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Characterization of the Decaheme c-Type Cytochrome OmcA in Solution
and on Hematite Surfaces by Small Angle X-Ray Scattering
and Neutron Reflectometry

A. Johs,T L. Shi,8 T. Droubay,® J. F. Ankner,* and L. Liang™

TEnvironmental Sciences Division and *Neutron Scattering Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee;
and SPacific Northwest National Laboratory, Richland, Washington

ABSTRACT The outer membrane protein OmcA is an 85 kDa decaheme c-type cytochrome located on the surface of
the dissimilatory metal-reducing bacterium Shewanella oneidensis MR-1. It is assumed to mediate shuttling of electrons to
extracellular acceptors that include solid metal oxides such as hematite («-Fe»O3). No information is yet available concerning
OmcA structure in physiologically relevant conditions such as aqueous environments. We purified OmcA and characterized
its solution structure by small angle x-ray scattering (SAXS), and its interaction at the hematite-water interface by neutron reflec-
tometry. SAXS showed that OmcA is a monomer that adopts a flat ellipsoidal shape with an overall dimension of 34 x 90 x 65 A3,
To our knowledge, we obtained the first direct evidence that OmcA undergoes a redox state-dependent conformational change
in solution whereby reduction decreases the overall length of OmcA by ~7 A (the maximum dimension was 96 A for oxidized
OmcA, and 89 A for NADH and dithionite-reduced OmcA). OmcA was also found to physically interact with electron shuttle
molecules such as flavin mononucleotide, resulting in the formation of high-molecular-weight assemblies. Neutron reflectometry
showed that OmcA forms a well-defined monomolecular layer on hematite surfaces, where it assumes an orientation that
maximizes its contact area with the mineral surface. These novel insights into the molecular structure of OmcA in solution,
and its interaction with insoluble hematite and small organic ligands, demonstrate the fundamental structural bases underlying

OmcA’s role in mediating redox processes.

INTRODUCTION

Dissimilatory metal-reducing bacteria (DMRBs) can couple
the oxidation of carbon sources or molecular hydrogen (H,)
with the reduction of oxidized metals such as iron [Fe(III)]
and manganese [Mn(IV)] (hydr)oxides (1). They therefore
play an important role in the environmental cycling of
Fe, Mn, and other metals, as well as carbon and various nutri-
ent elements. In addition, DMRBs can be used to degrade
organic compounds, reductively sequester radionuclides and
metal contaminants in sediments, and generate electricity via
microbial fuel cells (2,3). Although they are abundant in
subsurface environments, Fe(IlI)/Mn(IV) oxides are insol-
uble at neutral pH and in the absence of strong complexing
ligands. Some DMRBs, such as the Gram-negative bacte-
rium Shewanella oneidensis MR-1, have the ability to trans-
fer electrons extracellularly and to use these solid oxides as
terminal electron acceptors (4). The electron transfer path-
way employed by S. oneidensis MR-1 for extracellular
reduction of Fe(Ill) oxides incorporates multiple components
(3), including the multiheme cytochromes MtrA, MtrB,
MtrC, and OmcA, which have been postulated to transfer
electrons to the surface of Fe(Ill) oxides directly and/or indi-
rectly via electron shuttles (5).

For direct electron transfer to occur, binding of the outer
membrane reductases on mineral surfaces is required (6).
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Electron tunneling spectroscopy studies of OmcA and MtrC
immobilized on gold surfaces via covalent linking have
shown significant differences in the current-voltage response
of these proteins, which represent intrinsic electron transfer
properties (7). Cyclic voltammetry studies have also dem-
onstrated the ability of OmcA to bind on, and exchange,
electrons with iron oxide surfaces (8). For the indirect
mechanism, the reduction of insoluble electron acceptors
by OmcA and MtrC involves extracellular flavins acting as
electron-shuttling agents (9,10). In vitro kinetic analyses of
insoluble hematite and goethite reduction by membrane frac-
tions and purified proteins have shown that reduction rates
are significantly enhanced in the presence of extracellular
flavins (11).

Despite recent advances in understanding the roles of
MtrC and OmcA in extracellular reduction of Fe(IlI) oxides,
the mechanistic basis for the metal reductase activity of MtrC
and OmcA remains unknown, as the molecular structure for
MtrC or OmcA has not been determined (7). Searches for
structural templates in the protein database (PDB) using
the sequences of OmcA and MtrC have provided no signif-
icant matches (12). Thus, the tertiary structure of these cyto-
chromes likely adopts a new, hitherto uncharacterized fold.
A secondary structure prediction covers only 14% of the
OmcA sequence (see Fig. S1 A in the Supporting Material).
The 10 heme attachment sites are distributed between two
five-heme clusters separated by a 197-residue region of
unknown fold (Fig. S1 B).

doi: 10.1016/j.bp;j.2010.03.049
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Previous studies have described the structures of several
bacterial multiheme cytochromes, including the nine-heme
cytochrome c¢ from Desulfovibrio desulfuricans (13) and
the hexadecaheme cytochrome HmcA from D. vulgaris Hil-
denborough (DvH) (14). A common characteristic of multi-
heme cytochromes is the organization of hemes in clusters.
It has been suggested that the spatial arrangement of these
heme clusters enhances electron transfer among different
protein components (14). Direct interaction between soluble
and membrane-associated cytochromes is typically mediated
by electrostatic interactions, as indicated by the presence of
both negatively and positively charged surface patches.

We hypothesize that changes in the redox state of the
heme moieties or binding of ligands may induce detect-
able conformational changes in the protein. These proposed
changes in solution, and upon interaction with ligands, can
be resolved by small angle x-ray scattering (SAXS). Unlike
x-ray crystallography, which captures the crystal structure at
atomic resolution under static conditions, SAXS can quan-
tify changes in molecular conformations (e.g., due to redox
reactions or ligand binding) in solution with high accuracy
(15). The structures of buried interfaces can be uniquely pro-
bed by neutron reflectometry (NR) at subnanometer resolu-
tion. Hydrogen differs significantly from its stable isotope
deuterium in its neutron scattering characteristics, which
makes NR particularly useful for characterizing biological-
mineral interfaces (16). In this study, we determine for the
first time (to our knowledge) the low-resolution structure
of OmcA in solution by SAXS, and its arrangement at the
hematite («-Fe,O3)-water interface by NR. We also provide
the first direct evidence of redox state-dependent conforma-
tional changes in OmcA and additional evidence of its modes
of interaction with Fe(IIl)-nitrilotriacetic acid (NTA), flavin
mononucleotide (FMN), and anthraquinone-2,6-disulfonate
(AQDS), which were previously shown to be redox partners
for OmcA (5,11,17). By elucidating the redox and ligand-
binding effects on the configuration of these proteins in solu-
tion, as well as the direct interaction with mineral surfaces,
the results presented here will assist future investigations
of OmcA that are expected to resolve detailed structure-func-
tion relationships between the heme moieties in OmcA and
various electron acceptors.

MATERIALS AND METHODS
Protein expression and purification

A posttranslational modification results in the covalent attachment of fatty
acids to the amino-terminal Cys of OmcA and MtrC (18). This lipoprotein
modification likely facilitates integration into the outer membrane in vivo,
but hinders structural characterization and controlled binding studies. In a
previous study (18), a construct lacking the N-terminal cysteine residue
accommodating a posttranslational lipid modification was used to eliminate
unspecific interactions of the lipid-binding site with the mineral surface.
It was shown that the redox properties and metal reductase activities were
not altered by deletion of the lipid-binding site (8). In the study presented
here, cell culture and expression of OmcA were performed as previously
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described for MtrA (19). To isolate OmcA, the cell pellets were resuspended
in ice-cold buffer A (20 mM HEPES, pH 7.8, 5 mM (-mercaptoethanol,
150 mM NaCl, and 0.05% (w/v) of CHAPS) to which protease inhibitor
(Roche Diagnostic, Indianapolis, IN) was added according to the manufac-
turer’s instructions. The cells were lysed by passage through a French press
three times at 8000 lb/inz. Unbroken cells and debris were removed by
centrifugation at 15000 x g, 4°C, for 30 min. The supernatant was trans-
ferred to an ultracentrifugation tube and centrifuged at 150,000 x g for 1 h.
The supernatant was loaded to a 1 x 5 cm column of Ni*"-NTA Sepharose
(GE-Healthcare, Piscataway, NJ) preequilibrated with buffer A. The column
was washed with 25 mL of the following ice-cold buffers in sequential order:
buffer B (buffer A + 10% glycerol), buffer C (buffer B + 10 mM imid-
azole), and buffer D (buffer B + 40 mM imidazole). Finally, it was eluted
with 10 mL buffer E (buffer B 4+ 250 mM imidazole).

The identity of OmcA was confirmed by Western blot analysis with anti-
V5 antibody (Invitrogen, Carlsbad, CA). The fractions containing OmcA
were pooled and concentrated with an Amicon Ultra centrifugal device
from Millipore (Billerica, MA). The concentrated OmcA was loaded on
a HiLoad 16/60 column of Superdex 200 and eluted with buffer F (20 mM
Tris, pH 7.8, 150 mM NaCl, 0.01% (w/v) CHAPS) by means of an
AKTAexplorer fast protein liquid chromatography system (GE Healthcare,
Piscataway, NJ). The purity of isolated OmcA was confirmed by staining
with GelCode stain reagent (Pierce, Rockford, IL) after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The protein concentration was
measured with a bicinchoninic acid protein assay kit from Pierce. Reduction
of FMN and AQDS by purified OmcA was carried out according to estab-
lished procedures (17,20).

SAXS
Data collection

The SAXS data were collected at SIBYLS beamline 12.3.1 (Advanced Light
Source, Lawrence Berkeley National Laboratory, Berkeley, California).
The energy of the incident x-ray beam was 11.0 keV, which corresponds
to a wavelength of 1.13 A. The distance between the sample and a MarCCD
165 x-ray detector system was 1.5 m, which resulted in an accessible g-range
range of 0.010-0.32 A", The scattering vector is defined as ¢ = 4sinf/2,
where 24 is the scattering angle and A is the wavelength of the incident beam.
Aliquots of soluble OmcA were dialyzed at 4°C into a buffer of 20 mM Tris/
HCI (pH 7.8), 150 mM NaCl, 3 mM NaN;, | mM TCEP/HC], 1.6 mM
CHAPS, and 5% (v/v) glycerol. A detergent concentration, well below the
critical micellar concentration (~8 mM) of CHAPS, was maintained to
prevent formation of detergent micelles. Scattering profiles from a buffer
before and after addition of CHAPS were compared to verify the absence
of scattering from micelles. Reduced samples were prepared in an anaerobic
glove box immediately before data were collected. OmcA was reduced by
the addition of a 30-fold molar excess of either NADH or sodium dithionite.
The change in the redox state was verified by measuring the absorption of
6 and o peaks at 523 and 552 nm, respectively. Protein samples for the
ligand interaction studies were dialyzed into three separate buffer solutions,
each containing a 24- to 40-fold molar excess of one of the following
ligands: 3 mM Fe(III)-NTA, 5 mM FMN, and 5 mM AQDS.

Data were collected under anaerobic conditions by purging the sample
environment with helium at 20°C and protein concentrations of 14.1, 7.0,
3.5, and 1.8 mg/mL. The sample volume for each run was 15 uL. Three
successive frames with exposure times of 1, 10, and 1 s were recorded for
each sample. The first and third frames were compared with each other to
check for possible radiation damage in the protein. Background scattering
from a buffer sample was recorded for equal lengths of time immediately
before and after the protein sampling and subtracted from the scattering of
the protein solution. Scattering intensities from the first two exposures
were radially integrated and merged to obtain the final scattering profile,
using short-exposure intensities for the low-g region and long-exposure
intensities for the high-g region.
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SAXS data reduction

Scattering profiles were processed with PRIMUS from the ATSAS 2.2
software package (21). The radius of gyration, R,, was derived by the Guin-
ier approximation /(g) = 1(0) x exp(—q2 X Rg2/3) (22) as implemented in
PRIMUS using scattering data in the low-¢ region (¢ x R, < 1.3). Extrap-
olation of the scattering intensities to the zero angle, /(0), was performed to
detect concentration-dependent protein interactions. Background-subtracted
scattering data were subjected to indirect Fourier transformation using the
program GNOM (23) to obtain electron pair distance distribution functions,
P(r). The maximum intraparticle distance, D,,,., was determined by iterative
fitting over a series of D, values spaced by 0.5 A, to maximize the total
estimate as defined in GNOM.

Ab initio modeling was performed using the program GASBOR (24)
without imposing symmetry constraints. To build a three-dimensional model
of the protein in solution, GASBOR follows a chain-like spatial distribution
of an exact number of dummy residues by minimizing the discrepancy
between experimental data and scattering curves calculated from the model
(25). A set of 20 independent models were aligned with SUPCOMB (26),
and the best-fitting models were averaged using DAMAVER (27). The
alignment of independent solutions gives an indication of the stability and
consistency of ab initio modeling of SAXS data as defined by the normalized
spatial discrepancy (NSD) (27), which measures the average distance
between nearest-neighbor atoms in superimposed solutions. The average
NSD for the GASBOR solutions was 1.1. Solutions with an NSD greater
than two times the standard deviation were not included in the averaging
process. The averaged models were converted into SITUS density maps
(28) and visualized using the program VMD (29).

Iron oxide model interface

A novel hematite model interface was developed and optimized for use in NR
studies. Silicon (Si) wafers with a diameter of 5 cm and a thickness of 5 mm
were coated by pulsed laser deposition (PLD) with hematite («-Fe,O5) thin
films with thicknesses of 10-50 nm. The off-axis configuration of the PLD
chamber minimizes deposition of droplets and helps ensure a more-uniform
deposition for large substrates. Laser rastering from the KrF laser, target
rotation, and substrate rotation were also utilized for uniform deposition.
A chamber pressure of 10 mTorr molecular oxygen (O,) was maintained
during deposition with a flow of 3 sccm on the mass flow controller. After
they were put into the PLD chamber, the Si substrates with native oxide
were heated to 300°C in O, for 15 min before deposition to rid the surface
of adventitious carbon. Typical deposition parameters for Fe,O; thin films
were 10 mTorr O,, 300°C substrate temperature, and 5 Hz laser repetition
rate. After growth was completed, the samples were cooled to room temper-
ature in O, at a rate of ~25°C min~ . The quality of the deposited iron oxide
thin film was evaluated by scanning electron microscopy. No defects or
surface inhomogeneities were observed (data not shown).

Neutron reflectivity

NR yields a layered profile perpendicular to an interface at subnanometer
resolution. In this study, NR was used to reveal the spatial orientation of
OmcA bound to the surface to gain structural information about the associ-
ation of the protein at the mineral interface (16). The specularly reflected
intensities were collected over a Q range of 5.6 x 107> —0.3 A~'. Reflec-
tivity data could satisfactorily be fitted by a layer model, with thicknesses d;,
scattering length densities p;, and protein volume fractions ¢ for the protein
layer in contact with the solvent. The theoretical scattering length density
for the hematite layer was calculated from its chemical composition
(Fe,05) and the specific density for hematite crystals (5.25 g/em® (30)).
Coherent neutron cross sections were obtained from the National Institute
of Standards and Technology Center for Neutron Research (http://www.
nenr.nist.gov/resources/n-lengths/). The theoretical scattering length density
for hematite is 7.19 x 107% A~2,
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The wafers were cleaned in an ultraviolet cleaner before use. All data were
collected at room temperature. To obtain baseline parameters of the iron
oxide thin film, the reflectivity profiles of the hematite-coated silicon wafers
were recorded in air. Adsorption of OmcA to the previously characterized
hematite interface was performed in a solid-liquid sample cell. An aluminum
ring was used to clamp the wafer to a stainless-steel sample holder equipped
with a trough holding ~3 mL of liquid sealed by an O-ring. The trough was
filled with solution through two filling ports, which were sealed with poly-
tetrafluoroethylene stoppers. This assembly was mounted on the goniometer
of the reflectometer and aligned along the axis of the incident neutron beam.
Deuterium labeling of the solvent provided scattering contrast to the protein
layer, which could readily be distinguished from the solvent and the iron
oxide thin film. For NR experiments in the liquid cell setup, OmcA was dia-
lyzed into a 99.9% D,0 bufter with 10 mM MOPS (3-(N-Morpholino)-pro-
panesulfonic acid) and 10 mM KCl adjusted to pH 7.0 using NaOH. This pH
corresponds to a pD of 7.4 due to a difference in the dissociation constants
for H,O and D,0O (31). The protein concentration of the solution injected
into the liquid sample cell was 1.2 x 107® M or 0.1 mg/mL OmcA. The
concentration, ionic strength, and pH were similar to conditions previously
used for voltammetry and optical waveguide light-mode spectroscopy to
determine the redox potentials and pH-dependent adsorption behavior of
OmcA at mineral interfaces (8). After injection of the protein solution into
the sample cell, the sample equilibrated for 1 h before NR data collection
to allow sufficient time for self-assembly of the protein film on the hematite
surface.

Data collection and reduction

NR data were collected with the liquids reflectometer (BL-4B) at the Spall-
ation Neutron Source (SNS, Oak Ridge, TN). A polychromatic neutron
beam (2.5 A < 1 < 6.0 A) with a pulse frequency of 60 Hz is reflected
off the sample interface at a glancing angle . The intensity of the specular
reflection R(Q) is a function of the perpendicular component of the incoming
wave vector k;. = Q/2 = (2w/A) sinf, and is measured as a function of the
neutron wavelength A at a sequence of fixed angles. The neutron wavelength
A is determined by means of the time-of-flight technique (32). The specular
reflectivity R(Q) may, in the Born approximation, be calculated from scat-
tering-length density p; in each layer i:

167>
R(Q) = 0

The function p(Q) is the one-dimensional Fourier transform of p(z)
equivalent to:

() 1)

p(Q) = / e @ p(z)dz @)

where p(z) is the scattering-length density along the interface normal.
This approximate representation highlights the relationship between spec-
ular reflectivity and neutron scattering density, which is less easily seen in
the exact optical treatment we actually used to model the data.

The scattering length density in the protein layer is obtained from the
volume fractions of protein and solvent:

p(z) = ¢ipp + (1 —¢;)ps (3)

where pp and pg correspond to the scattering-length densities of pure protein
and solvent, respectively. The scattering-length density p of any given layer
depends on its chemical composition:

p = Znib,’ (4)

where #; is the number density and b; is the scattering length of element i.

The intensity of the specular reflection was measured at seven incident
angles ¢ (0.15°, 0.25°, 0.40°, 0.70°, 1.20°, 2.20°, and 3.30°) using
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FIGURE 1 (A) X-ray solution scattering profiles for
oxidized (red), NADH-reduced (blue), and dithionite-
reduced (green) OmcA in solution. Plots are offset for
clarity. (B) Guinier plots and radii of gyration obtained
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In I(a)
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oxidized NADH
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from the low-g region of the scattering profiles (¢ x
R, < 1.0). (O) Electron pair distance distribution function
P(r) of oxidized OmcA (red), NADH-reduced (blue), and
dithionite-reduced (green) OmcA. The maximum dimen-
sion D, of oxidized OmcA was 96 A; D, for NADH-
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and dithionite-reduced OmcA was 89 A. The dashed line
indicates the most probable real-space length at 34 A.
The inset shows a magnification of the D, region,
including error bars. (D) Kratky-plot of raw SAXS data
from oxidized OmcA shows that the protein is folded and
contains no major unstructured regions.

a position-sensitive proportional counter, binned according to the neutron
time-of-flight and merged into a single reflectivity profile using software
provided by SNS. The thickness and interfacial roughness of each layer
were derived from model-dependent fits to the experimental data. Data anal-
ysis was performed using fitting procedures employing the Parratt recursion
formula (33) to calculate reflected intensities R(Q) from a layer model of the
scattering-length density profile perpendicular to the sample interface
(Egs. 1 and 2). Interfacial roughness was implemented by generating
a discrete sequence of transitional steps following an error function profile
(a Gaussian of full-width g; convoluted with a unit step function) (34,35).
For data collected from the solid-liquid interface, the layer model used to
fit the NR data from the hematite thin film was adapted to include additional
parameters for the protein layer and a liquid subphase. Fitting of reflectivity
data from the solid-liquid interface including the protein layer was con-
strained using the density, thickness, and roughness obtained from the fitting
of the Fe,Os5 thin film in air.

RESULTS AND DISCUSSION

Structural parameters for oxidized and reduced
OmcA in solution

SAXS data were obtained for oxidized and reduced OmcA
in solution (Fig. 1). A comparison of the scattering profiles
(Fig. 1 A), Guinier plots (Fig. 1 B), and I(0)/c acquired at
four different concentrations (data not shown) shows no
concentration dependence. This indicates a monodisperse
distribution of OmcA in solution without aggregation. The
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molecular volume of OmcA as estimated from /(0) and the
Porod invariant (36) was 1.02 x 10> A> + 0.08 x 10° A°.
Based on the amino acid sequence (37) and specific residue
volumes (38), we calculated a theoretical molecular volume
of 0.98 x 10° A®, which is in excellent agreement with the
experimental value. This confirms that OmcA is a monomer
in solution and likely adopts a compact conformation.

A direct visual comparison of the scattering curves
between oxidized and reduced states of OmcA shows only
minor differences (Fig. 1 A). However, the R, for oxidized
OmcA as obtained by the Guinier approximation was
306 £ 0.2 A, whereas the R, for NADH and dithionite-
reduced OmcA were 30.0 = 0.1 A and 30.1 = 0.1 A,
respectively (Fig. 1 B). Although the difference in R, values
is small, it indicates that a change in the redox state produces
a conformational change in OmcA. The real-space R,
obtained from the P(r) functions (Fig. 1 C) is consistent
with the results obtained by the Guinier fits (Table 1). The
pair distance distribution function showed a maximum
near 34 A for both oxidized and reduced OmcA. The most
notable differences in the P(r) were detected in the probabil-
ities for large pair distances. The maximum dimension D,
as determined from the P(r) was 96 A for oxidized OmcA,
and 89 A for NADH and dithionite-reduced OmcA. These
findings signify that a change in the redox state from an
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TABLE 1 Changes in the radii of gyration R, of OmcA between oxidized and reduced states, and effects of redox active ligands on
association

Condition Molar ratio of ligand/protein Guinier R, [A] R from P(r) 1(0)/c Solution state
none - 30.6 = 0.2 30.6 = 0.01 9.9 monodisperse
NADH 30 30.0 = 0.1 30.3 = 0.01 10.3 monodisperse
dithionite 30 30.1 = 0.1 30.3 = 0.01 10.6 monodisperse
Fe(IIl)-NTA 20 458 = 0.4 - 14.1 oligomeric
FMN 40 469 = 04 - 13.9 oligomeric
AQDS 40 404 = 0.2 - 12.3 oligomeric

The apparent R, is given for oligomeric samples. Limits for evaluation of R, correspond to ¢ X R, < 1.0.

oxidized to a reduced form decreases the overall protein
length by ~7 A.

Our SAXS results provide the first direct evidence, to
our knowledge, that OmcA undergoes a redox-state-depen-
dent conformational change in solution. It has been sug-
gested that conformational changes could occur as a result
of domain motions resulting in a spatial rearrangement
upon binding to the hematite surface (6,8). Similar redox-
dependent conformational changes were observed in a pre-
vious study upon reduction of a nine-heme cytochrome c
from a different bacterial species, D. desulfuricans Essex
(39). In that study, the spectroscopic and chromatographic
data suggested that reduction by sodium dithionite alters
the charge distribution in the macromolecule, which may
result in the displacement of two rigid tetraheme cytochrome
c3-like domains. In this example, a flexible linker segment
facilitates the interaction of the heme clusters with other
cytochromes and electron acceptors. In our study, the pri-
mary structure of OmcA suggests a similar modular architec-
ture with respect to the five-heme clusters. Thus, a Kratky
plot was obtained to detect the presence of unfolded
regions in OmcA (Fig. 1 D). The shape of the Kratky plot
indicates that the protein is folded and contains no major
unstructured regions in solution (15). Therefore, it is reason-
able to assume that the observed conformational change in
solution after reduction is caused by a redox-state-dependent
charge redistribution in the heme groups, as opposed to an
internal rearrangement of a large unstructured domain in
the protein.

Ligand-induced conformational changes

OmcA was previously shown to interact with a number of
small molecules in vitro. OmcA exhibits reductase activity
toward Fe(IlI)-NTA and can be reduced by NADH (20).
Likewise, OmcA was predicted to be able to transfer elec-
trons to FMN (an endogenous electron shuttle produced by
S. oneidensis MR-1) and AQDS (an artificial electron shuttle
frequently used to enhance S. oneidensis MR-1’s ability to
reduce Fe(Ill) oxides) (5). However, no information was
previously available about the mode of binding or changes
in protein conformation associated with such interactions.
The transfer of electrons between OmcA and an electron
acceptor must involve docking of the ligand to a suitable

binding site, minimizing the distance between hemes and
allowing electron transfer to the ligand. On this basis, we
hypothesized that the interaction with small redox-active
ligands would induce sufficient changes in the conformation
of OmcA to be observed by SAXS.

The presence of the small-molecule ligands Fe(IIT)-NTA,
FMN, and AQDS resulted in an increase in the apparent size
of OmcA (R,) to 40.4-46.9 A, from ~30 A in the absence of
these ligands (Table 1). Centrifugation of protein-ligand
samples at 100,000 x g for 20 min did not produce precip-
itation of aggregated protein, suggesting that the ligands do
not lead to unspecific aggregation or denaturation of OmcA.
The average apparent molecular mass varied between 100
and 120 kDa, as estimated from extrapolation of the scattered
intensity to zero angle /(0) and comparison with a set of
protein standards (40). This increase (compared to a molec-
ular mass of 85 kDa in the absence of ligands) indicates that
binding of these ligands results in the formation of a small
fraction of oligomers within a limited size distribution in
solution.

Although the exact composition and mode of association
cannot be determined based on the available data, our find-
ings suggest that binding of certain small, redox-active
molecules alters OmcA’s surface charge or hydrophobicity
sufficiently to promote intermolecular association. A similar
ligand-induced oligomerization behavior has been observed
for other bacterial proteins (41) and is relevant for cell
signaling mediated by membrane receptors (42). In the con-
text of this study, such a mechanism may play a role in the
transient formation of OmcA-MtrC complexes (20) and
requires further investigation. Furthermore, the observed
strong interaction between OmcA and Fe(III)-NTA is consis-
tent with published results indicating that purified OmcA
reduces Fe(IIl)-NTA by direct electron transfer (11,17).
Binding of FMN and AQDS to OmcA may facilitate direct
reduction of these ligands by OmcA, and indeed our exper-
imental results showed that purified OmcA reduced FMN
and AQDS in vitro (data not shown). The agreement
between the in vitro study and published in vivo results
showing that riboflavin is reduced by purified OmcA and
MtrC, and AQDS is reduced by MtrC (11,43), confirms that
such reductions are thermodynamically feasible (5). Reduc-
tion of FMN by OmcA also demonstrates the functional
similarity between OmcA and bacterial assimilatory ferric

Biophysical Journal 98(12) 3035-3043



reductases that use flavins as diffusible cofactors to reduce
ferric iron (5,10,44).

Molecular envelope shape determined by SAXS

Low-resolution OmcA envelope shapes were obtained by ab
initio shape reconstruction from experimental SAXS data
using the program GASBOR. Single independent models
with a similar quality of fit showed slight variations in the
shape characteristics (Fig. 2 A). However, the average enve-
lope shape represents spatial features common to all single
models. The solution structure reveals a flat ellipsoidal shape
with a length of ~90 A, diameter of 65 A, and thickness of
~34 A (Fig. 2 B).

The molecular envelope shapes of OmcA in solution have
not been previously determined. Available literature data are
limited to OmcA that was covalently linked to a gold surface.
The average size of OmcA in the resulting monolayer was
~80 A as determined by scanning tunneling microscopy (7).
Additional atomic force microscopy data suggested an esti-
mated protein film thickness of 50-80 A. However, this
thickness estimate was determined by imaging the protein
film and the gold surface in contact mode and in air (7).
The lateral dimensions of a single OmcA molecule in solu-
tion obtained from ab initio shape reconstructions performed
in this study were 65 x 90 A, which is consistent with an
average lateral dimension of ~80 A. However, the molecular
dimensions and the molecular model obtained by SAXS add
significant detail to the very coarse size estimates reported in
the literature.

Neutron reflectivity
Characterization of the hematite model interface

To characterize the thickness and overall roughness of the
iron oxide-coated wafers, the NR profiles were first collected
from bare films in air (Fig. 3). The iterative fitting of model
parameters to the experimental reflectivity data yielded an
actual scattering length density (SLD) of the deposited thin
films of 6.60 x 10~® A2, which corresponds to 92% of
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FIGURE 2 (A) Independent single models for
oxidized OmcA obtained by the program
GASBOR. (B) Low-resolution envelope shape
derived from 19 ab initio reconstructions after aver-
aging using the program DAMAVER.

the theoretical SLD for hematite. The iron oxide thin films
also showed a nonuniform distribution of layer thickness
across the wafer surface. Typically, the thickness of the
hematite layer decreased from the center to the edge of the
wafer, which may be an artifact of the laser-induced plasma
plume used for deposition. Since the footprint of the neutron
beam covers a surface area of ~12 cm2, this thickness varia-
tion results in a significant smearing of the reflectivity
profiles equivalent to an interfacial roughness of ~40 A.
The parameters obtained for the hematite layer were used
as a baseline for fitting NR data collected in protein adsorp-
tion experiments.

Organization of OmcA at the hematite interface

The NR data were collected for adsorption of OmcA to the
previously characterized hematite film in a liquid sample
cell in which the incident neutron beam reflected off the
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FIGURE 3 NR profile in air from a layer of Fe,O3 coated on a 5 cm Si
wafer. The inset shows the scattering length density profile perpendicular
to the interface. Parameters used to fit the experimental data are shown in
the table on the bottom left. The density p of the Fe,05 layer was obtained
by fitting model parameters to the experimental data and corresponds to 92%
of the theoretical p as calculated from the atomic composition and specific
density of 5.25 g/em®.
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FIGURE 4 NR from a layer of OmcA adsorbed to the Fe,03-coated 5 cm
Si wafer shown in Fig. 3. The inset shows the corresponding scattering
length density profile perpendicular to the surface. The parameters used to
fit the experimental data are shown in the table on the bottom left. The thick-
ness and scattering length density p of the protein were derived by fitting the
multilayer model to the experimental data.

solid-liquid interface from within the Si substrate. Heavy
water (D,O) was used in the aqueous subphase to contrast-
match the SLD of the hematite film. Results of the iterative
parameter fitting are shown in Fig. 4. To accurately deter-
mine the volume fractions and packing densities of protein
in the adsorbed layer, the SLDs and partial specific volumes
of all components must be known. This calculation is based
on the aggregate scattering density of the protein, which is
a function of its atomic composition, the proportion of
exchangeable hydrogen atoms it contains (because these
protons will exchange with deuterons from the subphase),
and its specific volume (Egs. 3 and 4). The atomic composi-
tion of OmcA was calculated from its amino acid sequence
(37), taking into account contributions from 10 heme moie-
ties in the macromolecule. It was assumed that 80% of the
labile hydrogen was exchanged, which is typical for proteins
fully equilibrated in D,O at neutral pH (45). The average
partial specific volume of a protein is 0.73 cm®/g (46).
Accordingly, the scattering length density pp of OmcA in
D,O was calculated to be 2.97 x 107% A=, Under the given
experimental conditions, the volume fraction ¢ of protein
was 68% (Eq. 4), as determined from fitting model parame-
ters to the experimental data. This ¢-value yielded the
adsorbed protein at the hematite interface at 164 ng/cm? or
1.9 pmol/cm?, which is equivalent to ~83 nm?> per OmcA
molecule.

Binding of OmcA to hematite was previously reported to
increase domain motions, as observed by fluorescence corre-
lation spectroscopy (6). This suggests that OmcA possesses
a significant amount of inherent flexibility. Given the irregu-
larity of the mineral surface, this flexibility is critically
important for maximizing the interaction of OmcA with
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the surface. In vivo, OmcA is anchored to the outer bacterial
membrane via its N-terminal lipoprotein modification. This
membrane attachment constrains the N-terminal region of
the protein to cell membranes. Thus, the region interfacing
with the mineral surface is most likely located closer to the
C-terminus. Furthermore, the first heme-binding motif
appears at a distance of >200 residues from the N-terminus
(Fig. S1 B). Thus, we postulate that OmcA has a 200-residue
N-terminal domain, which acts as a spacer that separates
the redox-active heme clusters from the membrane surface.
Changes in the redox state could affect the conformation
of OmcA by altering the protonation states of amino acid
residues in proximity to the heme moieties, resulting in
a charge redistribution. OmcA binds to iron oxide surfaces,
probably through its putative hematite binding motif, whose
conserved sequence is Thr-Pro-Ser (47) (see also Fig. S1 A).

The molecular envelope as determined by SAXS shows
that OmcA assumes a flat ellipsoidal shape in solution
(Fig. 2). NR reveals a well-defined protein layer at the hema-
tite-water interface with an average thickness of 33 A. This
value is consistent with the most probable real-space distance
of 34 A for OmcA in solution, as derived from the P(r) func-
tion obtained by SAXS (Fig. 1 C). Furthermore, our ab initio
envelope shape reconstruction indicates that OmcA adopts
a flat particle shape (Fig. 2). Accordingly, the largest surface
area of OmcA is in contact with the exposed mineral surface.
On the basis of these results, we conclude that OmcA self-
assembles at the hematite-water interface, forming a well-
defined monomolecular layer with a surface coverage of
1.9 pmol/cm? under the conditions used in our experiments.
The surface coverage of OmcA on hematite has been
reported to vary between 1.2 and 2.6 pmol/cm~? depending
on the pH of the solution (6,8). However, no information
about layer thickness and orientation was previously avail-
able. Our results suggest that OmcA adsorbs to hematite in
an orientation that maximizes its contact area with the solid
electron acceptor, as shown schematically in Fig. S2. In this
manner, OmcA may transfer electrons to solid mineral
surfaces directly, as suggested in the literature (8).

CONCLUSIONS

The multiheme c-type cytochrome OmcA from S. oneidensis
MR-1 can serve as a terminal reductase to transfer electrons
to an Fe(Ill)-containing mineral or other solid surfaces.
Its activity is determined by changes in the redox state
that can significantly affect its molecular conformation. We
characterized redox-dependent and ligand-induced con-
formational changes of OmcA in solution by SAXS, and its
association with a hematite surface by NR. In solution, the
radii of gyration, R,, obtained from the SAXS data show
distinct differences between the oxidized and reduced forms.
The maximum protein dimension, as determined from the
pair distance distribution function, was 96 A for oxidized
OmcA and 89 A for NADH and dithionite-reduced OmcA.
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A change in redox state also appeared to affect protein
length, slightly altering the overall molecular conformation
in solution. Such a change may be caused by altered proton-
ation states of amino acid residues in proximity to the heme
moieties, resulting in a charge redistribution. However, the
SAXS data also showed that OmcA lacks significant unstruc-
tured regions and adopts a compact, flattened conformation
in solution, as evidenced by a structure model that revealed
details of OmcA’s molecular envelope, with dimensions of
90 A x 65 A x 34 A. These findings add significant details
to the very coarse size estimates previously reported in the
literature (6).

In the presence of small redox-active ligands, OmcA
formed oligomers in solution with a limited size distribution,
suggesting that binding of the redox-active molecules alters
the surface charge or hydrophobicity on OmcA and promotes
intermolecular association (41). In the context of this study,
such an association may be relevant to the transient forma-
tion of OmcA-MtrC complexes (20) and warrants further
investigation. The finding that OmcA interacts with FMN
supports the view that OmcA uses FMN as an electron
shuttle for indirect reduction of iron oxides (9).

We postulate that the redox-active domain is spatially
separated from the membrane-associated N-terminus, facili-
tating interaction with mineral surfaces. Upon contact with
the mineral surface, OmcA may adjust its orientation to align
the two five-heme clusters with the mineral surface to enable
electron transfer. For the first time, to our knowledge, we
were able to use NR to directly observe under physiologi-
cally relevant conditions in aqueous solution, that OmcA
self-assembles into a monomolecular layer on a hematite
surface, which is a prerequisite for direct electron transfer
as proposed by others (8). The high-resolution data required
for comprehensive interpretation of the structure-function
relationships of OmcA'’s electron transfer mechanisms are
not yet available. In particular, information about the orien-
tation of heme clusters with respect to the mineral surface
would help elucidate electron transfer pathways. Nonethe-
less, the structural information obtained here in solution with
the use of SAXS and NR provides novel molecular-scale
insights into a system that has important implications for
biogeochemical metal cycling, contaminant biotransforma-
tion, and microbial fuel cell development.
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