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Abstract

We have characterized the outer-membrane decaheme cytochromes OmcA and MtrC from Shewanella oneidensis MR-1 at the single-
molecule level using scanning tunneling microscopy (STM) and tunneling spectroscopy (TS). These cytochrome proteins are of great
interest because they are thought to mediate bacterial electron transfer reactions in anoxic waters that control the reductive dissolution
of oxide minerals. In our study, to characterize the electron transfer properties of these proteins on a model surface, the purified cyto-
chromes were chemically immobilized as molecular monolayers on Au(111) substrates via a recombinant tetra-cysteine sequence as ver-
ified by X-ray photoelectron spectroscopy. Atomic force microscopy images confirm the monolayer films were �5–8 nm thick which is
consistent with the apparent lateral dimensions of individual cytochrome molecules obtained with STM. Current–voltage TS of single
cytochrome molecules revealed that OmcA and MtrC have different abilities to mediate tunneling current despite having otherwise very
similar molecular and biochemical properties. These observations suggest that, based on their electron tunneling properties, the two cyto-
chromes could have specific roles during bacterial metal reduction. Additionally, this study establishes single-molecule STM/TS as an
effective means for revealing insights into biogeochemical redox processes in the environment.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Since life’s inception on the planet, microorganisms
have been interacting with Earth materials and influencing
global geochemical processes (see reviews by Nealson and
Stahl, 1997; Newman and Banfield, 2002). In fact, dissimi-
latory metal-reducing bacteria (DMRB) are thought to be
similar to some of the first organisms that evolved on
Earth, and hence may represent the first true biogeochem-
ical agents to have existed on our planet (Vargas et al.,
1998). Geomicrobiological cycling of metals like iron, the
most abundant redox-active metal in the Earth’s crust,
and manganese by DMRB continues to be a prevalent re-
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dox process in modern environments and influences the
fate and transport of not only these metals, but of organic
and inorganic contaminants as well (Nealson et al., 2002;
Lovley et al., 2004; Kappler and Straub, 2005). Given the
low solubility, and hence solid-phase, of Fe(III) and
Mn(IV) in natural waters, the molecular and nanoscale
interactions between oxide surfaces and microorganisms
(see reviews by Hochella, 2002; Gilbert and Banfield,
2005) become significant controls on this ubiquitous and
dynamic redox couple.

One specific DMRB under widespread study is Shewa-

nella oneidensis MR-1, a gram-negative facultative anaer-
obe that inhabits a wide variety of marine and surface
waters as well as soils and sediments in the subsurface crit-
ical zone (Myers and Nealson, 1988; Venkateswaran et al.,
1999). Recent studies have provided a glimpse into the
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remarkable electron transport chain of S. oneidensis, noting
the importance of abundant multiheme cytochromes—par-
ticularly OmcA and MtrC—in bacterial iron and manga-
nese respiration (see reviews by Tiedje, 2002; Schroder
et al., 2003; Dichristina et al., 2005).

OmcA (SO1779) and MtrC (SO1778; also referred to as
OmcB) are decaheme c-type cytochromes with calculated
molecular weights of 83 and 79 kDa, respectively (Myers
and Myers, 1997, 1998; Beliaev et al., 2001). Each contains
lipoprotein consensus sequences for anchoring to the bac-
terial outer-membrane (Myers and Myers, 2004). It has
been suggested that they have overlapping roles in
Mn(IV)-oxide reduction implying that they could both
act as terminal metal-reducing enzymes (Myers and Myers,
2003). Further support of this notion has been verified by
the demonstration that purified OmcA and MtrC form a
stable protein complex that has a higher reduction activity
relative to either of the cytochromes alone (Shi et al., 2006).
Moreover, the midpoint potentials of OmcA and MtrC
have been estimated with electrochemical redox titrations
(Richardson et al., personal communication) and suggest
that the complex may be tuned to a high redox potential.
Despite having a broad biochemical and electrochemical
knowledge of the function of these cytochromes, the molec-
ular-scale properties controlling the electron transfer
behavior of these cytochromes, particularly in an adsorbed
state, remain poorly understood. Moreover, the mecha-
nism(s) by which DMRB utilize these cytochromes to shut-
tle electrons to iron and manganese-bearing mineral
surfaces remains elusive.

One hypothesis under investigation is that the terminal
reduction pathway is mediated enzymatically by outer-
membrane multiheme cytochromes (e.g., OmcA, MtrC)
that are in direct contact with the oxide surface. Evidence
supporting this hypothesis has been provided by studies
of cell adhesion and direct electron transfer. For example,
nanoscale adhesive forces between S. oneidensis and goe-
thite (a-FeOOH) may be due to bonding interactions with
outer-membrane multiheme cytochromes exposed at the
cell surface (Lower et al., 2001, 2005). It has also been pro-
posed that S. oneidensis has the ability to distinguish be-
tween polyvalent and unreactive metal-oxide surfaces
(Lower et al., 2001) and even between different crystallo-
graphic faces on one iron-oxide mineral (Neal et al.,
2005). Adhesion propensity corresponds quite well to the
calculated electron transfer behavior and reactivity at these
same faces (Neal et al., 2003), supporting the possibility
that interfacial electron transfer and cytochrome-mediated
adhesion may be directly related to metal reduction. Pre-
sumably this direct contact is necessary to increase the elec-
tronic coupling of the cell’s electron transfer moieties (e.g.,
redox-active heme cofactors within membrane-associated
cytochromes) to the iron oxide surface allowing for efficient
electron transfer (i.e., tunneling).

Alternatively, there appears to be substantial evidence
supporting indirect reduction pathways that do not require
direct contact between the cell and the oxide surface. In
these cases, reduction is thought to be mediated either by
small redox-active molecules acting as electron shuttles or
by the production of extracellular pillin-like appendages
recently termed ‘nanowires’. In the case of shuttles, it is
possible that outer-membrane cytochromes donate elec-
trons to biosynthetic shuttle molecules such as quinones,
which then transfer electrons to specific sites on the oxide
surface (Newman and Kolter, 2000; Lies et al., 2005).
Reduction of hematite (a-Fe2O3) surfaces by hydroquinone
molecules appears to be a relatively facile process (Stack
et al., 2004; Anschutz and Penn, 2005) despite the dramatic
influence of adsorption, pH, and quinone structure on the
thermodynamics of such reactions (Uchimiya and Stone,
2006). Reductive dissolution features on hematite surfaces
observed at locations not associated with specific cell
attachment sties of S. putrefaciens CN32 (Rosso et al.,
2003) may also support this pathway. However, calculated
electron transfer rates suggest that the relatively fast diffu-
sion of electrons at hematite surfaces may instead account
for non-local dissolution features (Kerisit and Rosso,
2006). Moreover, it has recently been shown that enzyme-
containing membrane fractions can directly reduce Fe(III)
and Mn(IV)-oxides without the presence of chelators or
small electron shuttles (Ruebush et al., 2006).

Secretion of nanowires, so-called because of their appar-
ent ability to conduct an electrical current, was recently
proposed to be an alternative pathway for long-range oxide
reduction (Reguera et al., 2005; Gorby et al., 2006).
Although there are two contradicting reports regarding
the nanowires produced by S. oneidensis, a recent study
shows that not only does S. oneidensis produce functional
nanowires, but also that its nanowires are composed in part
of outer-membrane multiheme cytochromes—the same
cytochromes thought to be responsible for direct enzymatic
reduction (Gorby et al., 2006).

As is often the case with such dynamic interfaces in
microbial systems, the predominating whole-cell mecha-
nism for bacterial metal reduction may in fact be an amal-
gamation of the three proposed pathways above and may
even involve presently unknown mechanisms. Nonetheless,
a common component of all direct and indirect solid-phase
oxide reduction models is the involvement of outer-mem-
brane multiheme cytochromes, particularly the cyto-
chromes OmcA and MtrC. In this study, we attempt to
address an important aspect of the direct enzymatic reduc-
tion model by interrogating the ability of OmcA and MtrC
to mediate interfacial tunneling current when adsorbed to a
solid surface.

To address the need of an analytical technique capable
of probing the electron tunneling properties of adsorbed
cytochrome molecules, various scanning probe microscopy
techniques have historically been employed. To date, scan-
ning tunneling microscopy (STM) and current-sensing
atomic force microscopy (CS-AFM), coupled with tunnel-
ing spectroscopy (TS) on immobilized single-center metal-
loproteins, have revealed the nature of interfacial
tunneling at a single-molecule level (see reviews by Davis
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and Hill, 2002; Zhang et al., 2002; Davis et al., 2005). The
development of these techniques has arrived to the point
where single-molecule measurements on multicenter metal-
loproteins are achievable. Here, we have employed these
techniques to study the decaheme cytochromes OmcA
and MtrC adsorbed to Au(111) substrates with the objec-
tive of attempting to directly probe their mechanisms of
electron transfer (see Section 2.1 for justification).

In this study, we: (1) establish a protocol for chemical
immobilization of OmcA and MtrC in the form of mono-
layer films on Au(111) surfaces, (2) characterize these cyto-
chrome films using STM, AFM, and XPS, and (3)
demonstrate, through current–voltage TS, clear differences
in the molecular conductance of the two cytochromes.
These tunneling differences may eventually be representa-
tive of their intrinsic interfacial electron transfer properties.
2. Materials and methods

2.1. Cytochrome purification and film preparation

The most common substrate used for making single-molecule STM
measurements on adsorbed metalloproteins is Au(111). This substrate
provides several advantages over oxide surfaces. Au(111) is a stable sur-
face in air and water on the time scale of STM measurements and will not
spontaneously oxidize these cytochromes as an iron oxide surface could
(e.g., hematite). When properly prepared, an Au(111) substrate is com-
prised primarily of large atomically flat terraces hundreds of nanometers
wide suitable for high-resolution imaging of cytochrome monolayers.
Au(111) is an excellent conducting substrate for STM compared to
semiconducting oxides. Furthermore, the electronic structure near the
Fermi energy for a metal is in general comparatively simple and better
understood relative to metal oxides. For example, relatively few features
appear in the TS conductance curves for Au(111), and those that do are
very reproducible and well understood (Davis et al., 1991; Avouris et al.,
1995; Kowalczyk et al., 2006) whereas the same cannot be said for oxide
surfaces such as hematite (e.g., Becker et al., 1996). We viewed these
Au(111) characteristics to be important for maximizing our ability to
interpret the TS data.

The use of Au(111) substrates also provides a key feature in that
methods for chemical immobilization of proteins on the surface are al-
ready well established. Cysteine residues exposed on many metalloprotein
surfaces are able to form covalent thiol bonds with Au(111) which stabilize
cytochrome films for imaging with STM. Chemical binding employing a
thiol-gold bridge improves chances for efficient electronic coupling be-
tween the metalloprotein and the electrode surface (Vondrak et al., 1999).
Proteins, and in particular, cytochromes, have been documented to have
electrostatic affinities for oxide surfaces (Khare et al., 2005; Eggleston
et al., 2006) but protocols for immobilizing cytochromes using chemical
binding to oxide surfaces are not well developed at this time. Historically,
recombinant proteins with surface-exposed cysteine residues have been
constructed to achieve chemical binding (Lo et al., 1999; Andolfi et al.,
2002), and that is the strategy used in this study. X-ray photoelectron
spectroscopy (XPS) has widely been used to detect such Au–S thiol bonds
in organo-sulfur films including single-center metalloproteins (e.g., Chi
et al., 2000; Hansen et al., 2003).

Recombinant OmcA and MtrC contained a 4 · Cys/V5/6 · His tag
(AACCPGCCKGKPIPQPLLGLDSTRTGHHHHHH) at their C-termi-
ni for efficient protein detection, purification, and attachment to the
Au(111) surface. The recombinant proteins were expressed in S. oneiden-

sis. OmcA was purified as described in a previously established protocol
(Shi et al., 2005, 2006) and STM imaging showed OmcA was well bound
to the Au surface (see Section 3 for further explanation). In contrast to
OmcA, initial STM images of our previously purified MtrC suggested that
it failed to bind to Au(111). Because this MtrC was also refractory to the
purification by immobilized metal ion chromatography (IMAC) despite
the presence of 6 · His tag at its C-terminus, we believed its tag was buried
inside the protein molecule. To make its tag surface-exposed, we added a
linker sequence (DDDDK) between MtrC and the tetra-cysteine sequence.
The newly constructed MtrC bonded well to the Ni-NTA column and was
purified by IMAC. Indeed, the newly purified MtrC was firmly bound to
the Au(111) surface, and formed a stable film.

The purified cytochromes were stored at �20 �C in buffer solution with
the following solutes: 20 mM HEPES, 5 mM b-mercaptoethanol, protease
inhibitor, 250 mM NaCl, 1% octyl b-D-glucopyranoside (OGP), and 10%
glycerol at pH 7.6. Additional 2 mM b-mercaptoethanol was added to
eliminate the formation of disulfide bonds between thiol groups in the
tetra-cysteine tag before depositing onto the gold substrate. Due to the
presence of lipoprotein consensus sequences for anchoring to the outer-
membrane, solubilization in water of the isolated cytochromes requires
detergent (OGP) to saturate the exposed hydrophobic regions of the
protein surface. The original buffer solution was exchanged twice with
20 mM OGP detergent, 50 mM HEPES buffer, pH 7.6, using Microcon
centrifuge filters (10,000 MWCO) at 14,000 rpm and 10 �C (Davis et al.,
2000). The concentration of OGP was kept below its critical micelle
concentration of 25 mM.

The Au(111) layer was �200 nm thick, supported on muscovite mica,
and freshly annealed in a hydrogen flame (Molecular Imaging, Inc.). A
hydrophobic seal was made at the contact between gold and mica using
Tempfix adhesive (SPI Inc.) to ensure the protein solution did not contact
disrupt the Au(111) surface from underneath. Statically charged particles
were then removed with a Zerostat 3 piezoelectric pistol before finally
depositing approximately 50 lL of the protein solution (final concentra-
tion <20 mM) onto the Au(111) surface. The solution was left in contact
with the Au(111) surface for 12–16 h at 4 �C in a glass Petri dish. After-
wards, the protein solution was carefully removed from one corner of the
film using a pipette (an area that was not used for imaging) and the
remaining solution wicked away using the edge of a Kimwipe until no
evidence of solution on the substrate was visibly present. The film was then
left to equilibrate at room temperature and ambient humidity for 1–2 h
before STM imaging. Extensive rinsing of the films was not necessary as it
interferes with the hydrophobic nature of the OGP overlayer (see Section
3.2.1). Films were used for experiments no longer than 10 days after
preparation. Control films of 20 mM OGP detergent and 50 mM HEPES
buffer were prepared using the same protocol except without protein in
solution. Bare Au(111) control samples were only treated with the pie-
zoelectric pistol prior to imaging.

2.2. STM/TS and AFM operation

Using a Molecular Imaging, Inc. Pico SPM controller and 300S-type
scanner, STM and AFM imaging was performed in air at ambient
humidity. STM imaging was conducted under constant-current mode
using electrochemically etched 80:20 Pt–Ir tips. Images were always ob-
tained by using positive bias voltages (�0.5–1 V) for engaging the tip to
the sample surface. In this system, the tip is kept at ground potential while
the bias voltage is applied to the substrate thus all bias voltages reported
reflect the sample bias relative to the tip. AFM images were collected in
contact mode using Pt–Ir coated silicon–nitride cantilevers with a force-
constant of 0.3 N/m (MikroMasch Inc.).

During TS operation, the magnitude of the tunneling current (I)
passing through an individual protein molecule as the bias voltage (V) is
changed can be viewed as carrying information regarding the propensity
of the cytochromes to specifically mediate electron tunneling between the
STM tip and the Au substrate. For the collection of I(V) spectra, the tip
was quickly centered over a chosen cytochrome immediately after its
appearance in an STM image. The feedback loop was automatically
turned off, and the tunneling current was recorded as a function of applied
bias voltage. The bias was swept through a 3 V range from +1.5 to �1.5 V
at 10 ms sweep duration. Each spectrum consisted of 200 sampling points.
Tunneling spectra were always collected starting from the same imaging
bias voltage and set point current. The bias voltage sweep was always in



Fig. 1. XPS spectra in the S 2p region for OGP, OmcA, and MtrC
samples on Au(111) substrates. Pass energy, 17.9 eV.
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the same direction. The representative cytochrome I(V) spectra presented
below are averages of several thousand individual spectra (3050 for
OmcA, �8000 for MtrC) collected on several different protein films using
many different Pt–Ir tips. Raw I(V) spectra were initially analyzed using
Igor Pro 4.0 (Wavemetrics, Inc). Extreme outliers with obvious differences
in I(V) signal (<5%) were removed before the remaining spectra were
averaged together to construct the representative spectra presented below.
Differential conductance (dI/dV) spectra were generated using the Sav-
itzky and Golay (1964) moving least-squares method and a 23-point
window and removing discontinuities at zero bias voltage. Normalized
differential conductance spectra [(dI/dV)/(I/V)] were generated by nor-
malizing to the best-fit exponential ‘background’.

All spectra were collected at an initial tip–sample separation distance
as defined by 1.08 V and 0.5 nA. Additionally, in every case the collection
of each I(V) curve as described above was automatically repeated at five
different increasing tip–sample distances (Z) in 1 Å steps from the original
separation distance. This allowed for analysis of I(Z) spectra for chosen
bias voltages. Exponential decay in the I(Z) spectra was used as a check to
ensure that true tunneling was always occurring during the measurements
(i.e., currents were attributed to electronic tunneling as opposed to elec-
trochemical or ionic charging).

2.3. XPS operation

All XPS spectra were obtained with a Perkin-Elmer 5400 X-ray pho-
toelectron spectrometer (Physical Electronic Industries, Inc.) using an
aluminum X-ray source and two-channel collector. The X-ray anode was
operated at 12 keV and 250 W and the vacuum was kept below
5 · 1�7 Torr. The pass energy for wide-range survey scans was 89.45 eV,
and for narrow scans it was 17.9 eV. The S 2p spectra presented are
averages of 100 sweeps from 178 to 158 eV binding energy with 25 ms for
every 0.1 eV step. All spectra are referenced to Au 4f7/2 at 83.8 eV. Data
was analyzed using AugerScan 3.12 (RBD Enterprises Inc.).

3. Results and discussion

3.1. X-ray photoelectron spectroscopy

Survey XPS scans of OmcA and MtrC films, as well as a
control film comprised of only OGP detergent and HEPES
buffer, show the presence of several Au photopeaks, as well
as C 1s, N 1s, and O 1s photopeaks. The absence of a Fe
2p3/2 photopeak indicated that heme Fe atoms in the cyto-
chromes were below XPS detection limits. Despite a low
signal-to-noise ratio, measurable differences were apparent
in the narrow scans of S 2p photopeaks between 178 and
158 eV binding energies for OmcA and MtrC films and
the OGP control film (Fig. 1). Although its intensity is
weak, the representative peak near 162–162.7 eV observed
in OmcA and MtrC samples is indicative of thiol bonds
with Au(111) (Chi et al., 2000; Duwez, 2004). This peak
is absent in the OGP control film, suggesting that the objec-
tive of creating a thiol bond between the cytochrome films
and the Au substrate was achieved.

We also observed the presence of an additional weak S
2p peak near 168.5 eV in both cytochrome samples. In
other organo-sulfur self-assembled monolayers (SAMs), a
primary cause of weak unexpected higher energy peaks is
oxidation of the sulfur species on a time scale of less than
4 h for films exposed to air (Schoenfisch and Pemberton,
1998). Although the additional peak is not indicative of
any chemical interaction with the Au(111) surface, its pres-
ence suggests that not all sulfur in the film is associated
with Au–S bonds. This is not surprising as there are un-
bound sulfur species associated with b-mercaptoethanol
and HEPES buffer, as well as non-binding cysteine residues
in the cytochromes. However, in organo-sulfur SAMs, un-
bound thiols are expected to have peaks slightly above
163 eV (Duwez, 2004); no such peaks were detected. Due
to the relatively low sulfur content in these cytochrome
films, it is not unexpected to see weak S 2p photopeaks.
If oxidation is indeed occurring on the films, it may also
be contributing to the loss of intensity arising from thiol
sulfur species.

These measurements only qualitatively suggest the pres-
ence of such interactions between the tetra-cysteine tag and
Au(111). They do not suggest all of the molecules are
bound in this fashion nor does it eliminate the possibility
of other unreacted thiols present in the film. Nevertheless,
when the XPS evidence for the presence of thiol bonds is
combined with the STM observations below, immobiliza-
tion of the cytochromes into stable films is clearly estab-
lished. Note also that the presence of Au–S bond implies
minimal separation between the cytochrome molecule
and the Au(111) surface, increasing the probability for elec-
tronic interactions between one or more redox-active heme
cofactors and the gold surface.
3.2. STM/AFM observations

3.2.1. Initial STM imaging

We first characterized freshly annealed clean Au(111)
surfaces with STM in ambient conditions at a variety of
imaging length scales. The observed topographic features
consisted of large terraces separated by monoatomic steps,
as expected for this well-studied surface (e.g., Han et al.,
1997; Zhang et al., 2004; Morimoto et al., 2005). For the
cytochrome films, while the general ‘terraced’ structure of
the underlying Au(111) surface was still evident (see
Fig. 2A), high-resolution images of the terraces showed
strikingly different features on the terraces themselves.
Based on other studies of STM imaging of metalloproteins



Fig. 2. Series of typical STM topographs of ‘unactivated’ topography (A), a single irreversible ‘activation’ event (B), and ‘activated’ topography of
cytochrome films (C). Bias voltage for A was 0.84 V. For B, the bias voltage was lowered from 1.08 V (top of the image) through zero bias until finally
stopping near �1.5 V where the abrupt change in image contrast occurs. The bias voltage was then raised through zero bias back to +1.08 V. Bias voltage
for C was +2.2 V. 0.5 nA current set-point for all images. Scale bars are 50 nm for A–C and 20 nm for the inset in A.
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and the molecular weights of OmcA and MtrC, we expect
that individual protein molecules should appear as ‘bumps’
on the order of a few nanometers in diameter (e.g., Friis
et al., 1999; Chi et al., 2000, 2001; Davis and Hill, 2002;
Andolfi et al., 2003; Bonanni et al., 2003; Hansen et al.,
2003; Andolfi et al., 2004b; Zhang et al., 2004). No such
features were initially observed. Instead, images initially
consisted of large flat terraces each covered with randomly
dispersed patches, or ‘pits’, of low apparent tunneling
probability.

The ‘pits’ were �1–3 nm wide and irregularly spaced
(Fig. 2A, inset), with an STM apparent depth of �2–3 Å.
Features similar to these have been reported in the litera-
ture for other systems, primarily for organo-sulfur self-as-
sembled monolayers (SAMs) (see reviews by Poirier, 1997;
Yang and Liu, 2003; Vericat et al., 2005). ‘Pits’ have also
been observed in ambient conditions on alkanethiol-func-
tionalized Au(111) substrates with adsorbed metalloprotein
monolayers (e.g., Chi et al., 2000, 2001; Zhang et al.,
2003a,b, 2004). In our experiments, images such as these
were routinely obtained initially from film to film regard-
less of cytochrome type. These image features were stable
for indefinite periods of time. Imaging at very small length
scales did not resolve any features that could assigned as
individual cytochromes. For reasons discussed below, we
will refer to this initial SAM-like topography as the ‘unac-
tivated’ film topography.

3.2.2. ‘Activation’ of cytochrome films

Despite this apparent failure to resolve individual cyto-
chromes initially, we discovered that the cytochromes were
indeed present, residing as an intact monolayer that could
only be resolved by STM after modifying the tunneling
conditions. Here, we describe this process in detail.

By varying the bias voltage to increasingly more nega-
tive values, the SAM-like features on the Au(111) terraces
could be immediately changed. Bias voltages more negative
than ��1.5 V led to the appearance of clearly resolved fea-
tures consistent with a monolayer of cytochromes. The
resulting images, collected after having surpassed the
threshold bias voltage, are referred to as the ‘activated’ film
topography. The transition between ‘unactivated’ and ‘ac-
tivated’ film topographies was very rapid, often shorter
than the time required to collect a single scan line, yielding
a very sharp transition in the images (Fig. 2B). The images
after activation showed a layer of close-packed, nearly
spherical features ranging from 5 to 10 nm in size, consis-
tent with the expected sizes for OmcA and MtrC
(Fig. 2C). These features uniformly covered entire
Au(111) terraces and did not show any preferential adsorp-
tion to specific topographic features on the surface. Step
heights consistent with those of the underlying Au(111)
surface were maintained. Imaging conditions were stable
and data could be collected for hours at variable bias volt-
ages even outside the normal bias range of ±1.5 V. The
new features assigned as cytochromes are acquired at the
expense of the old SAM-like features in an irreversible
fashion. For instance, following film activation at large
negative bias voltages, the apparent ‘pits’ were irretrievable
upon readjusting the bias voltage back to the low positive
values used for engaging the tip to the sample.

Several lines of evidence lead us to conclude that this
activation behavior arises due to bias-induced interactions
between the tip and a SAM-like overlayer of residual OGP
detergent ‘blanketing’ the cytochrome film. The nominal
interpretations of the origin of apparent ‘pits’ in SAMs
are that they arise from either gold substrate vacancy is-
lands that form during the self-assembly process, domain
boundaries where the SAM is highly disordered, or molec-
ular defects in the SAM (Vericat et al., 2005). We do not
expect gold vacancy islands to contribute to the self-assem-
bled OGP overlayer given the fact that there is a consider-
ably large cytochrome monolayer sandwiched between the
gold substrate and OGP. Disorder in the OGP overlayer
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may possibly be causing the ‘pits’, but because of the pres-
ence of the underlying cytochrome film it is reasonable to
expect that the ‘pits’ could arise from subtle irregularities
in the cytochrome distribution.

Bias-dependent reorganization of self-assembled surfac-
tant films has been previously observed (Boussaad and
Tao, 1999). Based on this fact and the observations de-
scribed above, we rationalize the observed behavior as fol-
lows. During deposition and self-assembly of the
cytochrome film, as cytochromes bind to the Au(111) via
thiol bonds, OGP maintains interaction with the hydro-
phobic domains of the cytochrome. The hydrophilic polar
head group of OGP remains exposed to the aqueous solu-
tion while the cytochromes themselves have minimal con-
tact with solution. As the packing of cytochromes
approaches a full monolayer and the molecules become
densely packed on the surface (see Fig. 4), the OGP facing
the solution phase self-assembles into a largely ordered
detergent overlayer protecting the hydrophobic cyto-
chromes from solution.

When the bias voltage is assigned a large magnitude at
negative bias voltage, the electric field between the tip
and sample is evidently strong enough to disrupt the
OGP overlayer while not altering the underlying cyto-
chrome film itself. The metal STM tip is strongly hydro-
philic and in principle can interact with hydrophilic head
groups of the upper surface of the OGP overlayer if enough
energy is supplied. We hypothesize that the electric field in-
duced at high bias voltage induces rearrangement of the
self-assembled OGP overlayer under the tip so that the out-
ward-facing hydrophilic head groups of OGP wet the tip.
This removes intervening detergent from between the tip
and cytochrome film, creating a ‘window’ through the
otherwise intact surfactant overlayer allowing the STM
tip to engage the underlying cytochrome film directly
(Fig. 3). This is what is reflected in the transition from
unactivated to activated film topographies in the STM
images. Tip wetting phenomena such as this are not
uncommon for STM performed in air under ambient con-
ditions (Patel et al., 1997). Further support of this hypoth-
esis is the observation that STM images of activated films
could be reverted back to the unactivated film topography
only when the tip is fully disengaged from the sample sur-
Fig. 3. Cartoon of bias-induced viewing ‘window’ formed from reorga-
nization of OGP overlayer (film ‘activation’) revealing an intact cyto-
chrome layer underneath.
face. Re-engaging in the same location showed that the
OGP overlayer is locally restored and the previously
formed ‘window’ was eliminated. This observation suggests
that bias-induced transformation of the tip structure is not
responsible for the activation effect. Additional evidence
against changes in tip structure include the reproducibility
of the observations as well as the stable imaging of the acti-
vated cytochrome films over a wide range of bias voltages
after activation.

The ‘window’ formed between the tip and OGP overlay-
er is very stable as long as the tip is engaged, traveling per-
fectly with the tip during scanning with no signs of
interference with imaging. The ‘window’ is also stable dur-
ing the collection of I(V) spectra and we found no evidence
that the ‘window’ could be closed by the same electrostatic
mechanism by which it is opened, for example by reversal
of the bias polarity to large positive values. Therefore, after
creation of the activation ‘window’, the collection of I(V)
spectra could involve a wide bias range as needed. In con-
trast, the collection of I(V) spectra on the unactivated films,
i.e., on the SAM-like OGP overlayer were limited to a bias
range that did not surpass the threshold bias.

3.2.3. STM of cytochrome molecules

OmcA molecules were observed to be �8 nm in diameter
laterally on average whereas MtrC molecules appeared to
be �5 nm in diameter on average (Fig. 4). The observed
sizes of the cytochromes in the activated films are within
the expected range for globular proteins of a similar molec-
ular weight, as expected for ambient imaging of biomole-
cules (Alliata et al., 2004). The apparent sizes observed
on the films, including the slight variation between OmcA
and MtrC, may be a function of not only their molecular
shapes, but whether or not the cytochromes are binding
to the Au(111) surface in a preferred orientation.

Because crystal structures for either cytochrome are
unavailable, it is unknown, in terms of location on the pro-
tein surface and molecular axis, where the cysteine residues
that covalently bond to the substrate are exposed. Howev-
er, there is evidence to indicate binding of both cyto-
chromes to the Au(111) surface is through the tetra-
cysteine tag located at the C-termini of the cytochromes.
Although recombinant OmcA and MtrC have 27 and 29
cysteines in their polypeptides, respectively, 20 of them
are used to covalently bind 10 heme moieties; another
serves as the lipid-binding site. Thus, only six and eight cys-
teine residues are free, respectively, for each polypeptide to
bind to Au(111), in which four are from the tetra-cysteine
tag. As a control, we attempted to image purified MtrA, a
32 kDa periplasmic (i.e., soluble) decaheme c-type cyto-
chrome from S. oneidensis (Pitts et al., 2003). Due to the
fact that MtrA contains no tetra-cysteine tag, stable films
were not observed. Instead it was found that MtrA mole-
cules were easily moved about on the Au(111) surface by
the STM tip. Furthermore, MtrC with a recessive tetra-cys-
teine tag (i.e., the recombinant MtrC that lacks a DDDDK
linker sequence between its C-terminus and the tetra-cys-



Fig. 4. Typical STM topographs of ‘activated’ OmcA (A) and MtrC films
(B). Tunneling conditions for OmcA: bias 2.2 V, current set-point 0.5 nA.
Tunneling conditions for MtrC: bias voltage 1.08 V, current set-point
0.5 nA. Scale bars, 20 nm.
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teine tag; described in Section 2.1) did not bind to IMAC
columns and no images of cytochrome molecules on gold
were obtained using STM on this particular MtrC con-
struct. Therefore, there is substantial evidence suggesting
an exposed C-terminus tetra-cysteine tag mediates chemical
immobilization of OmcA and MtrC on the Au(111)
surface.
Fig. 5. AFM image of MtrC film showing topographic data with an
associated cross-section shown below corresponding to the green line
through the center of the image.
3.2.4. AFM of cytochrome films

STM does not provide true height information of the
adsorbed cytochromes. In an effort to determine the verti-
cal dimensions of individual cytochromes for comparison
with the lateral dimensions observed by STM, contact-
mode AFM imaging of the cytochrome films was conduct-
ed in air and solution. After repeated failed attempts to
achieve molecular resolution in solution, the height of the
film itself was assessed by imaging in air. Due to capillary
and van der Waals forces from imaging in air, we had poor
control on the applied forces, which often led to shearing
away portions of the cytochrome film from the surface.
This however facilitated measurements of the film thickness
by comparing the height difference between the upper sur-
face of the film and the underlying Au substrate. The con-
trast of the intact film to that of the previous scan area is
clearly evident (Fig. 5).

The horizontal cross-section in Fig. 5, which bisects the
previous scan area indicated by the �2.7 lm square feature
in the center of the image, suggests the cytochrome film
thickness is roughly 5–8 nm. This is in excellent agreement
with the STM apparent diameters of the cytochromes, and
confirms the fact that these films consist of only one mono-
layer of globular-shaped cytochrome molecules. It should
be noted that no activation technique was needed to visu-
alize the films, as expected due to the high loading forces
involved with contact mode AFM relative to STM.
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3.3. Tunneling spectroscopy

3.3.1. Current–voltage tunneling spectra

TS was used to gain insight into the electron tunneling
properties of individual OmcA and MtrC molecules. Rep-
resentative I(V) spectra for clean Au(111), OmcA, and
MtrC are shown in Fig. 6A. As expected, the most obvious
difference is between the clean Au(111) and the cytochrome
films. Clean Au(111) has a very steep exponential rise in the
current with increasing bias voltage magnitude as expected
for a metallic substrate, whereas the cytochrome spectra
are consistent with a more resistive tunneling junction.
The I(V) behavior for OmcA is near exponential, but the
I(V) behavior for MtrC is noticeably different in that it
does not follow a smooth functional form in the positive
bias region. The general features of the I(V) spectra just de-
scribed are highly reproducible on average for individual
cytochromes in these films.

For each TS location, we collected I(V) spectra at five
tip–sample separations starting from the imaging tip–sam-
ple separation distance and increasing by 1 Å ‘Z’ incre-
ments. The entire spectral set at each sampling location is
collected in 50 ms by software automation to minimize
Fig. 6. (A) Representative I(V) spectra on Au(111) and activated
cytochrome films of OmcA, and MtrC. Imaging bias voltage, 1.08 V;
current set-point, 0.5 nA. (B) Representative I(Z) curves for OmcA and
MtrC collected at six different bias voltages, where zero tip–sample
separation is defined as the separation distance for imaging at each
particular bias voltage and set-point current conditions.
the effects of drift. This provided us with the ability to as-
sess the decay in the tunneling current as a function of tip–
sample separation for any bias voltage in the I(V) range.
I(Z) spectra were used to ensure that the current was a true
tunneling current as opposed to electrochemical or ion con-
duction currents. True tunneling current decays exponen-
tially with increased separation whereas ion conduction
has a linear I(V) signature (Hamers, 1993). Fig. 6B shows
representative spectra for OmcA at selected bias voltages.
Exponential dependence on separation distance is demon-
strated across the entire bias range. This verifies that the
primary contribution to the STM was from true electronic
tunneling through the cytochromes.

As a check to ensure we were probing only the tunneling
properties of the cytochromes and not other molecules pos-
sibly in the tunneling junction (e.g., detergent or buffer
molecules), I(V) spectra were taken on the OGP overlay-
er—on unactivated terraces and within the apparent low-
tunneling ‘pits’—and on the OGP-only film that was de-
scribed above in Section 2.1. The I(V) spectra on these
three surfaces were highly asymmetric with little increase
in current in the positive bias range (Fig. 7). This rectifying
behavior is a phenomenon that has been observed by STM
elsewhere, for example, on copper-phthalocyanine mole-
cules (Pomerantz et al., 1992) as well as on photosynthetic
proteins (Stamouli et al., 2004). The I(V) behavior on the
unactivated OGP overlayer is very similar to the I(V)
behavior of the OGP-only film. The fact that near-symmet-
ric (i.e., non-rectifying) exponential I(V) curves are always
observed for OmcA and MtrC (Fig. 6A) but never on the
control films suggests that, after activation and the forma-
tion of the ‘window’, the OGP overlayer does not affect the
I(V) measurements on the cytochromes.

3.3.2. Normalized differential conductance

Normalized differential conductance spectra (Fig. 8)
plotted for OmcA and MtrC enhance the subtle differences
in the I(V) spectra. Inflections in slope of the I(V) spectra
appear as peaks in the dI/dV form and, when normalized
Fig. 7. Representative I(V) spectra of OGP films (dotted) as well as two
different locations on the ‘unactivated’ topography of MtrC cytochrome
films; SAM-pits (dashed) and ‘unactivated’ terraces on the OGP overlayer
(solid). Imaging bias voltage, +1.08 V; current set-point, 0.5 nA.



Fig. 8. Normalized differential conductance [(dI/dV)/(I/V)] spectra for
OmcA (open circles) and MtrC (closed circles) ‘activated’ cytochrome
films.
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to I/V, the bias-dependence of the tunneling transmission
probability is removed (Hamers, 1993). This mode of anal-
ysis stems from Tersoff–Hamann tunneling theory which
provides for the possibility that under ideal conditions at
low bias voltage, peaks that appear in the (dI/dV)/(I/V)
spectra approximately correspond to a high local density
of states of the sample at the location of the tip (Tersoff
and Hamann, 1985). Under this assumption, the (dI/dV)/
(I/V) spectra for MtrC reflects a large density of states evi-
dent in the positive bias range while OmcA shows no such
features. This is the first glimpse into the electronic struc-
ture of these two redox-active metalloproteins.

Because the representative spectra shown in Fig. 6A for
OmcA and MtrC are averages of several thousand individ-
ual I(V) spectra, the corresponding peaks in the (dI/dV)/(I/
V) spectra may have been slightly broadened. However,
based on other STM studies of small redox-active mole-
cules, the effect of averaging still maintains peak positions
within ±0.1 V from individual I(V) measurements (Han
et al., 1997). The differences seen in the tunneling spectra
are thus statistically significant and correspond to true dif-
ferences in the tunneling conductance of OmcA and MtrC.

If the cytochrome molecule being probed possesses
unoccupied or partially occupied energy levels lying be-
tween the Fermi levels of the tip and substrate (which are
energetically separated by the bias voltage), then in princi-
ple these energy levels can assist in the tunneling process
(see reviews by Nitzan and Ratner, 2003; McCreery,
2004). Ignoring different possible mechanisms for tunneling
current modification due to these ‘bridge’ states for the mo-
ment, in general normalized differential conductance spec-
tra would show increased conductance in the bias voltage
range where this condition is met. The assist mechanism
is due to either resonant tunneling (Schmickler, 1993),
where electrons tunnel directly between tip and substrate
by a resonant transition through the unoccupied levels of
the molecule, or it is due to ‘‘two-step electron transfer’’
where electrons transferred into the acceptor level are par-
tially stabilized and even temporarily trapped there by
nuclear relaxation (Kuznetsov et al., 1992). The difference
lies in the energetic position of the bridge state(s) relative
to the tip or substrate Fermi levels, the electronic couplings
between the tip, molecule, and substrate, and the vibration-
al dynamics of the molecule. These details are beyond the
scope of the current paper. Using electrochemical STM
in electrolyte solution under bipotentiostat control, redox
energy levels can sometimes be tuned into or out of tunnel-
ing resonance, but these experiments are extremely difficult
(e.g., Tao, 1996). In our case the measurements are per-
formed without electrochemical control and therefore the
cytochrome energy levels sampled during the bias voltage
ramp, if any, are by pure chance. It is noteworthy that
for these experiments, TS in air provides an advantage over
aqueous solution-based TS (e.g., via electrochemical STM)
in that the cytochromes used in this study are not expected
to be stable over long time scales in solution as they are pri-
marily hydrophobic.

Due to the natural function of these cytochromes for
electron transfer—specifically optimized for efficiency with-
out dissipating painstakingly harvested energy—it is natu-
ral to consider peaks in the MtrC spectra (Fig. 8) as arising
from participation of heme cofactor electronic energy levels
in the tunneling process. However, other possible explana-
tions for the observed bias-dependent conductance changes
should be considered first. In general, ET rates depend
strongly on the dielectric properties of the surrounding
medium, with larger reorganization free energies and there-
fore slower ET rates occurring in polar media with high
dielectric constants, such as water (Marcus and Sutin,
1985). In biological ET, a primary function of the protein
is to create a low dielectric environment around the heme
cofactors to limit the medium contribution to the reorgani-
zation free energy. Proteins accomplish this by folding in
such a way so as to exclude solvent water from around
the heme groups, creating a compact environment with
low polarizability. At equilibrium, the structure adopted
entails a complex balance between intraprotein, protein–
solvent, and solvent–solvent interactions (Simonson,
2003). In multiheme proteins, another primary function
of the protein is to facilitate interheme ET, either by
arranging heme cofactors in close proximity to each other
(usually between 5 and 10 Å apart) or by providing inter-
vening functional groups that can act as electron tunneling
bridges, allowing interheme ET distances of up to 14 Å
(Page et al., 1999).

We now expand this picture by considering factors rele-
vant to interrogating electron tunneling behavior of a pro-
tein using tunneling spectroscopy: (1) Many proteins are
charged and have a net permanent dipole in their native
conformation (Simonson, 2003). In principle, the charge
and/or dipole can couple to the electric field in the tip–sam-
ple junction leading to protein orientation or conformation
changes with changing bias, particularly when the bias
polarity is changed; (2) The structure of the protein is usu-
ally coupled in a significant way to the oxidation state of its
heme cofactors (Gray and Winkler, 2003). Thus the protein
conformation is redox-dependent. This means that variable
forces applied to the cytochrome by the changing tip–sub-
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strate field could in principle concomitantly shift heme elec-
tronic energy levels; and (3) Solvent and ion access to heme
or chargeable functional groups in the protein depends on
protein structure. By affecting the protein structure, the
bias voltage ramp could therefore alter dielectric or protein
charge characteristics which in turn would affect the bias-
dependence of the tunneling process. To illustrate a possi-
ble effect of the large electric fields in the tip–sample junc-
tion, it is easy to show that the force on a single test charge
in a model tunneling junction under conditions used here
are on the nN scale (i.e., bond breaking). For example,
the electric field magnitude (E) across a 5 nm tip–substrate
tunneling gap filled with protein (dielectric constant
j � 10) (Marcus and Sutin, 1985) is �3 · 109 N/C. Assum-
ing the force is proportional to the magnitude of the charge
(q), a test charge of 1.6 · 10�19 C would be subjected to
�0.5 nN of force towards the negatively charged electrode.
For comparison, previously measured forces attributed to
conformational unfolding of outer-membrane proteins in
S. oneidensis are on the order of 0.2–1 nN (Lower et al.,
2001). The effects of multiple charges and/or dipoles in
the tunneling gap may induce even stronger net forces act-
ing on the molecule, but such effects are difficult to predict
and are considered outside the scope of this paper.

Therefore, despite the numerous recent examples in the
literature that have utilized STM on metalloproteins in air
as an effective means of single-molecule analysis (e.g., Da-
vis et al., 2000; Chi et al., 2001; Andolfi et al., 2003; Bon-
anni et al., 2003; Alliata et al., 2004; Andolfi et al.,
2004a,b; Davis et al., 2004), there is always a concern
regarding effects of the STM measurement itself on the pro-
teins under study. However, it is clear from the high repro-
ducibility of the STM images and TS data in this study that
the electric fields associated with STM operation are not
irreversibly altering the proteins. Upon film activation,
the proteins are very stable under the tip for long periods
of repeated scanning and over a wide range of bias voltag-
es. We note also that electric fields of this magnitude are
expected to be intrinsically imposed on these kinds of pro-
teins when embedded in a bacterial outer membrane (Lind-
say, 1993). In our case, we attribute the stability of the
proteins in part to preservation of the local microenviron-
ment (hydration, local saturation of hydrophobic domains,
etc.) by the OGP overlayer. Although we cannot claim that
the cytochromes are in their native conformation on the
surface initially or during STM imaging, reproducible cyto-
chrome dimensions before and after the collection of TS
spectra suggest that the molecules are retaining a stable
conformation.

Notwithstanding the possible field-induced effects, we
conclude in this case that none of them are likely causes
for the observed differences between MtrC and OmcA in
the normalized differential conductance spectra (Fig. 8).
Although the structures of OmcA and MtrC are not yet
known, there is substantial evidence suggesting these two
proteins are structurally and chemically very similar, be-
yond the simple fact that they are both decaheme cyto-
chromes with similar molecular weight and size. For
example, both MtrC and OmcA are functional Fe(III)-
NTA reductases that lack activity toward nitrite or nitrate,
with virtually identical rates of Fe(III)-NTA reduction and
maximum activity in the same temperature and pH range
(Shi et al., 2006). In their oxidized forms, the ferric heme
iron ions are low spin species with histidine ligands provid-
ing both the distal and proximal ligands in both MtrC and
OmcA (Richardson et al., personal communication). Both
cytochromes exhibit heme operating potentials within a
similar range, with both ranges notably higher than seen
for similar proteins from a number of Shewanella species.
The most significant difference shown so far between MtrC
and OmcA is in the ‘clustering’ of the redox potentials of
their 10 heme groups, with MtrC potentials occurring in
the region of �80 to �170 mV in a 3:7 ratio and OmcA
potentials occurring at �66, �149, and �212 mV in a
3:3:4 ratio (Richardson et al., personal communication).
We therefore expect these two proteins to behave similarly
within the tunneling junction except for the energy and
density of electronic states associated with heme groups.
Returning now to the clearly observable differences in the
OmcA and MtrC normalized differential conductance spec-
tra (Fig. 8), given the above considerations and given that
no structural changes in the cytochromes are evident after
collection of tunneling spectra, we conclude that features in
the MtrC spectra derive from the participation of heme
electronic energy levels in the tunneling process. For OmcA
no such features are seen. The tunneling process through
OmcA is therefore a so-called ‘direct tunneling’ mechanism
between tip and substrate, wherein the OmcA molecule
provides only a smooth modification to the tunneling
transmission probability over the bias range used
(Fig. 6A). Interpretation of the features observed in the
MtrC spectra in terms of a physical model of electron
transfer is left to future work.

4. Conclusions

OmcA and MtrC, two decaheme c-type cytochromes
from S. oneidensis proposed to be responsible for direct
enzymatic reduction of oxide surfaces have different abili-
ties to mediate interfacial tunneling current when adsorbed
to a solid surface. The differences in the tunneling conduc-
tance may reflect variation in the roles of these otherwise
very similar cytochromes during enzyme-mediated bacte-
rial metal reduction. These results could also have implica-
tions for other metal reduction pathways by possibly
providing insights into the origin of the conductive proper-
ties of bacterial nanowires and/or helping describe extracel-
lular electron transfer interactions between multiheme
cytochromes and electron shuttles. How this relates to their
electrochemical properties and their operation as a protein
complex is yet to be determined. Towards this end, analysis
of the tunneling spectra in terms of models based on elec-
tron transfer theory may allow for new insights into the
mechanisms of elementary electron transfer processes med-
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iated by OmcA and MtrC at oxide surfaces. Future exper-
iments employing similar techniques may help constrain
the nanoscale redox reactions that occur at the dynamic
interface between bacteria, cytochromes, and oxide
surfaces.
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