
oxidized forms of both OmcA and MtrC have an aﬃnity
for hematite surfaces and that OmcA binds half as frequently but twice as strongly to hematite than does MtrC
(Lower et al., 2007). Collectively, these studies suggest that
MtrC and OmcA are key outer membrane cytochromes
governing electron transfer to solid ferric substrates and
electrodes.
Other researchers have investigated the electrochemical
activity of Shewanella spp. using graphite or glassy carbon
electrodes. Bretschger et al. (2007) demonstrated that
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MtrC, OmcA, CymA, MtrA, MtrB and Type II secretion
proteins are all important in energy generation. Kim et al.
(1999a,b) investigated anaerobically and aerobically grown
Shewanella putrefaciens IR-1 (abbr. IR-1) and found that
only anaerobically grown cells showed electrochemical
activity. The electrochemical behavior of MR-1 is similar
to that of IR-1 (Kim et al., 2002). Cho and Ellington
(2007) investigated anaerobically and aerobically grown
MR-1 and also only found electrochemical activity in
anaerobically grown cells. Recently, voltammograms of
Shewanella spp. MR-4 and MR-1 revealed a redox couple
that was attributed to ﬂavins adsorbed to the electrode
(Marsili et al., 2008). These authors contend that ﬂavins
are key mediators in the metal reduction process, and that
they may also act as chelators for metal ions. The reason for
the diﬀerences between the voltammograms of other
authors and those of Marsili et al. (2008) are unclear.
Among the studies cited above, there is little information
on the energetics and kinetics of electron transfer between
iron oxides and either proteins or organisms. Some studies
show that electron transfer to iron oxides from proteins or
organisms takes place, but do not provide potentials relevant to the energetics of the process. Others use voltammetry (and thus provide potentials), but do not use iron oxide
electrodes. Some studies use voltammetry with whole cells,
but cannot relate the results to speciﬁc proteins or protein
complexes. Here, we use cyclic voltammetry (conventional
voltammetry with whole-cell suspensions, and protein ﬁlm
voltammetry with proteins) and n-type single-crystal hematite electrodes (chosen as a proxy for natural ferric minerals) to examine electron transfer to and from protein ﬁlms
as well as cell suspensions. This approach allows us to extract both energetic (potential) as well as kinetic information relevant to protein–hematite and organism–hematite
interfaces that are somewhat more realistic than in studies
using non-oxide electrodes, and to compare the behavior
of whole cell suspensions to that of isolated proteins. We
hypothesize that OmcA and MtrC are the main terminal
reductases able to exchange electrons with a hematite electrode, and that there are diﬀerences between electron transfer results for individual proteins as compared to those for
whole cells that may reﬂect the action of functional protein
complexes at cell surfaces.
2. MATERIALS AND METHODS
2.1. Hematite electrodes
The hematite crystals used as electrodes in this work are
n-type semiconductors. There is a potential (the ‘‘ﬂatband
potential”, EFB) at which a semiconductor in contact with
an electrolyte solution can be poised for which there is no
potential diﬀerence between the bulk and the surface
(Fig. 1, center; Morrison, 1980; Finklea, 1988; Grätzel,
1989). EFB changes with pH, along with surface charge
and potential. At pH 7, EFB for our natural hematite crystals is 300 mV ± 150 mV vs. Ag/AgCl (data not shown) as
determined using the method of Boschloo and Fitzmaurice
(1999). This value agrees well with other reported EFB values (e.g., Anderman and Kennedy, 1988). Our crystals have

Fig. 1. A cartoon of the main possibilities when biasing an n-type
semiconducting electrode such as hematite. Filled circles represent
electrons in the conduction band; circles with crosses represent
positively charged ‘‘holes” (electron vacancies) in the valence band.
The vertical lines represent an interface, and the upward direction
also represents higher energy. The line labeled Ec represents the
conduction band edge, and that labeled Ev represents the valence
band edge. Energies between Ec and Ev are within the bandgap
and, nominally, have no electronic states (whether occupied or
unoccupied), although impurities can contribute a few states in the
bulk or at the surface within the bandgap. EF is the Fermi level,
representing the eﬀective chemical potential for electrons in the
semiconductor. The middle panel shows the conﬁguration at
ﬂatband potential, the left-hand panel represents positive bias (with
band bending that creates a depletion layer near the interface), and
the right-hand panel represents negative bias (with band being that
creates an accumulation layer near the interface). An accumulation
layer on hematite increases the probability that an Fe site at the
surface will be an Fe(II) site and thus dissolve. Therefore, an
applied electrode potential E that is less than EFB will lead to
reductive dissolution of hematite.

a charge carrier density of about 8  1017 cm3 (Eggleston
et al., 2003). If a potential E < EFB is applied, negative band
bending occurs and electrons in the bulk solid will tend to
migrate to the surface to form an accumulation layer
(Fig. 1, right). The electron concentration at the surface increases, and electron acceptors either adsorbed to the surface or in solution near the electrode surface can be
reduced, leading to cathodic current. For hematite, an accumulation layer can also lead to reductive dissolution of the
electrode and thus to the introduction of redox-active Fe
into the solution. If E > EFB, positive band bending occurs
and surface electrons tend to move into the bulk solid,
resulting in a depletion layer and positive charge near the
surface of the solid (Fig. 1, left) such that dissolved or adsorbed electron donors can be oxidized. In this case, a barrier exists at the interface such that electron transfer into
the bulk solid is impeded, resulting in rectiﬁcation: relatively high cathodic currents at E < EFB, and small anodic
currents at E > EFB (Fig. 2a).
2.2. Bacteria and proteins
The bacteria and proteins used in this study are listed in
Table 1. S. oneidensis MR-1 was obtained from the American Type Culture Collection (ATCC No. 700550). Construction of the targeted single gene deletion mutants,
DmtrC and DomcA, and the double deletion mutant
DmtrC–DomcA are described elsewhere (Marshall et al.,
2006; Bretschger et al., 2007). MtrC (SO1778) and OmcA
(SO1779) were puriﬁed according to protocol (Shi et al.,
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Table 1
Bacteria and proteins used in this study with their origin and
notation.

Bacteria
S. oneidensis MR-1
(wild-type, ATCC 700550)
S. oneidensis omcA
deletion (mutant)
S. oneidensis mtrC
deletion (mutant)
S. oneidensis mtrC and
omcA deletion (mutant)
Proteins
MtrC (c-type cytochrome,
SO1778)
OmcA (c-type cytochrome,
SO1779)

Notation

Origin

MR-1

ATCC

DomcA

PNNL

DmtrC

PNNL

DmtrC–DomcA

PNNL

MtrC

From S. oneidensis
MR-1 puriﬁed
at PNNL
From S. oneidensis
MR-1 puriﬁed
at PNNL

OmcA

NaOH solution that was then heated until slightly bubbling. The crystals were again rinsed twice with DI water.
After cleaning, crystals were air-dried and wrapped in
Kim-wipes and stored until ready for use. Storage times
for clean crystals ranged from a few days to a few weeks
(Eggleston et al., 2003).
2.4. Bacterial growth and cell suspensions

Fig. 2. (a) A control experiment in oxygen-saturated 10 mM KCl
solution. A CV scan from +0.6 V to 0.8 V and back to +0.6 V vs.
Ag/AgCl produced no artifactual peak (thin solid line). Holding
the potential at +0.6 V for ﬁve minutes prior to the CV scan
(dotted line) also did not produce artifactual peaks. A 5-min hold
at 0.55 V (notice discontinuity) also produced no artifactual
peaks in the subsequent CV scan from 0.6 V to 0.8 V, up to
+0.6 V, and back to 0.6 V. (b) A small peak occurred at 0.25 V
in solutions purged with nitrogen; the resulting current was less
than 0.1 lA, much smaller than peaks observed in other experiments. (c) In an experiment designed to produce an artifactual
peak, with dissolved O2, no peaks were observed in CV scans
(solid). When the electrode was scanned to negative potentials after
an extensive purge with N2 (described in the text), a cathodic peak
occurred at 257 mV vs. Ag/AgCl (dotted) along with a small
anodic peak at +17 mV.

2006). These cytochromes retain their native lipid binding
site as described in Eggleston et al. (2008).
2.3. Electrode cleaning
The hematite electrodes were from Tarascon sur Ariege,
France. They were cleaned with a 2:1 solution of distilled
deionized (DI) water and nitric acid that was heated to a
light boil (94 °C in Laramie, Wyoming). The crystals were
then rinsed with DI water twice and put into a 10 mM

All glassware, solutions and media were sterilized prior
to use. MR-1 was cultured aerobically in TSB (tryptic soy
broth) with shaking or anaerobically in modiﬁed GS-15
medium, which was made as described in Kostka and Nealson (1998) except that we used lactate as the electron donor,
Fe(III)-citrate as electron acceptor, added the mixed amino
acids used for M-1 medium (Kostka and Nealson, 1998),
used 0.3 g/L NaOH instead of 2.5 g/L NaHCO3, and used
piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) as buﬀer.
Both anaerobic and aerobic cultures were started from replicate frozen stock cultures. The mutants were grown aerobically in TSB for approximately 20 h.
Cultures were started from replicate frozen stocks and
incubated either 18–20 h (aerobic) or 46–48 h (anaerobic).
Cells were harvested by centrifugation, washed with physiologic saline (8.5 mM NaCl), centrifuged and resuspended
in 10 mM MOPS (3-[N-Morpholino] propanesulfonic acid,
pH 7) and 8.5 mM NaCl. Cell numbers were quantiﬁed by
acridine orange direct counts (AODC). For each experiment, the starting cell density was 107 cells mL1.
2.5. Protein ﬁlms
Protein ﬁlms were made on individual hematite crystals.
As-received protein solutions were buﬀer exchanged into
10 mM MOPS and 10 mM NaCl using YM-10 Microcon
centrifugal ﬁlters. Hematite crystals were dipped into a protein solution, and the ﬁlm was allowed to form for 40–
60 min in a nitrogen atmosphere to ensure maximum sorption to the crystal surface (Eggleston et al., 2008). Protein
concentrations were not measured directly in order to
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conserve protein; a previous measurement allowed us to
estimate the protein concentration as between
0.15 mg mL1 and 0.25 mg mL1 based on color density.
Under these conditions, at least 330 ng cm2 adsorbs to
the electrode surface, and little protein desorbs under dilution (Eggleston et al., 2008). The ﬁlms were then removed
from solution, and cyclic voltammetry (CV) was run in a
protein-free solution (10 mM MOPS, 10 mM NaCl) under
a nitrogen atmosphere. Protein ﬁlms on hematite electrodes
were stored in a freezer (20 °C) between experiments.
2.6. Voltammetry
We used a 3-electrode electrochemical cell with a Pt wire
counter electrode, an Ag/AgCl reference electrode (Microelectrode, Inc.), and a hematite working electrode. An
EG&G 263A potentiostat was used for cyclic voltammetry
(CV). The hematite electrodes varied in size and shape, but
were about 5 mm  2 mm in area and roughly 0.5 mm thick
(up to 50% variation in exposed electrode area is estimated). Electrodes were immersed about 1–2 mm in
2.5 mL of liquid contained in a 3 mL crucible. For anaerobic experiments, solutions were pre-purged by sparging
with nitrogen for several hours prior to experiments. The
3 mL crucible was in turn encased in a 300 mL glass container that was continuously purged with N2 gas. In each
experiment, control scans were taken before introduction
of the experimental solution or cell suspension. CV was
run on washed cells in buﬀered solution immediately after
washing or within 1–2 h of preparation. As shown in the results, in some cases solutions were purged of oxygen prior
to the experiment, and in some cases purging took place
during the experiment in order to monitor the eﬀect of
purging. Each case is noted in the results or in ﬁgure
captions.
2.7. Peak potentials, midpoint potentials, and scaling
Midpoint potentials (E00 ) were calculated from cathodic
and anodic peak positions (Epc and Epa, respectively) by
E00 = (Epc + Epa)/2. E00 values are not thermodynamically
well deﬁned (we do not know the activity of the oxidized
and reduced species precisely) and may thus diﬀer from a
thermodynamically deﬁned redox potential (E0).
Linear background subtractions were applied to the CV
data. Nonlinear background subtractions are possible, but
because of diﬀerences in working electrode area and doping
level (which determines the magnitude of capacitive currents at a given scan rate) between diﬀerent electrodes, linear background subtractions were applied to all data
equally in order to avoid arbitrariness in the choice of
parameters governing nonlinear background subtractions.
We used hematite as a working electrode because, as a
nominally ferric oxide, it is the only material that is both
similar to materials used as respiratory electron acceptors
in natural systems and is also suﬃciently conductive to be
used as an electrode. A drawback of using iron oxide as a
working electrode, however, is that when E < EFB, reductive dissolution can occur. This introduces redox-active
Fe into the solution. This typically only occurs to a signif-

icant extent in oxygen-purged solutions, but such conditions are important in the experiments reported here.
Therefore, it is necessary to account for such ‘‘artifactual”
iron in our data analysis.
3. RESULTS
3.1. Controls
Because of the possibility of reductive dissolution of the
hematite electrode, we ran an extensive set of control scans
in the absence of proteins or cells. Fig. 2a shows the result
of a control experiment in an oxygen-saturated 10 mM KCl
solution; an initial CV scan, and CV scans taken after 5-min
‘‘holds” at +0.6 V and 0.55 V, did not produce any artifactual peaks. In solutions purged of oxygen, we observed
a very small cathodic peak at 0.25 V in a few of the scans
(Fig. 2b). Control experiments that were run for over an
hour without oxygen, and using an initial ‘‘hold” at positive
potential (+0.50 V vs. Ag/AgCl) to oxidize reduced species
in solution, revealed a pronounced cathodic peak at about
0.25 V (data not shown; see Fig. 2c for similar data). The
controls showed that the hematite electrodes can be reductively dissolved at the most negative potentials used in our
experiments, leading to a release of redox-active iron that
produces artifactual redox peaks not attributable to adsorbed protein or organisms.
Hematite electrodes were immersed in sterile proteinfree 10 mM MOPS and 10 mM NaCl (pH 7). In the presence of dissolved O2, no peaks were observed in CV scans
(Fig. 2c). N2 gas was then introduced and the cell was
purged for 25 min, taking a 50 mV s1 CV scan every
5 min to monitor for the appearance of cathodic peaks. A
series of CV scans at increasing scan rate from 50 to
800 mV s1 were then taken, with 10 and 30 s ‘‘hold” times
prior to each scan during which the electrode was held at
+0.50 V (the 10 s hold was done ﬁrst, followed by the
30 s hold). This sequence of scans was used in all of the
experiments reported below. After 5 min in an N2 atmosphere, a small cathodic peak appeared, similar to those
seen in previous CV of protein-free solutions. This cathodic
peak became more pronounced with time under N2; a
cathodic peak occurred at 257 mV (Fig. 2c) along with
a small anodic peak at +17 mV (E00 = 120 mV) vs. Ag/
AgCl (Table 2). By the reaction
Fe2 O3 þ 2e þ 6Hþ ¼ 2Fe2þ þ 3H2 O
this potential would require an Fe2+(aq) activity of only
108.26, which is unrealistically low (most prepared solutions contain at least this much Fe as an impurity). If
EFB is about 0.3 V at pH 7, E00 in Fig. 2c is less than
0.2 V positive of EFB, and thus about 0.4 V positive of
the hematite conduction band edge. This value is comparable to pseudo-Fermi-level values reported for lepidocrocite
and goethite relative to hematite (Leland and Bard, 1987),
prompting us to speculate that a surface layer of hydroxide-like material may mediate charge transfer between
hematite and the electrolyte solution. Negative potentials
(<EFB) lead to slow dissolution of Fe2+; subsequent oxidation of Fe2+ near the hematite electrode surface during
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Table 2
Peak positions and midpoint potentials (vs. Ag/AgCl) at a scan rate
of 50 mV s1 for raw data (labeled ‘‘raw”) prior to accounting for
dissolved iron in data analysis, and after background and control
subtraction.
Epc
(mV)

Epa
(mV)

E00
(mV)

Reference

Control
MtrC (raw)
OmcA (raw)
OmcA
OmcA

257
303
302
331
380

+17
+6
77
71
60

120
149
189
201
160

MtrC
MtrC

329
297

+3
237

163
267

MR-1 (rawa)
MR-1 (rawb)Q1
IR-1
MR-1
MR-1

329

17

173

This study
”
”
”
Eggleston et al.
(2008)
”
Hartshorne et al.
(2007)
This study

368

59

214

”

298
351
344

18
79
22

140
136
183

DmtrC (raw)
DmtrC
DomcA (raw)
DomcA
DmtrC–
DomcA

280
306
291
309
257

80
77
20
9
+17

180
192
156
159
120

Kim et al. (1999)
Kim et al. (2002)
Cho and Ellington
(2007)
This study
”
”
”
”
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by the scan-rate dependence of current (data presented
below).
In the presentation of results to follow, the control CV
scan in Fig. 2c is included for comparison. We caution that
because the hematite electrodes were not all the same size,
variations in current from experiment to experiment are expected. Fig. 3 shows the control scan from Fig. 2c as well as
the result of linear background subtraction; the background-subtracted scan was used in the interpretation of results presented below, and was scaled to account for
variations in electrode properties. Note that the redox reaction in Fig. 3 is irreversible such that the cathodic peak is
far larger than the anodic peak. This is partly due to the
rectifying behavior of the semiconducting hematite electrode, but the anodic peak current also varies considerably
between proteins and organisms (see results below).

‘‘holds” at +0.5 V could lead to rapid precipitation of Fe3+
as a thin ferrihydrite-like surface layer. By the reaction
FeðOHÞ3 þ 3Hþ þ e ¼ Fe2þ þ 3H2 O
an Fe2+(aq) activity of 104.43 is required in order to achieve
the E00 observed in Fig. 2c (e.g., (Drever, 1997), which is
more realistic given the currents observed. The existence
of a thin Fe(OH)3 layer at the hematite surface is supported

Fig. 3. The voltammogram in Fig. 2c is shown here (thick solid)
with a linear background (dotted) that can be subtracted to give the
no-background peaks (thin solid). This background subtraction
procedure was used on all of our data presented below in order to
put all of the data on an equal footing.

Fig. 4. (a) CV scans for an MtrC-coated hematite electrode after a
10 s hold at +500 mV (thin solid), an initial 30 s hold at +500 mV
(dotted), and a ﬁnal 30 s hold at +500 mV (thick solid). The dashed
line is the control scan representing Fe dissolved from the electrode.
(b) The ﬁnal 30 s hold scan from (a) with a linear background, a
scaled contribution from ‘‘artifactual” Fe (dashed, scaling factor
1.1) and a residual peak (dotted) tentatively attributed to MtrC. (c)
the same peaks as shown in (b), after background subtraction.
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3.2. Protein ﬁlm voltammetry
CV of protein ﬁlms was conducted in a N2 atmosphere.
Sterilized protein-free solutions were ﬁrst purged of oxygen
and then put into the cell in the gas ﬂow chamber. In order
to oxidize any reduced protein at the hematite surface, we
used hold times at an electrode potential of +0.50 V vs.
Ag/AgCl. Longer hold times, presumably through oxidation of both protein and of any Fe2+ on or near the surface,
led to increased cathodic and anodic peak currents. For
example, in Fig. 4, data for a 10 s hold at +0.50 mV, the
ﬁrst 30 s hold, and the last 30 s hold reﬂect increasing peak
currents with increasing hold times, and are compared to
the raw data for a protein-free control scan.
For the MtrC ﬁlm (Fig. 4), Epc = 303 mV and
pa
E = +6 mV, giving E00 = 149 mV vs. Ag/AgCl (Table
2). For the OmcA-ﬁlm (Fig. 5), Epc = 302 mV and
Epa = 77 mV, which gives E00 = 189 mV vs. Ag/AgCl
(Table 2). These E00 values are for the system as a whole
and include contributions from both the protein and probably from dissolved or surface-bound ‘‘artifactual” Fe. In
Fig. 4b, the MtrC linear background is shown along with
data from a control scan and a ‘‘residual” peak attributed
to MtrC; the same peaks, after background subtraction,
are shown in Fig. 4c and add up to the peak in the raw data.
For the residual peak attributed to MtrC, the Epc and Epa
values are 329 and 3 mV vs. Ag/AgCl, respectively, giving
E00 = 163 mV. In Fig. 5, for the OmcA ﬁlm, the residual
Epc and Epa values are 331 and 71 mV, respectively,

Fig. 5. (a) CV scans for an OmcA-coated hematite electrode after a
10 s hold (thin solid), initial 30 s hold (dotted), and ﬁnal 30 s hold
(thick solid) at +500 mV prior to each scan. (b) Control (dashed;
scaling factor = 0.35) and residual (dotted) peaks after background
subtraction. The residual (dotted) peaks are tentatively attributed
to OmcA.

giving E00 = 201 mV. For comparison, Eggleston et al.
(2008) reported E00 for OmcA of 208 mV vs. Ag/AgCl.
There are several aspects of Figs. 4 and 5 that should be
emphasized. The anodic peak current is much higher for the
protein ﬁlms than for the controls, relative to the cathodic
peak current, in each case. For OmcA, the anodic peak position is also more negative than that of MtrC or Fe from
the electrode. The size of the ‘‘artifactual” (control) cathodic peak has been scaled to ﬁt under the raw peak shape and
to give a reasonable peak shape to the residual peak that we
tentatively attribute to adsorbed protein. The scaling factor
is subjective because we have no a priori way of knowing
how much of each raw peak can be attributed to artifactual
Fe from the electrode, and how much to the adsorbed protein (though we note that the total number of electrons
attributed to current from the hematite electrode to the adsorbed protein is smaller than the number of hemes in adsorbed protein).
3.3. Shewanella oneidensis MR-1 voltammetry
CV was performed on washed cell suspensions of the
wild-type MR-1 as described in Section 3.1. Fig. 6 compares our CV data for MR-1 (after subtraction of the artifactual Fe signal) to CV data from Kim et al. (1999a) for
Shewanella putrefaciens IR-1 under anaerobic conditions
(glassy carbon electrode), from Kim et al. (2002) for S.
oneidensis MR-1 (glassy carbon electrode), and Cho and
Ellington (2007) for S. oneidensis MR-1 (graphite electrode). Our data using hematite electrodes compares very
well with data from these other studies. Epc, Epa, and E00
values for all of the studies (raw data) are given in Table
2. We include our background-subtracted data for both
50 mV s1 and 100 mV s1 scan rates for comparability
with the other work done at 100 mV s1 scan rate.
We prepared cultures of S. oneidensis MR-1 under both
aerobic and anaerobic conditions. Cathodic and anodic

Fig. 6. Background-subtracted CV data for wild-type Shewanella
oneidensis MR-1 under anaerobic conditions, at 50 mV s1 (thick
gray) and 100 mV s1 (thick black) scan rates, compared with
100 mV s1 data from other studies.
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peaks like those in Fig. 6 were only observed for anaerobic
conditions within the electrochemical cell, whether or not
the original cells were grown aerobically or anaerobically.
Redox peaks were not observed for anaerobically prepared
cultures if they were subsequently observed in an aerobic
electrochemical cell (data not shown), but were observed
for aerobically prepared cultures after purging the electrochemical cell of oxygen for 20–30 min (Fig. 7). CV scans
for an initial 10 s hold, the ﬁrst 30 s hold, and the last
30 s hold (following the sequence of CV scans outlined
above) are shown in Fig. 7a. After the initial 10 s hold,
there is a small cathodic peak at 251 mV vs. Ag/AgCl, almost exactly as expected for Fe dissolved from the hematite
electrode. After holding at +0.50 V to oxidize species adsorbed to the surface, the other two CV scans in Fig. 7a
were observed at a more negative potential. Fig. 7b shows
the linear background, a peak derived from ‘‘artifactual”

Fig. 7. Voltammograms of aerobically cultured Shewanella oneidensis MR-1 suspensions, 107 cells mL1. CV scans were taken
during purging to remove oxygen. (a) CV scans after an initial 10 s
hold at +500 mV (thin solid), after an initial 30 s hold (dotted), and
after the last 30 s hold (thick solid). (b) The last CV scan from (a)
(thick solid in both panels) with a linear background (thin solid), a
peak attributed to artifactual Fe (dashed, scaling factor 0.75), and a
peak attributed to cells near the surface (dotted). (c) The same
peaks as in part (b), after background subtraction.
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Fig. 8. Data from the control experiment showing artifactual Fe
(dashed, scale factor 0.7), from the OmcA ﬁlm (dotted, scale factor
0.64), and from the MtrC ﬁlm (thin solid, scale factor 0.73). The
sum of these contributions (dot-dash) ﬁts the cathodic data closely.
With this ﬁt, however, the individual anodic currents from OmcA,
MtrC and the control cannot describe the anodic current from the
wild-type MR-1.

Fe, and a peak attributed to the organism, along with the
last 30 s hold CV from Fig. 7a; Fig. 7c shows the same
peaks after background subtraction. The peak shown in a
dotted line in Fig. 7b is the same cathodic peak used in
Fig. 6 for 50 mV s1 scan rate. As with MtrC and OmcA,
the anodic peak current in the presence of organisms is
much greater than the anodic peak current associated with
artifactual Fe, even when normalized to the cathodic peak
area.
It is reasonable to ask if the CV data for the MR-1 cells
can be approximated using the data from the individual
proteins plus that from artifactual Fe (Fig. 8). The cathodic
peak can be matched almost exactly. The relative contributions from OmcA and MtrC to the cathodic peak are
poorly constrained because both peak shapes are so similar
that one peak could replace the other. The anodic peak for
the MR-1 is much larger than can be explained by a sum of
anodic currents from MtrC, OmcA and artifactual Fe dissolved from the electrode, given a good ﬁt to the cathodic
peak. OmcA contributes current to the anodic peak at a
much more negative potential than does MtrC, and both
OmcA and MtrC contribute more current than artifactual
(presumably inorganic) Fe dissolved from the hematite electrode. We speculate that these two proteins work together,
perhaps as a functional complex, to catalyze electron transfer to solid surfaces. Shi et al. (2006) observed 40% greater
catalytic activity of the OmcA–MtrC complex toward
reduction of dissolved Fe(III)-NTA than with either cytochrome individually. Our results are consistent with this
observation, but apply to a solid Fe(III) electron acceptor.
3.4. Voltammetry of mutants
All experiments with mutant cell suspensions were conducted using solutions that were not pre-purged with N2 because it was hypothesized that diﬀerent mutants would
require diﬀerent times to express outer membrane proteins.
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We monitored the appearance and growth of redox peaks
in the voltammograms taken over time during purging,
starting from an aerobic condition. A series of voltammograms were taken at scan rates and hold times using the
same protocol as those completed for MR-1 and for the
protein ﬁlms.
We hypothesized that the double-deletion mutant
DmtrC–DomcA would be unable to catalyze electron transfer to and from the solid hematite electrode. CV results are
given in Fig. 9; Fig. 9a shows the ﬁrst 10 s, ﬁrst 30 s, and
last 30 s hold for DmtrC–DomcA. The background-subtracted peaks for DmtrC–DomcA are indeed virtually identical to those for artifactual Fe dissolved from the
hematite electrode (Fig. 9b). This holds true for all scan
rates (data not shown). There is no evidence in the
DmtrC–DomcA CV data for direct electron transfer between
the hematite and any redox-active species other than Fe dissolved from the hematite electrode. This result is clearly different from the results for protein ﬁlms and wild-type MR1. Bretschger et al. (2007) observed a small current, relative
to controls, from the DmtrC–DomcA mutant in their microbial fuel cell experiments. In comparison, our experiments
(a) did not contain a fuel, so little such current is expected,
but in any case (b) the agreement between our control and
our results for DmtrC–DomcA is not so exact that a small
diﬀerence can be excluded. Also, Bretschger et al. (2007)
noted that the double deletion mutant could restore much
of its reducing power after 24 h, implying the activation
of alternative pathways for electrode reduction. This is

Fig. 9. (a) CV for DmtrC–DomcA under N2 purging. Initial scan
after 10 s hold (dotted), ﬁrst 30 s hold (thin solid), and last 30 s
hold (thick solid); all holds at +500 mV. (b) Background subtracted data from the last 30 s hold (solid) compared to CV of
artifactual Fe (dashed). There is no evidence in the CV of DmtrC–
DomcA for electron transfer between hematite and any redox-active
species other than Fe dissolved from the electrode.

one reason our experiments were completed in well under
24 h.
Fig. 10 shows results for DmtrC; Fig. 10a shows the raw
CV data and Fig. 10b shows the background-subtracted
data composed of a component due to artifactual Fe
(dashed) and a component due to another redox-active species. OmcA is still produced in DmtrC cultures. Fig. 10c
shows the result for DmtrC compared to the result for the
OmcA protein ﬁlm. The cathodic peaks are similar, but
the anodic current from DmtrC to hematite is larger than
from OmcA to hematite. This suggests that OmcA on the
surface of DmtrC cells behaves diﬀerently from the OmcA
ﬁlm, or that there is another redox-active agent associated
with the DmtrC cells that is not present in DmtrC–DomcA.
Fig. 11 shows results for DomcA (which still produces
MtrC). Fig. 11c shows the result for DomcA compared to
the result for the MtrC protein ﬁlm. Although the cathodic
peak position is slightly diﬀerent, the peak shapes and the
relative sizes of the cathodic and anodic peaks are very

Fig. 10. (a) Raw CV data for DmtrC; 10 s hold (thin dotted), 30 s
hold (thin solid), last 30 s hold (thick solid); holds all at +500 mV.
(b) Last 30 s hold data, background subtracted, with a component
for artifactual Fe from the electrode (dashed; scale factor 0.95) and
a residual component tentatively attributed to the DmtrC mutant,
presumably only carrying the OmcA but not MtrC protein. (c) The
DmtrC residual data tentatively attributed to OmcA (thick solid)
compared to the OmcA ﬁlm data (dotted). Cathodic current and
peak shapes are similar, but the anodic current is smaller for the
OmcA ﬁlm than for DmtrC.
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Table 3
Scan rate dependence of current (slope of linear current vs. scan
rate).
Bacteria or
protein

Cath. slope, As/
V  106

An. slope, As/
V  106

Control
DmtrC–DomcA
OmcA
MtrC
DomcA
DmtrC
MR-1

11.0(1.6)
8.3(1.7)
6.6(0.7)
26.0(2.1)
8.5(1.8)
7.5(2.1)
9.1(1.6)

0.06(0.03)
0.04(0.02)
0.17(0.28)
1.9(0.6)
0.67(0.07)
4.7(0.08)
1.6(0.3)

Values in parentheses are the uncertainties in slope from linear
least-squares ﬁts. The data from our highest scan rate (0.8 V s1)
was limited by the fact that the cathodic peak was wider than our
scan range at negative potential. Peak currents, whose quantiﬁcation requires background subtraction, could not be determined and
thus we excluded the 0.8 V s1 data.

Fig. 11. (a) Raw CV data for DomcA; 10 s hold (thin solid), 30 s
hold (dotted), last 30 s hold (thick solid); holds all at +500 mV. (b)
Last 30 s hold data, background subtracted, with a component for
artifactual Fe from the electrode (dashed; scale factor 0.7) and a
residual component tentatively attributed to DomcA, presumably
only carrying the MtrC but not OmcA protein. (c) The DomcA
residual data tentatively attributed to MtrC (thick solid) compared
to the MtrC ﬁlm data (dotted). Peak shapes are similar, as are
relative currents, although the cathodic peak position is slightly
diﬀerent.

Peak width and position as a function of scan rate contain useful information. For example, cathodic currents are
a linear function of scan rate (Table 3), as expected for diffusionless electron exchange with adsorbed redox species.
This observation forms the basis for concluding that the
‘‘artifactual” Fe occurs as a surface layer (see discussion
of Fig. 2c). There is no evidence for a parabolic (concave
upward) scan rate dependence characteristic of dissolved,
diﬀusing redox species. In some cases the slope appears to
decrease with increasing scan rate, which may be attributed
to the well-known frequency-dependent space charge properties of hematite electrodes (e.g., Horowitz, 1983). The
slopes are all the same within uncertainty, except the MtrC
protein ﬁlm with higher slope. Anodic peak currents
(Fig. 12) are also linear-to-sublinear with scan rate.

similar and supportive of the notion that DomcA still
expresses MtrC to the outer membrane where it can interact
with the hematite electrode.
4. DISCUSSION
4.1. Voltammetric characteristics
In previous studies (Khare et al., 2005, 2006a,b) with
cytochrome c (not from DMRB) and hematite electrodes,
we observed redox peaks at the expected potentials for
the native state of the protein and, under some circumstances (such as with the addition of denaturant), for unfolded states of the protein as well. Cytochrome c could
also be inactivated such that no redox peaks were observed.
Thus, in voltammetry with hematite electrodes, there is
precedent for expecting (a) that other redox-active proteins
will exhibit expected redox potentials, and (b) that redoxinactive protein gives no redox peaks.

Fig. 12. Anodic peak current, after background subtraction, as a
function of scan rate. If the redox-active molecules had been
dissolved and subject to diﬀusion to or from the electrode surface,
current would increase parabolically with scan rate. Linear scan
rate dependence, in contrast, is consistent with a redox-active
surface layer on the electrode. In this ﬁgure, currents are roughly
linear (not parabolic), but are subject to attenuation at high scan
rate- probably due to a combination of background-subtraction
artifact combined with possible scan-rate dependent molecular
properties.

5302

L.A. Meitl et al. / Geochimica et Cosmochimica Acta 73 (2009) 5292–5307

Absolute currents cannot be compared directly because of
variation in electrode size and because protein concentrations and sorption densities were not necessarily the same
in each case. In general, however, anodic slopes varied more
than cathodic slopes. Anodic currents are generally much
higher in the presence of proteins and organisms that are
able to make at least one of either OmcA or MtrC. The
variation in anodic slopes relative to the cathodic slopes
is consistent with the interpretation that electron transfer
to hematite is subject to diﬀerent mechanistic controls than
electron transfer from hematite.
In an ideal electrode reaction in which a layer of adsorbed molecules undergoes reversible oxidation and reduction, the peak width at half height is 0.304T/n (Armstrong
et al., 2000) where T is in Kelvin and n is the number of
electrons. For n = 1 (i.e., treating hemes individually within
cytochromes), this is about 90.5 mV at 25 °C. Our controls
and DmtrC–DomcA cathodic peaks were 130 and 140 mV
wide, respectively, and all of our other raw data (attributed
to at least two diﬀerent electrochemical processes) had
cathodic peak widths of 190–220 mV. After separating
out the control contribution, the residual cathodic peaks
had a width of 111–183 mV (i.e., broader than 90.5 mV).
This is not surprising because there are many possibilities
for kinetic dispersion (i.e., hemes exchanging electrons with
the electrode at diﬀerent energies and rates), blocking layers, and other eﬀects in our system. For perfectly irreversible electron transfer with an adsorbed layer, cathodic
peaks should be 62.5/an mV wide (Honeychurch and Rechnitz, 1998), which for n = 1 and a = 0.5 equals 125 mV.
This is closer to those that we observe, though our system
is probably neither perfectly reversible nor perfectly
irreversible.
4.2. Kinetic analysis, Butler–Volmer
Butler–Volmer (BV) theory is often used to extract rate
constants from CV data (Armstrong et al., 1997, 2000;
Hirst and Armstrong, 1998; Hartshorne et al., 2007). As
background, the overpotential g is the diﬀerence between
E00 and either Epc (giving the cathodic overpotential gc)
or Epa (giving the anodic overpotential ga). The Laviron
equation relates the electron transfer rate constant k to
peak position for a layer of redox-active adsorbed molecules (Laviron, 1979; Honeychurch and Rechnitz, 1998):

 h i
  
RT
a
RT
kc
pc
00
where m ¼
E ¼E 
ð1Þ
ln
jmj
anF
m
nF
R, T and F have their usual meanings, n is the number of
electrons, kc is the rate constant for cathodic electron transfer (s1), m is the scan rate (V s1), and a is the transfer coefﬁcient (a = 0.5 when gc = ga). Because peak position is not
aﬀected by the limitation aﬀecting the current data, we can
use the 800 mV s1 data for Epc. If m > k, the slope of a plot
of gc vs. log(m) should be 2.3RT/anF [or 2.3RT/(1a)nF
for ga plotted vs. log(m)].
Fig. 13a shows gc vs. log(m) for the control scans (with
artifactual Fe) and for DmtrC–DomcA. The thick dotted
line in Fig. 13a shows a best ﬁt to the control data, with
a = 0.5 and kc = 0.093 s1. If we assume that only the high-

Fig. 13. (a) Overpotential of the cathodic peak (gc) as a function of
log(m) for the control data (open circles) and for DmtrC–DomcA
double deletion mutant (open squares). The thick solid (intended to
describe the data at high scan rate) and thick dotted (intended to ﬁt
both datasets) lines are labeled with kinetic parameters from
Butler–Volmer theory. The thin dotted lines are labeled with
kinetic parameters from Marcus theory (see text). (b) Overpotential
of the cathodic peak (gc) as a function of log(m) for the OmcA
(upward pointing triangles) and MtrC (downward pointing triangles) ﬁlms. The thick solid and thin dotted lines are labeled with
kinetic parameters from Butler–Volmer theory assuming a = 0.5.
The thick gray line is labeled with kinetic parameters from Marcus
theory.

er scan rates are fully past the transition from 0 to full slope
with increasing scan rate, the rate constant is 0.122 s1.
These constitute ‘‘ballpark” rate constants that can be compared to results from proteins and bacteria. The results for
DmtrC–DomcA are nearly identical to those for the controls. Results for OmcA and MtrC ﬁlms are shown in
Fig. 13b. With a = 0.5, a kc value of 0.045 s1 ﬁts both
the OmcA and MtrC data reasonably well. To convey
uncertainty, we have plotted lines for a = 0.5,
kc = 0.025 s1 (lower bound) and a = 0.5, kc = 0.078 s1
(upper bound).
For whole-cell suspensions the gc vs. log(m) data are nonlinear (data not shown), probably because the assumption
of diﬀusionless electron transfer to an adsorbed layer
(inherent to the use of the Eq. (1)) does not apply in the case
of organism suspensions.
For semiconducting electrodes it is possible that a – 0.5.
We attempted to achieve better ﬁts to the data by using various values of a, but the cathodic data in Fig. 13 was never
accompanied by a corresponding change in slope of the
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anodic data with scan rate as required by theory. We conclude that while BV theory provides a useful ﬁrst approximation of rate constants, there are aspects of the system
for which it is unsuited. These include the semiconducting
electrode and the redox irreversibility of the proteins and
organisms (including both thermodynamic irreversibility
as well as conformational ‘‘gating” in which the protein
changes conformation and redox properties as a result of
the initial electron transfer; e.g., see Armstrong et al. (2000).
4.3. Kinetic analysis: Marcus approach
Previous Marcus-based kinetic analyses of protein/electrode electron transfer have focused on metal electrodes
(Tender et al., 1994; Weber and Creager, 1994) rather than
semiconductors. We therefore formulate an approach for a
semiconductor electrode based on Memming (1987) and
Gerischer (1991). If the density of states in the valence
and conduction bands does not change greatly with energy
except at the band edges, and the cathodic current from the
valence band is negligible at the potentials we use, the
cathodic current can be approximated by


 eg 
eU 0SC
jgcath ¼ Fk et Cgox exp
exp
ð2Þ
kT
kT
where jgcath is the cathodic current density (A cm2) as a
function of overpotential g, U 0SC is the band bending (diﬀerence between surface and bulk potentials), F is Faraday’s
constant, and Cgox is the density of adsorbed oxidized protein (mole cm2) constrained by Cgred þ Cgox ¼ Cprotein . For
comparability with Kerisit and Rosso (2007), we use their
Marcus-based expression for the nonadiabatic ket for the
tetraheme cytochrome ‘‘Stc”:
"
#


2p
ðDG0 þ kÞ2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ jV AB j2 exp 
k et ¼
ð3Þ
4kkT
h 4pkkT
where k is the reorganization energy and VAB is a measure
of the degree of interaction between the donor and acceptor
states. Values of VAB and k have been calculated for several
conﬁgurations of adsorbed Stc on hematite (Kerisit and
Rosso, 2007), aﬀording a direct comparison to our data.
DG0 is a measure of the energy diﬀerence between the donor
and acceptor. Kerisit and Rosso (2007) showed, using
Molecular Dynamics simulations, that for Stc the number
of available surface Fe sites on hematite varies from 1.4
at 0.87 nm distance to 16 at 1.245 nm (for a relatively favorable surface structure). This result is consistent with observations of kinetic dispersion, as discussed above, because
the value of VAB will decrease greatly with increasing donor–acceptor distance. Thus, for larger cytochromes like
OmcA or MtrC, it is unlikely that all hemes are either positioned for optimal electron transfer to hematite or are in the
reduced form at any given time. Although many possibilities can be imagined that could be accounted for with a
numerical prefactor in Eq. (2), we assume that there is
one donor–acceptor pair per adsorbed cytochrome.
For the controls we used k = 2.2 eV as calculated for
electron transfer along the c-axis for an oxygen-terminated
hematite (0 0 1) surface from Kerisit and Rosso (2006).
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Using Eqs. (2), (3), we calculated voltammograms from
which peak positions were determined and plotted in
Fig. 13. The calculations were made for scan rates of
0.05, 0.1, 0.2, 0.4 and 0.8 V s1 in a simple spreadsheet
using a potential step size of 5  104 V. Each step results
in reduction of an amount of adsorbed protein that is then
subtracted from the amount of adsorbed oxidized protein
available for reduction. This treatment is identical for the
anodic data if ga = gc.
If we assume U 0SC = 0 (no energy barrier) for the control
data (Fig. 13), the data occur roughly within a range of VAB
from 1.7 to 2.2 cm1, and rate constants from 0.040 to
0.067 s1. Although the rate constants are in the same range
as found for BV kinetics, unrealistically low donor–acceptor
state overlap is needed to match the data. If E00 = 0.12 V
for the controls and the conduction band edge lies at about
0.5 V ± 0.1 V, a barrier height of 0.3 or 0.4 V might be reasonable. We chose a somewhat lower barrier height of
0.2 eV to show the eﬀects of imposing a reasonable barrier
while retaining direct comparability to the results for proteins. With a barrier height of 0.2 eV, the control data are
bracketed by a VAB range from 80 to 110 cm1 and rate constants from 90 to 155 s1. These results indicate less donor–
acceptor overlap and smaller rate constants than those calculated for electron transfer through hematite (Kerisit and
Rosso, 2006). If we assume that the barrier height is
0.3 eV, the resulting VAB is between 570 and 750 cm1,
and ket is between 7.8  103 and 4.5  103 s1. These values
are comparable to those calculated for electron hopping
from Fe site to Fe site near hematite surfaces (Kerisit and
Rosso, 2006) but still somewhat less than parameters for
bulk hematite. In the absence of speciﬁc structural information regarding the artifactual Fe whose redox activity is detected in the experiments reported here, it is impossible to
assign a single set of electron transfer parameters. However,
the kinetic data are entirely consistent with a layer of ironcontaining material on the hematite surface in a structure
distinct from that of hematite such that values of VAB and
ket are less than those in bulk hematite.
For OmcA and MtrC, the results of Marcus-based calculations are included in Fig. 13b. We used a reorganization
energy of 2.0 eV for these calculations, as calculated for electron transfer between hematite and hemes in Stc by (Kerisit
and Rosso, 2007). VAB varies from 0.50 cm1 with no barrier up to 25 cm1 for a 0.2 eV barrier, and ket varies from
0.025 s1 in the absence of a barrier to 63.5 s1 with a
0.2 eV barrier. By comparison, calculated values of VAB
and ket in Table 2 of Kerisit and Rosso (2007) for electron
transfer between Stc and hematite range from 0.7 to
19.7 cm1 for VAB and from 0.02 to 882.6 s1 for ket. The
rate constant for MtrC ﬁlms exchanging electrons with conducting electrodes is in the neighborhood of 100 s1 (Hartshorne et al., 2007). Our experimentally derived values are
thus directly comparable to both calculated parameters
and experimental measurements from other studies.
4.4. Other observations
The E00 for OmcA is more negative than the MtrC E00 .
E for similar deca-heme proteins are somewhat more
00
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negative than our values. OmcA from Shewanella frigidimarina NCIMB400 displayed two groups of hemes with
redox potentials of 243 mV and 324 mV vs. SHE (Field
et al., 2000). MtrA, a periplasmic deca-heme cytochrome
from MR-1, was found to have multiple E00 s, with 3 hemes
having E00 = 375 mV vs. SHE and 7 hemes with
E00 = 200 mV vs. SHE (Pitts et al., 2003). After adjustment to the Ag/AgCl reference scale (add 197 mV), they
are much more negative than our potentials for OmcA
and MtrC from S. oneidensis MR-1. On the other hand
Hartshorne et al. (2007), as discussed above, found an
MtrC E00 within the same range as found in our study.
Among the possible reasons for the above discrepancies
is simply that cytochromes from S. frigidimarina may be
diﬀerent from those of MR-1. We also have no way of
quantitatively considering the possible role of conformation
change in the redox properties of OmcA and MtrC (though
this phenomenon is well known in other cytochromes). It is
entirely possible that OmcA and MtrC undergo conformation changes that alter their redox properties as part of a
catalytic cycle and thus that the properties measured in
one study under one set of conditions may diﬀer from those
of another study under diﬀerent conditions. We have also
not quantiﬁed the eﬀect of the proteins or of the organisms
on the surface properties of hematite. The size of the barrier
considered in the Marcus-based calculations depends on the
surface properties of the hematite. If the adsorption of proteins and organisms aﬀects the surface charge, for example,
EFB of hematite (and the barrier to electron transfer) will
change as well.
Finally, there is another possible interpretation of the
agreement between our data for wild-type MR-1 cell suspensions and data the of Kim et al. (2002) and Cho and
Ellington (2007). If the cell walls of the bacterial populations tested in all of these studies contain signiﬁcant
amounts of non-heme ‘‘adsorbed” or ‘‘cell bound” Fe
(e.g., see Wightman and Fein, 2005) that can be reductively
dissolved under anoxic conditions, then the redox behavior
seen in all of the previous experiments, as well as ours, may
simply reﬂect Fe dissolved from the cell wall and not the redox activity of enzymes like OmcA and MtrC. If this were
the case in the present study, we might expect that all
organisms, whether deletion mutants or not, might show
the same electrochemical behavior. This is not the case.
The fact that the redox behavior of the double-deletion mutant DmtrC–DomcA is similar controls with no proteins or
organisms, whereas the presence of either protein ﬁlms or
cells able to make OmcA or MtrC results in distinctly diﬀerent redox behavior (with a more negative E00 ), suggests that
the results can be attributed to the redox activity of OmcA
and MtrC. Nevertheless, the role of non-heme Fe sorbed to
cell walls requires further study.
5. CONCLUSIONS
This study sought to better understand electron exchange between an iron oxide electrode and the cytochromes OmcA and MtrC, as well as both wild-type and
mutant MR-1 cells. Our control experiments indicate that
electrode dissolution at potentials less than EFB of hematite

creates an artifactual, redox-active population of Fe species
in the system. Nevertheless, CV of OmcA and MtrC protein
ﬁlms indicate that both cathodic and anodic currents are
diﬀerent in the presence of proteins than in their absence.
This is also true of wild-type S. oneidensis MR-1, DomcA,
and DmtrC. The double deletion mutant DmtrC–DomcA
did not exchange electrons with the hematite electrode
any diﬀerently from the inorganic and abiotic controls.
OmcA and MtrC are thus apparently the only outer membrane metal reduction enzymes utilized by MR-1 under the
tested experimental conditions. Anodic currents are consistent with the idea that functional protein complexes are
more eﬀective at electron transfer to hematite than individual proteins.
A summary of E00 , Epc and Epa for proteins and organisms is given in Table 2. E00 (OmcA) is 201 mV vs. Ag/
AgCl, and is more negative than the E00 (MtrC) of
163 mV vs. Ag/AgCl. The electrochemical behavior of
whole-cell suspensions of wild-type MR-1 is consistent with
other studies of the same organism. The electrochemistry of
DomcA and DmtrC are consistent with the CV of the respective proteins (MtrC for DomcA, and OmcA for DmtrC).
Butler–Volmer theory for electrode kinetics cannot fully describe our data, but with reasonable assumptions regarding
Marcus electron transfer theory the VAB and ket values
needed to describe our data are similar to those calculated
or measured by others using non-hematite electrodes. Overall, OmcA and MtrC appear to be the only enzymes that directly aﬀect electron transfer to and from hematite. There
are other proteins whose absence can interrupt the electron
transfer chain supplying electrons to MtrC and OmcA, but
the absence of MtrC and OmcA results in voltammetry that
is almost identical to controls.
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