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Shewanella oneidensis MR-1 is purported to express outer membrane cytochromes (e.g., MtrC and OmcA)
that transfer electrons directly to Fe(III) in a mineral during anaerobic respiration. A prerequisite for this type
of reaction would be the formation of a stable bond between a cytochrome and an iron oxide surface. Atomic
force microscopy (AFM) was used to detect whether a specific bond forms between a hematite (Fe,O5) thin film,
created with oxygen plasma-assisted molecular beam epitaxy, and recombinant MtrC or OmcA molecules
coupled to gold substrates. Force spectra displayed a unique force signature indicative of a specific bond
between each cytochrome and the hematite surface. The strength of the OmcA-hematite bond was approxi-
mately twice that of the MtrC-hematite bond, but direct binding to hematite was twice as favorable for MtrC.
Reversible folding/unfolding reactions were observed for mechanically denatured MtrC molecules bound to
hematite. The force measurements for the hematite-cytochrome pairs were compared to spectra collected for
an iron oxide and S. oneidensis under anaerobic conditions. There is a strong correlation between the whole-cell
and pure-protein force spectra, suggesting that the unique binding attributes of each cytochrome complement
one another and allow both MtrC and OmcA to play a prominent role in the transfer of electrons to Fe(IIl) in
minerals. Finally, by comparing the magnitudes of binding force for the whole-cell versus pure-protein data,
we were able to estimate that a single bacterium of S. oneidensis (2 by 0.5 um) expresses ~10* cytochromes on

its outer surface.

Dissimilatory-iron-reducing microorganisms, like Shewanella
oneidensis MR-1, are able to generate energy by electron trans-
port-coupled reduction of Fe(III)-bearing minerals. In contrast
to soluble electron acceptors (e.g., oxygen), which can diffuse
into the microbial cell and be reduced at the inner cytoplasmic
membrane, Fe(IlI) exists predominantly as an insoluble solid
phase (e.g., ferrihydrite, goethite, and hematite) in the envi-
ronment. Therefore, metal-reducing bacteria must shuttle
electrons from the internal cytoplasmic membrane to iron lo-
cated outside the bacterium’s cell wall. One hypothesis is that
S. oneidensis MR-1 uses a sophisticated protein network to
shuttle electrons from the cytoplasmic membrane across the
periplasmic space and through the outer membrane to the
extracellular surface of the bacterium, where a putative iron
reductase catalyzes terminal electron transfer directly to
Fe(III) in the structure of a mineral (1, 27, 28, 32, 35, 42).

The terminal iron reductase is believed to be composed of
outer membrane, decaheme c-type cytochromes. In particular,
two outer membrane c-type cytochromes, MtrC (locus tag
SO1778; also known as OmcB) and OmcA (locus tag SO1779),
have been shown to play an important role in the reduction of
metals like Fe(III) (3, 35-37). Previous studies have shown that
the disruption of mtrC or omcA has no effect on the ability of
S. oneidensis MR-1 to reduce soluble electron acceptors, in-
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cluding oxygen, nitrate, nitrite, and anthraquinone-2,6-disul-
fonate (3, 36, 38). However, mutants defective in either mtrC
or omcA exhibit reduced rates of solid MnO, reduction and
mutants defective in mitrC also show a diminished capacity to
reduce Fe(III) (3, 36, 38). Moreover, it was recently shown that
both MtrC and OmcA can independently reduce Fe(III) che-
lated to nitrilotriacetic acid in vitro (45).

While these studies demonstrate MtrC’s and OmcA’s in-
volvement in Fe(III) reduction, it is still unclear whether either
cytochrome can transfer an electron to a Fe(III) oxide through
direct physical contact. A prerequisite for this type of reaction
would be the formation of a stable bond between the cyto-
chrome and an iron oxide surface that would presumably fa-
cilitate electronic coupling between the cytochrome and the
iron oxide. Evidence supporting this idea has been provided by
studies examining the binding forces between living cells of S.
oneidensis MR-1 and solid iron oxides (29, 32). These studies
suggest that S. oneidensis MR-1 actively synthesizes and/or
localizes proteins (including MtrC and OmcA) at the mineral
interface to function in iron oxide binding and/or reduction.

The present work was undertaken to examine whether it was
plausible that S. oneidensis MR-1 uses the outer membrane
cytochromes MtrC and OmcA for direct cytochrome-mediated
Fe(III) binding. Atomic force microscopy (AFM) was used to
probe forces between the iron oxide mineral hematite (Fe,O5)
and purified recombinant MtrC and OmcA from S. oneidensis
MR-1. The approach force measurements were interpreted
with a model describing the steric force between hematite and
a cytochrome-coated substrate. The retraction curves, or force
“spectra,” were compared to a model that predicts the theo-
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FIG. 1. X-ray diffraction pattern of an AFM cantilever that was
coated with a hematite thin film using oxygen plasma-assisted molec-
ular beam epitaxy. Gold (Au) and hematite (Fe,O;) references are
shown for comparison. The Au signal originates from a coating applied
to the “backside” (see schematic inset) of the cantilever by the man-
ufacturer. The Au coating increases laser reflectivity for the AFM’s
optical lever detection, but it does not interfere with measurements of
the force between the protein and hematite.

retical force-extension relationship for a cytochrome molecule
that forms a specific bridging bond with the surface of hema-
tite.

We found that both MtrC and OmcA are able to form a
specific bond with hematite. The force of this attractive inter-
action is nearly twice as large for the OmcA-hematite bond as
for the MtrC-hematite bond. Conversely, the frequency with
which OmcA forms a bond with hematite is only one-half that
for the MtrC-hematite bond. Furthermore, the bond between
MtrC and hematite appears to be more resilient, as we were
able to observe numerous folding/unfolding reactions for MtrC
molecules that formed a bridging bond with the hematite-
coated tip. These observations reveal that each cytochrome has
unique binding attributes which would presumably allow each
to serve a unique role in a putative, terminal Fe(III) reductase.

Finally, the force spectra for the cytochrome-hematite bonds
were compared to previously published spectra collected for a
living S. oneidensis MR-1 bacterium and an iron oxide surface
(29, 32). The force-distance profiles for the pure proteins were
remarkably similar to those for the living bacterium, support-
ing the hypothesis that S. oneidensis MR-1 targets specific
c-type cytochromes to the cell surface, where these proteins
make direct contact with the Fe(III) oxide. By comparing the
magnitudes of forces between the whole-cell and pure-protein
spectra, we were able to obtain a rough estimate of the number
of MtrC and/or OmcA molecules on a single bacterium of S.
oneidensis MR-1.

MATERIALS AND METHODS

Purification and preparation of recombinant MtrC and OmcA. The recombi-
nant cytochrome proteins were expressed in S. oneidensis MR-1 and purified as
described previously (44, 45, 51). Each contained a Cys,/V5/His, tag at its
carboxy terminus to facilitate protein purification and covalent attachment to
gold-coated coverslips via cysteine residues (45, 51). Purified proteins were
stored at —20°C in a buffer solution containing 20 mM HEPES, pH 7.6, 5 mM
B-mercaptoethanol (reducing agent), protease inhibitor, 150 mM NaCl, 1% octyl
B-D-glucopyranoside (OGP), and 10% glycerol. Due to the presence of a lipopro-
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FIG. 2. Schematic describing the experimental setup used to exam-
ine the interactions between hematite (Fe,O3) and purified S. onei-
densis MR-1 outer membrane cytochromes MtrC (A) and OmcA (B).
MtrC and OmcA are drawn arbitrarily here since their three-dimen-
sional structures are not known. Purified recombinant proteins were
covalently attached to a gold substrate via terminal Cys residues and
were probed with a hematite-functionalized AFM tip in PBS buffer at
pH 7.4.

3 23

tein consensus sequence for both OmcA and MtrC, OGP was required to solu-
bilize the cytochromes (44, 45, 51). Protein concentrations were determined
using the 2DQuant kit from Amersham Biosciences (Uppsala, Sweden).

Preparation of proteins for AFM analysis. Recombinant MtrC and OmcA
were covalently attached to gold substrates via C terminus Cys residues as
described by Wigginton et al. (51). Briefly, the recombinant proteins were dia-
lyzed and equilibrated in 1X phosphate-buffered saline (PBS) buffer (10 mM
sodium phosphate buffer, 150 mM NaCl), pH 7.4, containing 15 mM OGP using
Microcon (Millipore Corporation) centrifugal filters (molecular weight cutoff,
10,000) to a concentration of 10 to 100 wg/ml. This solution was spotted onto a
gold-covered coverslip (Molecular Imaging Corp.), allowing the Cys residues
located at the protein’s carboxy terminus to form a covalent bond with the gold
substrate. After this, the buffer solution was carefully removed and rinsed with
fresh PBS buffer (pH 7.4), and then the protein-functionalized gold substrate was
left to equilibrate in this buffer at room temperature. The protein-coated sub-
strates were then used in an AFM as described below.

Synthesis of hematite-functionalized AFM tips. Si;N, cantilevers (Digital In-
struments) were ultrasonically cleaned in acetone and isopropyl alcohol,
mounted on sample holders, and placed within a UV-ozone cleaner for 3 min
prior to insertion into ultrahigh vacuum. After introduction into the deposition
chamber, the cantilevers were cleaned with atomic oxygen from an electron
cyclotron resonance oxygen plasma source at a chamber pressure of ~2 X 107>
torr for 15 min to rid the cantilevers of any residual adventitious carbon. The
Fe,O; films were grown in excess atomic oxygen using a Fe metal evaporation
rate of ~0.1 A/s, which has been shown previously to produce single crystalline
epitaxial a-Fe,05 grown on a-Al,05(0001) substrates (23). The cantilevers were
continuously rotated during oxygen plasma-assisted molecular beam epitaxial
growth to prevent any unintended line-of-sight shadowing caused by the profile
of the AFM tip. Following growth, the Fe flux from the electron beam evaporator
was eliminated utilizing a shutter and reduced to zero while the coated cantile-
vers were bathed in atomic oxygen. Finally, the oxygen flux was stopped, and the
cantilevers were removed from the deposition chamber. The surface coating on
the cantilever was confirmed to be solely composed of hematite by X-ray dif-
fraction analysis (Fig. 1). A total of eight replicate hematite tips were used in the
AFM experiments described below.

AFM force spectroscopy. Force measurements were made with either a Veeco
Bioscope AFM with a NanoScope IV controller or an Asylum Research MFP3D
AFM at room temperature. Figure 2 is a schematic of the experimental setup.
Raw data from the AFM were collected as the output of the photodiode detec-
tor, which is directly proportional to the deflection of the cantilever, as a function
of the position of the tip, which is translated by a piezoelectric scanner. These
raw data were plotted as so-called voltage displacement curves and then con-
verted into force-distance curves according to a well-established protocol (10,
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11). The force-distance curves were analyzed with SPIP (Image Metrology) and
Igor Pro (WaveMetrics) software (30).

Force measurements began within 15 to 30 min of preparing the cytochrome-
functionalized gold substrates. Two different sample substrates were used for
each cytochrome. The tip of a hematite-coated cantilever was brought into
contact with a cytochrome-functionalized substrate (approach force curves) and
pushed against the sample until the cantilever registered a deflection of 50 nm.
The tip was then pulled from the substrate surface, thereby generating a retrac-
tion force curve or “force spectra.” Each approach-retraction cycle took 1 second
(i.e., scan rate of 1 Hz).

Up to 100 force curves were collected on each of five different spots for each
of the four cytochrome samples (two samples of MtrC and two samples of
OmcA). The cantilevers of the hematite-functionalized tips had spring constant
values between 0.06 and 0.07 N m ™!, as determined by the thermal method of
Hutter and Bechhoefer (20). The tip radius, reported by the manufacturer
(Veeco), is 20 to 60 nm. The z-piezoelectric scanner of the AFM was calibrated
as described previously (30). The vertical travel distance of the z-piezoelectric
scanner was 2,000 nm.

Theoretical analysis of force-distance curves. A theory developed for grafted
polymers was used to model steric interactions for the “sharp” hematite-coated
tip approaching a “flat” cytochrome-coated surface. This model predicts a re-
pulsive force when a polymer-coated substrate approaches another surface. The
origin of the repulsion is due to the unfavorable entropy associated with
the confinement (or compression) of the polymer chains at the interface (21).
The theoretical force-distance (F-x) relationship is given as (6, 7, 31)

F(X) - SorkBTLUI‘S/Ze(*ZTrx/Lu) (1)

where r is the radius of the tip (in m), kj is Boltzmann’s constant (1.381 X 10~
J K™, Tis temperature (in K), L, is the equilibrium thickness of the polymer
(in m), and T is the density of the polymer on the surface (in m~?).

The worm-like chain (WLC) model was used to create theoretical retraction
curves for cytochromes (i.e., MtrC and OmcA) that form a bridging bond with
hematite. This model describes the entropic restoring force generated when a
linear polymer, such as a polypeptide, is mechanically extended or unfolded (17).
The force-extension (F-x) relationship of the WLC model is given as (2, 33,
34, 43)

F(x) = (ksTp) -[0.25(1 = x/L)* + x/L — 0.25] 2

where p is the polypeptide’s persistence length (in meters), L is the polypeptide’s
contour length (in meters), and the other parameters are as in equation 1.
The persistence length embodies the stiffness or elasticity of a polymer and for
purified protein molecules has been determined to be between 0.3 and 1.0 nm (8,
22, 33, 34, 40, 41, 43, 49). It is significant that this length is approximately
equivalent to the average distance between consecutive o carbon atoms in a
polypeptide chain, which is approximately 0.4 nm (33, 41). The contour length is
the fully extended length of an entire polypeptide or segment of a polypeptide
and can be calculated as the product of the length of an amino acid and the total
number of amino acids in the polypeptide’s primary sequence (8, 30, 32, 41).
Equation 2 can therefore be used to predict the unfolding trajectory of a protein
(e.g., MtrC or OmcA) for which the primary amino acid sequence is known.

RESULTS

Measurements of force between MtrC and hematite. Figure
3 shows typical approach and retraction curves for measure-
ments of force between hematite and MtrC. Although data
were collected out to 2,000 nm, Fig. 3 shows force data only for
distances of 0 to 600 nm because no detectable interaction was
observed at distances >600 nm. Force approach curves show
that the cantilever experiences no force until it comes to within
~30 nm of the cytochrome-functionalized gold substrate. At
this range, a repulsive force (positive sign) between the hema-
tite and MtrC is detected. This repulsive force continues to
increase to a maximum of ~2 nN.

All retraction curves exhibited an initial “jump from con-
tact” event at ~25 nm (Fig. 3). The magnitude of the adhesion
force was, in general, around 2 nN. When the tip snapped back
towards its resting position, it created a “blind window” in the
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FIG. 3. Measurements of force between hematite and MtrC. The
top graph shows 14 approach (light blue) and 14 retraction (dark blue)
force curves. The dotted black lines correspond to the theoretical
force-extension relationship for polypeptides composed of 692 (single
MtrC molecule) and 1,384 (putative MtrC dimer) amino acids as
predicted by the WLC model (equation 2). The bottom schematic
illustrates one approach/retraction cycle, starting at frame 1 and end-
ing at frame 5.

force curve, within which no structure could be observed.
Hence, details within the first 50 to 75 nm are hidden by the
“jump from contact” event. This is an unavoidable conse-
quence of using AFM because the tip will “jump from contact”
when the spring constant of the cantilever exceeds the actual
force gradient between the tip and the sample.

A total of 668 of 881 (76%) retraction curves exhibited a
feature that resembled a “sawtooth” (e.g., see the region from
150 to 300 nm in Fig. 3). These features represent attractive
interactions between the cytochrome and hematite. Most re-
traction curves exhibited multiple sawteeth in a single force
profile. However, some retraction curves contained only a sin-
gle sawtooth. The length scale of these types of attractive
interactions extended out to 225 to 300 nm (Fig. 3). In addition
to these prominent sawtooth force signatures, the retraction
profiles for MtrC occasionally exhibited a relatively weak, long-
range attractive force that extended out to ~500 nm (Fig. 3).

Sawteeth such as those shown in Fig. 3 are often attributed
to bridging bonds that form when a polymer links two surfaces
(see, e.g., references 6 and 43). Therefore, we attempted to
capture the sawtooth force signature by allowing MtrC to be
tethered to the hematite tip during subsequent approach-
retraction cycles without physically breaking the bond be-
tween the protein and mineral. This was accomplished by
decreasing the travel distance of the z-piezoelectric scanner
to 200 or 275 nm.

As shown in Fig. 4, pulling the MtrC polypeptide chain
triggers a series of sawtooth-like features. After the polypep-
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FIG. 4. Folding and unfolding trajectories observed for MtrC dur-
ing approach (light blue) and retraction (dark blue) cycles. Here, the
hematite-coated tip was not fully retracted as described for Fig. 3, but
rather only to a distance of 275 nm (A) or 200 nm (B). Under these
conditions, the MtrC molecule does not detach from the tip but rather
maintains a physical bond with the hematite-functionalized tip (de-
picted in the bottom schematic), allowing the observation of unfolding
and refolding pathways of the polypeptide.

tide was stretched to 200 or 275 nm, the force was relaxed as
the hematite tip was allowed to approach the MtrC substrate.
The approach curves reveal sawteeth that mirror the unfolding
trajectory (Fig. 4). We were able to repeat this process over a
4-min period and detect 240 continuous unfold-refold events
before the bond between MtrC and hematite was broken.
When this happened, a new spot was selected on the MtrC
substrate and the experiment was continued. Each new spot
yielded nearly identical force trajectories, indicating that the
data for the interaction between MtrC and hematite were
reproducible.

A number of control experiments were conducted to confirm
the specificity of the bond between MtrC and hematite. Mea-
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FIG. 5. Plot showing the frequency of observing a binding event
(i.e., sawtooth force signature) between S. oneidensis MR-1 cyto-
chromes and hematite (Fe,O3). Shown are the average values (*stan-
dard errors) for OmcA-functionalized substrates and hematite-coated
tips (n = 816), MtrC-functionalized substrates and hematite-coated
tips (n = 881), bare substrates that were not coated with cytochromes
and hematite-coated tips (n = 487), OmcA-functionalized substrates
and bare Si;N, tips (n = 468), and MtrC-functionalized substrates and
bare Si;N, tips (n = 633). These values include only those force curves
for which the tip was completely separated from the polypeptide dur-
ing an approach-retraction cycle, and they do not include folding-
refolding cycles like those shown in Fig. 4.

surements of force between (i) an uncoated gold substrate and
a hematite-functionalized tip and (ii) an MtrC-functionalized
gold substrate and a bare silicon nitride AFM tip (i.e., a tip that
was not coated with hematite) were conducted. In each case,
most retraction curves were featureless profiles fluctuating
around zero force. For control experiment i, only 6 out of 487
retraction curves (1%) exhibited a sawtooth-like feature, and
for control experiment ii, only 32 of 633 retraction curves (5%)
exhibited a sawtooth-like feature (Fig. 5). Moreover, the tra-
jectories of the 6 and 32 sawteeth observed for control exper-
iments i and ii, respectively, did not match the trajectories of
the sawteeth observed in spectra of the force between MtrC
and hematite.

In addition to these control experiments, we conducted ex-
periments using buffer containing free MtrC to determine if
the observed binding events indeed arise from specific MtrC-
hematite interactions. This type of control experiment (i.e.,
injection of “free” protein) has been described previously (19,
46). When free MtrC (0.2 uM) was added to the AFM exper-
iment, sawteeth disappeared from the retraction curves. Ap-
parently, free MtrC binds to the hematite-functionalized tip,
thus preventing recognition of the MtrC molecules on the gold
substrate.

Measurements of force between OmcA and hematite. Exper-
iments measuring the force between OmcA and hematite were
conducted in the same manner described above with the ex-
ception that OmcA was substituted for MtrC. Figure 6 shows
typical approach and retraction curves for hematite and
OmcA. Similar to the MtrC data, no interactions were ob-
served at distances >600 nm.

Approach curves for OmcA are similar to those for MtrC.
There is a repulsive force that begins when the hematite is
brought to within ~20 to 30 nm of the OmcA-functionalized

/002 ‘0z aunr uo Ag Bio wse gl woly papeojumod


http://jb.asm.org

4948 LOWER ET AL.

24 —
1 L.
0 —
CIEE -
8 Retraction
5 21 i -
w
. ; i
1 i wLC i
54 T T T mase T T T
0 100 200 300 400 500 600
Distance (nm)
s| ¥ v 1
o 1 1 "6'
[ p !
& v : £
< @

1 12 ][ 3 [ 4 1[ § |

FIG. 6. Measurements of the force between hematite and OmcA.
The top graph shows 14 approach (light red) and 14 retraction (dark
red) force curves. The dotted black line corresponds to the theoretical
force-extension relationship for a polypeptide composed of 748 amino
acids (single OmcA molecule), as predicted by the WLC model (equa-
tion 2). The bottom schematic illustrates one approach/retraction cy-
cle, starting at frame 1 and ending at frame 5.

substrate (Fig. 6). The repulsive force continues to increase to
a maximum of ~2 nN at contact.

Similar to the MtrC data, retraction curves for OmcA exhibit
an initial “jump from contact” event, but the adhesion force is
stronger (3 to 4 nN; Fig. 6). The retraction curves for OmcA
also show sawtooth-like force signatures (Fig. 6); however, the
frequency of these events is only 39% (318 of 816). The length
scale of the attractive interactions between OmcA and hema-
tite extended to 325 to 425 nm (Fig. 6).

As described above, unfolding/folding events were observed
for MtrC that was tethered to the hematite tip. Therefore, we
conducted a similar experiment for OmcA and hematite. The
travel distance of the z-piezoelectric scanner was decreased to
less than 400 nm, thereby allowing OmcA the opportunity to
form a stable physical bond with the hematite-functionalized
tip. However, after numerous attempts we were unable to
observe unfolding-refolding events like those that were de-
tected for MtrC bound to hematite.

OmcA control experiments included AFM measurements of
(i) an uncoated gold substrate and a hematite-functionalized
tip and (ii) an OmcA-functionalized gold substrate and a bare
silicon nitride AFM tip. Most retraction curves were essentially
featureless horizontal lines fluctuating around zero force. For
control experiment i, 1% of retraction curves exhibited saw-
teeth, and for control experiment ii, only 27 of 468 retraction
curves (6%) exhibited sawteeth (Fig. 5). Moreover, the trajec-
tories of the sawteeth observed for control experiments i and ii
did not match the trajectories of the sawteeth observed in
spectra for the force between OmcA and hematite.
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FIG. 7. Force curves for hematite approaching a MtrC-functional-
ized substrate (light blue) or an OmcA-functionalized substrate (light
red). The dotted black curve is the theoretical steric force (equation 1)
between a hematite-coated tip (60-nm radius) and a surface coated
witl; a protein (thickness = 40 nm; density = 2.3 X 10'® molecules
m ).

As described above for MtrC, we used a buffer containing
free OmcA to determine the specificity of the cytochrome-
hematite bond. Again, we did not observe sawteeth when 0.2
M free OmcA was added to the AFM experiment. The results
of these control experiments are consistent with those obtained
previously by Xiong et al. (52) in which the authors used
dynamic light scattering and fluorescence correlation spectros-
copy to show that purified OmcA has a specific preference for
binding to hematite particles (52).

DISCUSSION

Steric forces at the cytochrome-hematite interface. The ap-
proach force curves for both MtrC and OmcA reveal a repul-
sive force as these cytochromes are brought into contact with
hematite (Fig. 3 and 6). Because these measurements involve
a polymer-coated surface, equation 1 was used to determine
whether steric forces may explain this repulsion. Figure 7 com-
pares the approach curves for the MtrC-hematite and OmcA-
hematite pairs with a theoretical force-distance relationship for
an AFM tip approaching a cytochrome-coated surface having
a thickness (L) of 40 nm and density (I') of 2.3 X 10'° mol-
ecules m~2. The approach forces are indeed consistent with
steric interactions between the hematite tip and cytochrome
substrate.

Further, the values for the thickness and density of the
cytochrome coating are consistent with values found by Wig-
ginton et al. (51). Specifically, Wigginton et al. provide an
AFM image that shows a 20-nm-thick coating of MtrC on a
gold substrate. This value is less than the thickness that was
used to model the steric force shown in Fig. 7. However,
Wigginton et al. collected their AFM image in air whereas our
force curves were collected on hydrated proteins within an
aqueous solution. Wigginton et al. (51) also provide scanning
tunneling microscopy (STM) images, which reveal the packing
density of MtrC and OmcA on gold substrates. According to
these STM images, the density values are 1.2 X 10® and 2.6 X
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10'® molecules m~2 for OmcA and MtrC, respectively. The
cytochrome density used in Fig. 7 is consistent with these STM
data. It is important to note that there is a typographical error
in the caption of the STM images published by Wigginton et al.
(51). The image corresponding to OmcA is actually an STM
image of MtrC and vice versa (N. Wigginton, personal com-
munication).

Force spectra of the cytochrome-hematite bond. While the
approach curves show a repulsive steric force, many of the
retraction curves (Fig. 5) reveal that a stable, attractive bond
forms between hematite and each of the cytochromes. This
may, at first glance, seem rather surprising. However, this type
of hysteresis in approach and retraction curves is often ob-
served in force measurements with polymers (see, e.g., refer-
ence 6).

As discussed above, the attractive interactions between the
cytochromes and hematite manifest themselves as sawtooth-
shaped force extension profiles. Others have shown that this
type of “force signature” is the result of the mechanical un-
folding or stretching of a polypeptide that forms a direct,
bridging bond between two surfaces (8, 15, 16, 25, 26, 30, 33,
41, 47, 48). To determine whether MtrC and OmcA could
produce the observed sawtooth force profiles, the retraction
curves were compared to the theoretical unfolding trajectories
of these cytochromes as predicted by the WLC model (equa-
tion 2).

Figure 3 shows the predicted WLC force trajectory for a
polypeptide composed of 692 amino acids, which is the number
of amino acids in recombinant MtrC. At low force, the model
predicts a linear relationship between force and extension of
the polypeptide. This is shown as a more-or-less horizontal line
extending out to a distance of ~200 nm. This trajectory dra-
matically changes to a nonlinear relationship between force
and extension as the polypeptide approaches its fully extended
length (Fig. 3, between 225 and 275 nm). Figure 3 also shows
the predicted WLC force trajectory for a polypeptide com-
posed of 1,384 amino acids, which would be the number of
amino acids in a recombinant MtrC dimer.

For comparison, Fig. 3 plots a number of retraction curves
selected to span the range of observations for hematite on a
MtrC-functionalized substrate. While these curves are ex-
tremely similar to one another, slight variations in trajectory
can be observed for the individual traces. These variations are
due in part to the fact that we used several different hematite
tips and MtrC substrates in our AFM experiments (see Mate-
rials and Methods). Variations in the retraction curves may
also be due to the measurement itself. For example, Farshchi-
Tabrizi et al. (14) demonstrated that even when two relatively
simple, hard surfaces are brought into contact under precisely
the same conditions there will often be variation in the result-
ing retraction curves. They speculate that such variations are
due to the measurement itself, which induces structural
changes in the sample’s previous contact area. It is possible
that such events also occur with our soft biological samples.
Nonetheless, the level of reproducibility in the MtrC-hematite
force spectra is clearly significant.

The observed retraction profiles are more complex than the
WLC-modeled extension of MtrC. However, the rupture
events for the sawteeth (i.e., the “snapback” to zero force)
occur at a distance of ~250 nm, which is very similar to the
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predicted contour length of MtrC (277 nm, for p = 0.4 nm).
This remarkable likeness indicates that our AFM measure-
ments are indeed probing a specific bond that forms between
MtrC and hematite. It should also be noted that we observed
another notable sawtooth binding event at a distance of ~500
nm. The significance of this will be discussed in more detail
below.

Although the WLC model and observed force spectroscopy
have similar rupture lengths, there is at least one notable
difference between them with respect to MtrC on hematite.
The WLC model predicts only one single unfolding event (i.e.,
one sawtooth), while the observed force profiles exhibit up to
three unfolding events within a single retraction profile. Other
publications have shown that a single polypeptide chain can
yield multiple sawteeth in its unfolding trajectory if that pro-
tein has more than one mechanically stable domain within its
structure (8, 22, 30, 41).

To determine whether MtrC might have multiple, mechan-
ically stable domains, we attempted to unfold and refold MtrC
without completely rupturing the bond between MtrC and
hematite. As shown in Fig. 4, we were able to successfully
unfold (retraction curves) and sequentially refold (approach
curves) MtrC as it was tethered to the hematite-coated tip
through a bridging bond. The fact that we were able to observe
this fold-unfold cycle in up to 240 consecutive attempts indi-
cates a very resilient bond between MtrC and hematite. During
reversible unfolding/refolding cycles (Fig. 4) qualitatively sim-
ilar force-distance trajectories could be observed for both re-
traction and approach measurements. Interestingly, the trajec-
tories of folding and unfolding curves appear as mirror images
of one another, consisting of successive convex or concave
paths reflected across the line defining zero force (Fig. 4).
While a detailed analysis of these force curves is beyond the
scope of this work, the observation of nearly identical sets of
unfolding/folding force-distance trajectories indicates the exis-
tence of specific substructures within the MtrC polypeptide
itself that are apparently essential for mineral recognition and
binding.

A similar type of analysis was conducted for the OmcA-
hematite retraction curves. Figure 6 shows the predicted WLC
force trajectory for a polypeptide composed of 748 amino
acids, which is the number of amino acids in recombinant
OmcA. For comparison, Fig. 6 also shows a number of retrac-
tion curves for the OmcA-hematite pair. The retraction curves
exhibit qualitatively similar sawtooth-like features extending
outward to distances of 325 to 425 nm. As was the case for
MtrC and hematite, the rupture event between OmcA and
hematite occurs at a distance that is approximately equal to the
predicted contour length for OmcA (299 nm, for p = 0.4 nm).

Similar to those for MtrC, the retraction profiles for OmcA
exhibit multiple sawtooth events rather than the single saw-
tooth predicted by the WLC model. This suggests that OmcA
also has a number of mechanically stable domains within its
overall structure. However, unlike what was found for MtrC,
we were unable to sequentially unfold and refold OmcA with-
out completely breaking its bond to hematite. Perhaps, this
indicates that the OmcA-hematite bond is not as resilient as
the MtrC-hematite bond.

The above discussion focuses solely on the sawtooth features
in the retraction curves. As noted above, these “force signa-
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tures” demonstrate that a specific bond forms after hematite
comes into physical contact with each cytochrome. However,
we have neglected to discuss the “jump from contact” feature
observed in the retraction curves.

The “jump from contact” adhesion event detected in the
retraction curves for MtrC and OmcA (Fig. 3 and 6) has a very
different force profile than the sawtooth events characteristic
of specific protein-mineral bonds. The magnitudes of this at-
tractive force between MtrC and OmcA and hematite are
approximately 2 nN and 4 nN, respectively. Such adhesion is
commonly noted in force measurements and likely origi-
nates from nonspecific forces such as the van der Waals
force (30, 33).

Relevance to electron transfer reactions between S. oneiden-
sis MR-1 and Fe(III) oxides. In the past, we hypothesized that
sawtooth-like signatures for the force between S. oneidensis
MR-1 and an Fe(III) oxide indicate that surface-exposed outer
membrane proteins form a specific bond with the mineral
surface (29, 32). Recently, we showed that specific sawtooth
force trajectories could be attributed to the formation of a
bond between an engineered protein expressed on the surface
of a gram-negative bacterium cell and a solid substrate in situ
(30). The work presented herein demonstrates that bonds be-
tween MtrC and hematite (Fig. 3) or OmcA and hematite (Fig.
6) yield sawtooth force signatures.

Figure 8 was constructed to determine whether force spectra
collected with whole cells of S. oneidensis MR-1 correspond to
the data collected with the purified cytochromes. This figure
shows retraction curves collected for the following pairs: MtrC-
hematite profiles from Fig. 3, OmcA-hematite profiles from
Fig. 6, and retraction curves for a living S. oneidensis MR-1 cell
and goethite (FeOOH) taken from references 29 and 32. It is
worth noting that the whole-cell and pure-protein force spectra
were collected independently using two different AFMs. Fur-
thermore, the whole-cell data were collected by probing an
iron oxide surface with a biologically active force probe (i.e.,
live S. oneidensis MR-1 on the AFM probe), whereas the data
presented herein were collected by essentially placing the iron
oxide on the AFM tip and coating a substrate with purified
cytochrome protein.

There is a very strong correlation between the force signa-
tures observed for the purified proteins and the whole cells
(Fig. 8A). The sawtooth force signature observed around 300
nm is present in both the whole-cell and cytochrome data. This
correlation supports our original hypothesis that MtrC or
OmcA of both on the surface of S. oneidensis form a directed,
specific bond with the surface of iron oxides. It is very difficult
to say with certainty that the whole-cell sawtooth observed
near 300 nm is due solely to one or the other cytochrome. As
noted above, both cytochromes are able to form a specific bond
with hematite, but each protein has unique binding attributes.
On the one hand, OmcA binds to hematite with a stronger
force than MtrC (compare retraction curves in Fig. 3 and 6).
On the other hand, MtrC forms a bond with hematite more
frequently (Fig. 5) and the nature of this bond is much more resilient
(Fig. 4) than that with OmcA. It is therefore more likely that
either cytochrome could be the origin of the “whole-cell” saw-
tooth near 300 nm, as each cytochrome provides a unique
function in binding and/or reduction of Fe(III) in minerals.

One notable difference in the protein spectra versus the
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FIG. 8. Spectra for force-distance relationship between an Fe(III)
oxide and either a purified cytochrome or S. oneidensis MR-1. Traces
correspond to retraction curves for an Fe(III) oxide and each of the
following: S. oneidensis MR-1 grown with Fe(III) as the terminal elec-
tron acceptor (black and gray curves), recombinant MtrC (blue curve),
and recombinant OmcA (red curve). Curves for the purified cyto-
chromes come from this study. The solid black curve was taken from
reference 32, and the dotted gray curve was taken from reference 29.
(A) Relative force-distance spectra where the y axis has been normal-
ized such that the maximum force in each retraction curve is set to a
value of 1. This procedure does not alter the distance data; it simply
plots force on a relative scale. (B) Unaltered versions of the force
spectra presented in panel A for comparison.

whole-cell spectra is the magnitude of force for the cytochrome
signature at ~300 nm. The cytochrome binding forces are
significantly “stronger” than those revealed by the whole-cell
data (Fig. 8B). This may be related to some type of shielding
event that occurs when a cytochrome is present within the
outer membrane of a whole cell, for example, due to the
presence of lipopolysaccharides within the outer membrane.
Another possible explanation is that there is a greater density
of cytochromes on the gold substrate than on the outer surface
of an S. oneidensis bacterium. If this is true, we can obtain a
rough estimate of the number of MtrC and/or OmcA mole-
cules exposed on the surface of S. oneidensis.

According to the steric model (Fig. 7), the cytochrome den-
sity on the gold substrate is approximately 2 X 10'® molecules
m~2 For the 300-nm sawtooth, this packing density corre-
sponds to a binding force of ~1 nN for MtrC and ~2 nN for
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OmcA (Fig. 3 and 6). This force is roughly three to five times
greater than the binding force for the same sawtooth observed
with the whole cell (Fig. 8B). For the hypothetical case when
there are three (or five) protein chains in parallel, each with
identical extension ratios between the tip and sample, the ob-
served force would be three (or five) times as great as if one
chain formed a bridging bond between the tip and sample (5).
If we make this assumption, then the density of MtrC and
OmcA on the whole cell should be approximately one-third to
one-fifth that of the gold-coated cytochrome substrate. This
corresponds to a density of 4 X 10" to 7 X 10" MtrC (or
OmcA) molecules per m? of cell surface. For a rod-shaped
bacterium that is 0.5 by 2.0 pum, the size of an S. oneidensis cell
(50), we obtain an estimate of 13,000 to 22,000 MtrC (or
OmcA) molecules exposed on the outer surface of the cell.

We are aware of the fact that a bond’s loading rate can have
a significant impact on the observed binding force (4, 12, 13,
18). However, the loading rates are similar for both sets of
data: 130 nN sec™ ! and 100 to 140 nN sec™ ' for the pure-
protein and whole-cell spectra, respectively. Furthermore, our
estimate of ~10* cytochromes per bacterium is consistent with
other work that shows that OmpA and Lpp, two of the major
outer membrane proteins in gram-negative bacteria, occur at
about 10° to 10° molecules per cell (9, 24, 39). Therefore, our
estimate provides a reasonable benchmark of the number of
MtrC and/or OmcA cytochromes on the surface of a single
bacterium of S. oneidensis grown under anaerobic conditions
with Fe(III) as the terminal electron acceptor.

There is another striking similarity between the whole-cell
and protein data at a length scale of ~500 nm (Fig. 8). At this
scale, the data for S. oneidensis MR-1 exhibit a notable saw-
tooth binding event. While this is not a classic sawtooth, the
data for MtrC reveal a longer-range attractive force with a
bond rupture event at ~500 nm. As noted above, the predicted
contour length of MtrC is ~277 nm. Therefore, the attractive
force detected at length scales greater than 300 nm cannot be
attributed to a single molecule of MtrC. Perhaps, this longer-
range binding feature originates from the unraveling of a
dimer of MtrC. In a previous publication, mass peptide analysis
identified both MtrC and OmcA in polypeptides having appar-
ent M.s of ~150,000 and =210,000, as estimated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (29). These
results suggest that MtrC or OmcA can form oligomeric com-
plexes in S. oneidensis MR-1. Others have also proposed a
similar arrangement in which several outer membrane pro-
teins, including MtrC and OmcA, form a functional “reductase
complex” that catalyzes the terminal reduction of Fe(III) (3,
45). Additional AFM studies with mutagenically altered forms
of MtrC or OmcA in combination with modeling or computer
simulations will be needed to confirm/refine this model.
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