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The mechanisms by which bacterial outer membrane-associated o opatiematite] (pM)

electron transport proteins interact with extracellular electron accep-% 25 A PP §

tors, including Fe and Mn oxides, is poorly understood. The 85 kDa & TZ z§

outer membrane decaheme cytochrome OmcA (SO1779) from the=, ° wg

dissimilatory metal-reducing bacterium (DMRBhewanella oneiden- ?} 08 fﬂ%

sisMR-1 can reduce soluble Fe(lll) and other metal chelataw 5 oo 0 3

has previously been suggested to function in concert with other % [Hif:aﬁ.e] (:,;fmu B ° TACW,E,::;] (m,:,s,f »
membrane proteins a§ one of the terminal electron donors in the Figure 1. Functional association between JuM OmcA and hematite
metal reductase protein complex$ifiewanella oneidensigR-1.2 nanoparticles detected by (A) electron-transfer activity ¢r direct binding

Shewanella’snetabolic diversity has considerable promise for the measured by loss of OmcA through co-sedimentation with hematite particles
bioremediation of metal and radionuclide contaminants as well as (O) following centrifugation (1600 for 10 min) or diminished intrinsic
in the design of microbial fuel celfsBiofuel cells offer a potential gurﬁgi\scﬁ)ﬁmﬂganhdeffgtﬁeec;%%Siffgnsig'&n&gfffSjv'ﬁg'}?%g Epﬂ'{;
means to couple the breakdown of biowastes to generate electricakygrescence change upon acrylamide addition.
current* Miniaturization of these fuel cells is dependent on the elim-
ination of the membrane between the cathode and anode compartcoefficient of approximately 2x 10° (AG” = —28 kJ/mol). A
ments? It has been demonstrated that the immobilization of redox- Similar high-affinity binding interaction is measured using decreases
active proteins on electrodes renders this membrane unnecéssaryin the intrinsic tryptophan fluorescence of OmcA to assess binding
The identification of a purified metal-reducing enzyme able to den- as a function of added hematite. Furthermore, upon association with
sely bind and directly donate electrons to commonly used iron-oxide- hematite there is a large decrease in the solvent accessibility of the
coated electrodébas great potential to contribute to fuel cell design. tryptophans in OmcA to a soluble acrylamide quencher (Figure 1B),
This will also contribute to understanding how DMRB transfer consistent with a direct binding interaction between OmcA and
electrons to solid metal oxides in the environment, which may hematite. In contrast, there is no significant binding between OmcA
involve direct interactions with membrane proteins or an indirect and other minerals or particles (SI Figures S3 and S4), indicating
mechanism through mineral solubilization or electron shuttling. To SPecific binding between OmcA and hematite.
identify the terminal electron donors in ti& oneidensisnetal In association with hematite, OmcA is catalytically active:
reductase system and to explore whether isolated proteins carPxidation of protein hemes, as measured from time-dependent
directly bind and mediate electron-transfer reactions to reduce solidchanges in the. Soret absorption peak at 552 rrdirectly tracks
metals, we have purified OmcA and measured its ability to bind with protein binding to hematite under anoxic conditions with a
and transfer electrons to solid & in the mineral hematite. maximal activity of about 60 nmol mg OmcA mir L. Since OmcA
Hematite nanoparticles were generated using the forced hydroly-¢an be directly reduced by NADH and other metabolic cofactors,
sis of F&+(OHy)s ions to form particle§, whose average radius the high-affinity interaction between OmcA and hematite provides
was measured to be 1% 2 nm at pH 5 (see Supporting @ mMmeans to couple the generation of reducing power to an electrode
Information). At the physiological pH for the catalytic activity of ~ Surface. To confirm the binding specificity, and to detect possible
OmcA (pH 7.5), hematite self-associates to form a broad distribution €hanges in the internal dynamics of OmcA upon association with
of size classes ranging from about 10 nmil(particle) to large hematite, we labeled OmcA with the chromophore Alexa-488 and
aggregates with an apparent size of about 400 nm [see Supportind‘ave used fluorescence correlation spectroscopy (FCS) to measure

Information (SI) Figure S1]. OmcA directly associates with added fluorescence intensity fluctuations associated with both changes in
hematite, as evidenced by the co-sedimentation of approximatelyinternal motion and decreases in the translational diffusion of OmcA

40% of the OmcA in solution with hematite particles upon UPON association with hematiteThese measurements utilized a

centrifugation (Figure 1A), permitting a determination of the binding confocal microscope using a pair of SPCM-AQR-14 avalanche
affinity through the measurement of the concentration of OmcA Photodiodes to perform pseudocross-correlation measurements that
bound to hematite relative to that in water (i.e., the partition efficiently remove after-pulse effects that correspond to spontaneous
coefficient). We find that approximately 0.2 mg of OmcA binds ~Signals associated with individual photodetectors that can broaden
per mg of hematite (i.e., 2.5 nmol OmcA per mg of hematite). From @nd distort fluorescence intensity traces. The fluorescence intensity
the average radius of hematite at pH 7.5 (i.e., 400 nm), ap- trace for Alexa488-labeled OmcA in the absence of hematite is
proximately 16 OmcA proteins bind to each particle (i.e., 140  characterized by a high density of low-amplitude bursts, whose

OmcA proteins bind per c#y corresponding to a partiton frequency is indicative of the concentration of protein in solution
(Figures 2A and S5). Upon addition of hematite, there is a dramatic

 Division of Biological Sciences. increase in tht_e amplltud(_e (brightness) of some qu_orescence b_ursts
* Environmental Molecular Science Laboratory. that is indicative of multiple OmcA proteins binding to hematite
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A B fluorescence intensity of Alexa488. In the presence of hematite the
translational diffusion time for the OmcA dimer is shifted toward
bbbl a larger time constant (i.e., 1.2 ms), consistent with OmcA
R A molecules binding to small hematite particles (Figure 2H); in
0.4 c D addition a larger diffusion time centered near 800 ms is observed
3j§' that corresponds to the size of hematite particles measured by
o \ _ dynamic light scattering and is associated with approximatety 10
& 0.01 E OmcA proteins bound per particle (Figure 1A). Likewise, upon
"’3:3'1‘ Ty OmcA binding to hematite there is a substantial increase in the
10° 10° 10° 100 100 40° 10° 107 10°  10% 100 10° relative area associated with OmcA domain motions, which
Lag Time (s) increases from 50 to 70% of the integrated peak area (Figure 2, G
S o1 G H and H). Thus, binding to hematite increases domain motions that
E may facilitate electron-transfer reactions between heme clusters in
o o | OmcA by modulating their spatial arrangeméht.

10° 10° 100 100 100 10° 10° 100 10° 107 100 100 In summary, we have shown that purified OmcA binds and

Diffusion Time (s) densely covers the surface of hematite (approximately @hcA

Figure 2. Fluorescence intensity traces (A, B) and correlation curves with Proteins bind per cf) and reduces Fe(lll) with a maximal velocity
fits (red) (C, D) for 10 nM Alexa488-labeled OmcA in the absence (left of approximately 60 nmol/mg/min, which corresponds to an electron

panels) or presence (right panels) of hematite (16 ug/mL). Residuals from flux of about 103 electrons /crifs that approaches observed fluxes
fits to the correlation data (E, F) and distribution of diffusion times (G, H). the most efficient bioreactogs.

particles (Figure 2B). Other heme-containing proteins do not bind  Acknowledgment. Supported by Genomics:GTL Program of

to hematite (S| Figure S6). A quantitative consideration of the the Department of Energy (DOE- OBER) and an EMSL Scientific

sample heterogeneity is possible from a consideration of the Grand Challenge Project at PNNL, which is operated for DOE by

fluorescence correlation curves associated with the fluorescenceBattelle under Contract DE-AC05-76RLO0 1830.

intensity traces (Figure 2, C and D). The correlation curve is  Supporting Information Available: Procedures and characteriza-

described by the equation: tion data; complete refs 2a, 2b, 2c. This material is available free of
charge via the Internet at http://pubs.acs.org.
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