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OmcA and Experimental Buffer: Wild-type recombinant OmcA was expressed with V5 and His6 tags at the C-terminus, and was purified using 
immobilized metal affinity columns (IMAC).2a  No additional tags (e.g., tetracysteine tags) were employed in these measurements.  OmcA ( 85 

g/mL or 1.0 M) in 20 mM HEPES (pH 7.5), 0.15 M NaCl, and 8 mM CHAPS (CMC = 8-10 mM) was used in all experiments.  In all cases, 
hematite was preincubated in 20 mM HEPES (pH 7.5), 0.15 M NaCl, and 8 mM CHAPS and the detergent concentration was kept constant.  
Similar OmcA binding to hematite was observed when the lipid binding site near the N-terminus of the protein was truncated (in the absence of 
added detergent), ensuring that binding to hematite was specifically associated with the functional properties of OmcA and its ability to transfer 
electrons directly to hematite. 
 
Hematite Synthesis: Hematite nanoparticles were synthesized as previously described.8  Briefly, this involved slowly dripping 60 mL of 1 M 
ferric nitrate solution into 750 ml of boiling ultrafiltered and doubly distilled MilliQ water. After the drip solution was consumed, the 
nanoparticle solution was removed from the heat and the synthesis suspension was cooled overnight. The nanoparticle solution was then dialyzed 
in high grade regenerated cellulose tubular membranes (Cellu Sep H1, 6000-8000 molecular weight cut-off) against doubly distilled MilliQ water 
until the conductivity of the dialysis water reached that of pure MilliQ. The suspensions were then poured into HDPE bottles for storage. Some of 
the suspension was freeze dried in a Labconco FreeZoen freeze dry system prior to characterization. 
 
Hematite Characterization: Mineralogical characterization was carried out by powder X-ray diffraction (XRD) on a Philips X’Pert MPD 
system with a Cu anode operating at a wavelength of 1.5406Å (CuKα1) as the radiation source (see below).  Specimens were prepared by 
grinding the samples in an agate mortar and pestle to fine powder and then placed on off axis quartz plates (18mm dia x 0.5 mm DP cavity). 
Diffraction patterns were recorded with a proportional counter detector over a 10-60° two theta scan range at a rate of 0.025°/sec. The X-ray 
diffraction powder pattern revealed the synthetic samples to be pure hematite with no detectable amounts of impurities. 
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Particle morphology, size distribution, and electron diffraction patterns were obtained by transmission electron microscopy (TEM) (see above). 
Specimens were prepared by placing a drop of hematite suspension onto a 200 mesh formvar-coated copper grid (stabilized with evaporated 
carbon film) and allowed to evaporate. The products were observed in a Phillips EM 420T Scanning Transmission Electron Microscope operated 
in bright field mode at 100 KeV. Size distribution and morphology was estimated by observing approximately 90-100 particles from TEM 
negatives on a lightbox with a 10x magnifier with measuring scale. The TEM micrographs show aggregated pseudo-hexagonal platelets. Electron 
diffraction rings indicate hematite. The mean particle size and standard deviation as determined from a normal fit to the size distribution 
histogram was 11 ± 2 nm. 
 
Specific surface area was determined by nitrogen gas adsorption by the Brunauer-Emmett-Teller (BET) method. The freeze-dried powder was 
degassed overnight at 100 °C followed by a 6-point BET isotherm in a Quantachrome Nova 1000 N2 adsorption analyzer with N2 as the 
adsorbate. The BET specific surface area was determined to be 95.95 (m2/g). 
 
 
Solubility of Hematite: The solubility of solid minerals is determined by the free energy of dissolution, which in general is very low for Fe(III) 
oxides (i.e., in the nanomolar range in the pH range between 4-10 in the absence of complexing agents).  Indeed, minimum solubility is observed 
between pH 7 and pH 8; around pH 7.5 the solubility of hematite (the least soluble iron oxide) is approximately 5 pM independent of added 
salts12.  Solubilities are enhanced for small particles, such that the calculated solubility of Fe(III) increases by about two order of magnitude upon 
decreasing the particle size to about 10 nm.  However, even under these latter conditions the concentration of free Fe(III) in solution is 
substantially less than 1 nM.  Thus, the concentration of free (unchelated) iron is less than 0.1% of the concentration of OmcA used in enzyme 
activity measurements (i.e., 1 uM), where electron transfer rates were 60 nmol/mg/min in the presence of hematite (Figure 1A).  In comparison, 
prior activity measurements using soluble iron were made in the presence of 10 mM Fe(III)-NTA, and no measurable activity was detected in the 
absence of NTA2a. 
 
 
Reductase Activity of OmcA:  The reductase activity of OmcA toward hematite was assayed using a variation of a previously described 
procedures.1,13-15  Briefly, OmcA was chemically reduced by sodium dithionite. The reaction was carried out in anaerobic glass cells  (STARNA,  
Atascadero, CA, USA), that contained purified OmcA (1 µM) in 1 mL of 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5% CHAPS, 10% glycerol 
and different concentrations of hematite, rotated in a Labquake tube rotator (Fisher, Pittsburg, PA, USA).  The absorption spectrums, OD540-560, of 
OmcA were recorded by an Agilent 8453 UV/Vis diode array spectrometer (Palo Alto, CA, USA) in an anaerobic chamber to measure the 
oxidation rate of OmcA by hematite. Controls included omission of hematite.  All solutions were purged with 80% N2/20% CO2 (room 
temperature, 2 hr) before use, and all reactions were performed at room temperature in an anaerobic chamber with O2 level of 1 ppm. After the 
initial rates (less than 10% of the hemes were oxidized) were calculated, they were fitted to the Michaelis-Menten equation to yield km and kcat by 
using OriginPro7.5 software. 
 
 
Covalent Attachment of Alexa-488 to OmcA:  OmcA was fluorescently labeled using amine reactive Alexa Fluor® 488 carboxylic acid 
succinimidyl ester (cat #A20000, Invitrogen, Eugene, OR) at a molar stoichiometry of about 2:1 (dye to protein).  Briefly, Alexa488 (40 M)was 
incubated with OmcA [0.6 mg/ml in 10 mM Na2PO4 (pH 7.5), 150 mM NaCl, 0.5% CHAPS] for two hours at room temperature, and Alexa488-
labeled OmcA was separated from free dye using size exclusion chromatography (i.e., a Sephedex G25 column) into 20 mM HEPES (pH 7.5), 
150 mM NaCl and 0.5% CHAPS. The concentration of Alexa488 bound to OmcA was determined by its absorbance at 494 nm ( ε494nm = 73000 
M-1 cm-1).  

 
 
Purification of SO0717: The predicted mature fragment of SO0717 was cloned as a C-terminal fusion to a hybrid 6 × His-Maltose binding 
protein affinity tag followed by a cleavage site for TEV protease.16 The plasmid was transformed into E. coli strain BL21(DE3) harboring 
auxiliary plasmid pEC86 that contains genes for cytochrome c maturation.17  E. coli cultures were grown aerobically to mid-exponential phase at 
30°C and 250 rpm and induced with 20 µM IPTG. The incubation continued overnight at 30 °C and 200 rpm. Next morning the cells were 
harvested and resuspended in 100 mM Tris-HCl (pH 8.0), 20% sucrose, and 0.5 mM EDTA containing 0.5 mg/ml lysozyme and protease 
inhibitor cocktail for bacterial cells (Sigma).  30 ml of the buffer was used to resuspend a pellet from 1 L of culture. Resuspended cell were 
incubated at room temperature for 15 min. Then an equal volume of ice-cold 1 M NaCl solution was added and the cells were incubated on ice 
with gentle shaking for 15 min and centrifuged at 12,000 × g for 20 min at 4°C. The supernatant constituted the periplasmic fraction. Then 
imidazole and MgCl2 were added to final concentrations of 5 mM and 2 mM, respectively, and the prep was purified on a 20 mL Ni Sepharose 6 
Fast Flow (GE Healthcare) column equilibrated with buffer A [20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, and 5 mM imidazole] according to the 
manufacturer’s instructions. Then TEV protease was added in 1:20 (w/w) ratio and the sample was dialyzed overnight against buffer A. The 
dialyzed sample was loaded onto the same re-equilibrated Ni Sepharose 6 Fast Flow column and the flow-through was collected and dialyzed 
against 20 mM HEPES (pH 7.5) and 150 mM NaCl.  The purified protein was frozen at – 80 C prior to use.  
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Figure S1. Average spherical radius determined from fits (red lines) to dynamic light scattering (DLS) data (circles) for (A) hematite in 20 mM HEPES 
(pH 7.5), 150 mM NaCl, and 0.5% w/v CHAPS in comparison to data collected for polystyrene bead standards whose radii are known to be 950 nm 
(Fluosphere cat #F8887, Molecular Probes, Eugene OR) (B) or 545 nm (Polystyrene bead cat #16905, Polysciences Inc, Warrington PA) (C).  The 
normalized experimental curve was fit to the following: G(t) = A × exp[-2Dtq2t], where A is an instrumental coefficient, Dt is the translational diffusion 
coefficient, and q is the scattering vector ]/)2/(sinn4[ λθπ , where n is the refract index, θ is the scattering angle and λ is the wavelength of the scattering 

light (λex = 633 nm).  The apparent radius (r) for a spherical particle was calculated from the Stokes-Einstein equation tD6/kTr πη= , where r is the 

hydrodynamic radius of the molecule, k is the Boltzmann constant ( 1.38×10-23 J/K), T is the absolute temperature (293 ºK), and η is the viscosity of water 
(0.001 kg/m/s, or 0.01 poise).  From the data the average radius of hematite was approximately 400 nm (A), while that of the polystyrene beads were 
respectively determined to be 950 nm (B) and 546 nm (C). 
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Figure S2. Fluorescence intensity traces (A) and derived experimental correlation curve (black) and fit (red) (B), residuals of the fitting (C), and the 
distribution of diffusion times (τD) (D) calculated using an aqueous suspension of standard beads with a known radius of 50.5 nm that was labeled with a 
red fluorophore (FluoSpheres F8887, 580/605, Molecular Probes Inc. Eugene OR).  The translational diffusion coefficient (Dt) calculated from: 
 

                 
D

2

t 4
D

τ×
ω

=  , where for τD = 4.4 × 10-3 s one can calculate that Dt = 4.1 × 10-8 cm2 / s. 

 
From the Stokes-Einstein equation the radius (r) of a spherical particle can be calculated according to: 
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Figure S3. Loss of OmcA through co-sedimentation with hematite (α-Fe2O3), goethite (α-FeOOH) and diaspore (α-AlOOH) particles following 
centrifugation (16,000 x g for 10 min) following addition of 0.16 mg/mL hematite or 1.6 mg/mL goethite or diaspore. Buffer is 20 mM HEPES (pH 7.5), 
150 mM NaCl, and 0.5% w/v CHAPS.   Natural samples of goethite and diaspore were obtained from the Department of Geosciences Museum at Virginia 
Tech.  Each sample was crushed and wet sieved through a 45 m sieve.  Those particles passing through the filter were collected and cleaned of 
adventitious carbon18, and confirmed to be solely composed of either goethite or diaspore by X-ray diffraction analysis.  
 
Our results, demonstrating a functional and high-affinity interaction between OmcA and hematite suggests a direct role for this metal reductase in 
mediating electron transfer to hematite.  The lack of binding of purified OmcA to goethite is in contrast to prior measurements using living Shewanella 
that demonstrated a high affinity interaction with goethite under anaerobic conditions when metal reductases are highly expressed in the outer membranes 
of Shewanella19.  However, no prior measurements considered the ability of a purified metal reductase to bind and transfer electrons to solid minerals, and 
the nature of the bacterial-mineral interaction remains unclear and could involve nonspecific interactions involving, for example, polysaccharides.  The 
inability of OmcA to bind to goethite is consistent with our prior suggestions that functional binding interactions between multiple metal reductases (e.g., 
OmcA and MtrC) function to enhance binding affinities between Shewanella and different minerals.2a  Future measurements will endeavor to document 
the binding interactions between different metal reductases and the range of minerals in soils that are used as electron transfer acceptors in the colonization 
of soils by Shewanella and other metal reducing bacteria. 
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Figure S4. Fluorescence intensity traces for 100 nM Alexa488-labeled OmcA in the absence (A) or presence (B) of silica microspheres (100 M) (R = 
500 nm; Polysciences Inc., Cat # 24323) and their fluorescence correlation spectroscopy curves(C), respectively. Buffer is 20 mM HEPES (pH 7.5), 150 
mM NaCl, and 0.5% w/v CHAPS.  

 
 

1.00

1.05

1.10

1.15

0 50 100 150 200 250 300
0

2

4

6

8
0 50 100 150 200 250 300

0

2

4

6

8

110-110-210-310-410-510-6

C

 

 

 OmcA
 OmcA + Silica Particle 

                (R = 500 nm)

G
(τ

)
Lag Time (sec)

 

 

N
or

m
al

iz
ed

 P
ho

to
n 

C
ou

nt
s

Time (s)

B
 

 

 

A



 8

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. Fluorescence intensity trace of 10 nM (A), 50 nM (B) and 100 nM (C) Alexa488-labeled OmcA in 20 mM HEPES (pH 7.5), 150 mM NaCl, 
and 0.5% w/v CHAPS.  In all cases, the sample time was 100 s. 
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Figure S6. Fluorescence intensity traces for 100 nM Alexa488-labeled SO0717 in the absence (A) or presence (B) of hematite (16 g/ml) and their 
fluorescence correlation spectroscopy curves (C), respectively. Buffer is 20 mM HEPES (pH 7.5) and 150 mM NaCl.  SO0717 is a cytochromes 
containing protein isolated from Shewanella oneidensis.  
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