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ABSTRACT: Multiheme cytochromes, located on the
bacterial cell surface, function as long-distance (> 10 nm)
electron conduits linking intracellular reactions to
external surfaces. This extracellular electron transfer
process, which allows microorganisms to gain energy by
respiring solid redox-active minerals, also facilitates the
wiring of cells to electrodes. While recent studies
suggested that a chiral induced spin selectivity effect is
linked to efficient electron transmission through
biomolecules, this phenomenon has not been investigated
in the extracellular electron conduits. Using magnetic
conductive probe atomic force microscopy, Hall voltage
measurements, and spin-dependent electrochemistry of
the decaheme cytochromes MtrF and OmcA from the
metal-reducing bacterium Shewanella oneidensis MR-1,
we show that electron transport through these
extracellular conduits is spin-selective. Our study has
implications for understanding how spin-dependent
interactions and magnetic fields may control electron
transport across biotic-abiotic interfaces in both natural
and biotechnological systems.

Electron flow dictates all biological energy conversion
strategies.? In the case of respiration, cells harvest
energy by controlling electron flow from electron donors
(fuels) to terminal electron acceptors (oxidants) through a

chain of reduction-oxidation (redox) cofactors. Some
microorganisms (including metal-reducing bacteria) can
also extend this electron transport chain to terminal
acceptors outside the cells, allowing anaerobic respiration
of solid minerals in the absence of soluble oxidants (e.g.
0O) that enter the cells.> This extracellular electron
transfer (EET) strategy also facilitates the ‘wiring’ of cells
to solid-state electrodes in a number of renewable energy
(microbial fuel cells and electrosynthesis) and
bioelectronic technologies.*”’

The metal-reducing bacterium Shewanella oneidensis
MR-1 expresses a network of multiheme cytochromes
(MHCs), known as the Mtr-Omc pathway, to accomplish
EET across the biotic-abiotic interface.® As part of this
pathway, decaheme cytochromes located on the cell
surface (MtrC, MtrF, OmcA), can transmit electrons from
periplasmic redox partners to the extracellular space.’™!!
Measurements !> 14 and quantum/molecular
simulations®!> revealed rapid electron hopping rates
through the S. oneidensis multiheme conduits,
sufficiently high to meet the cellular EET rate.'® These
cytochromes can also facilitate long-distance
(micrometer scale) redox conduction along cellular
membranes.!” Rapid electron flux (103 s!) through the
solvated decaheme cytochromes is thought to arise from
the packing of hemes into wire-like chains, presence of
cysteine linkages that enhance electronic couplings, and
careful control of the redox potential landscape.®!3:181°
Solid-state (vacuum) measurements in monolayer
junctions of the MHCs also revealed remarkable
temperature-independent electronic conduction (0.3 A
cm at 50 mV for MtrF), on par with conjugated organics,
suggesting a heme-assisted coherent tunneling
mechanism.?

An additional factor that may enhance the electron
transport efficiency in biological systems has recently
been observed: chiral induced spin selectivity (CISS), an
effect that couples the electron’s spin to its linear
momentum in a chiral potential, including nucleic acids
and proteins.?!-?? This property enhances the transmission
probability of one preferred spin, dependent on the
chirality of the molecule, and suppresses backscattering.

Given the observations of efficient electron flux in
bacterial MHCs, we hypothesized that electron transport
through these proteins could accompany spin selectivity.
CISS in MHCs could potentially give rise to spin effects
in the biotic-abiotic interaction between cells and solid
phase electron donors/acceptors, especially those with
magnetic properties, or in electron-exchange processes
involving other chiral biomolecules, such as electron
shuttling or interspecies electron transfer. In addition,
CISS in MHCs may provide a basis for understanding the
reported magnetic field effect on the performance of
microbial fuel cells,>*?¢ including those catalyzed by S.
oneidensis. The latter observations have so far been
tentatively  assigned to  oxidative  stress or



magnetohydrodynamic effects, but the role of the electron
spin has not been investigated.

Here, we investigated and confirmed the role of spin in
electron transport through the S. oneidensis MR-1 outer
membrane decaheme cytochromes MtrF and OmcA. To
monitor electron transport, extent of spin polarization in
the transferred electrons, and spin-dependent
polarizability in the proteins, we applied various
experimental techniques previously used to demonstrate
CISS in DNA, oligopeptides, and chiral polymers:
solvent-free magnetic conductive probe atomic force
microscopy (mCP-AFM), Hall voltage measurements
along with spin-dependent electrochemistry of the

proteins in solution.?”-3!
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Figure 1. Spin-dependent conduction study of MtrF
and OmcA by mCP-AFM. (a) Scheme of the
measurement, (b & ¢) I-V plots of MtrF and OmcA,
respectively where Ni film magnetized with the north
pole pointing up (red) or down (blue). (d) The
corresponding percentage of spin-polarization (SP) {[(Lup
— TLiown)/(ILyp + ldown)]x100} for MtrF and OmcA,
respectively. Here I, and fgown are the currents with
magnetic north pole up and down, respectively. (Note:
panels b) and ¢), width of the lines represents the standard
deviation of the measurements.)

Using mCP-AFM, we measured electron transmission
through solvent-free MtrF and OmcA adsorbed on a
ferromagnetic Ni, 120nm thick substrate coated with a
thin (10 nm) Au layer. MtrF and OmcA were effectively
immobilized on the surface through covalent thiol bonds
with Au as a result of a recombinant tetra-cysteine tag at
the C-terminus of the proteins, as described in previous
scanning probe studies'* and confirmed here (Figure S2).
Nonmagnetic (Pt) tips functioned as the top electrodes
and conduction was measured with magnetic fields
pointing either with the north pole up or down (UP or
DOWN) using a permanent magnet that determines the
spin alignment in the Ni bottom substrate.?®3? Current-
voltage (I-V) spectra were acquired from multiple points

on each of the monolayers, revealing a magnitude and
voltage dependence consistent with previous tunneling
spectroscopy measurements of both proteins.!>!#

Figure 1 shows clear spin selectivity in both proteins,
with higher conductivity when the magnetic field is
pointing ‘UP’ compared to ‘DOWN’. The extent of SP at
a given voltage can be quantified using the ratio (Jyp-
Ipown)/(Iup+Ipown), where Iyp and Ipown are the currents
associated with the two different magnetic field
directions. As can be seen in Figure 1d, OmcA displayed
the higher SP (63 £ 2%) compared to MtrF (37 + 3%) at
2.0V bias.

Figure 2. (a) Optical microscopic image of the Hall device
patterned on GaN/AlGaN substrate. (b) A scheme of the Hall
device on which a monolayer of the protein is adsorbed. (c)
A scheme of the setup used for measuring spin polarization.
A Hall device coated with monolayer of proteins is covered
by buffer electrolyte with top gate electrode insulated from
the solution. (d) Spin-dependent electrochemistry setup
where Hall device used as the working electrode measures
the faradaic current flows through the protein monolayer and
Hall potential.

In addition to the solid-state (solvent-free) mCP-AFM
measurements, we also measured the Hall voltage
resulting from the spin polarizability that accompanies
charge polarization across MtrF and OmcA in solution
(see SI for details). The measurement system (Figure 2)
is based on Au-coated (5 nm film) Hall device patterned
on a GaN/AlGaN two-dimensional electron gas
structure.?>3 In addition to allowing thiol-binding, the
Au film stabilizes the potential on the surface by
eliminating surface states.** With a constant current
driven between the source and drain electrodes, a voltage
is applied between a top gate electrode and the device on
which the proteins are placed. The gate voltage generates
an electric field that induces charge polarization
perpendicular to the protein monolayer. If this charge
polarization is accompanied by spin polarization, a
magnetic field is created and a Hall voltage is measured
across the lateral Hall probes (Figure 2). Prior to Hall
voltage measurements, the attachment of the MtrF and
OmcA protein monolayers were confirmed with liquid



tapping mode atomic force microscopy and polarization
modulation-infrared reflection-absorption spectroscopy
(Figure S2 and S3).
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Figure 3. The spin polarizability measured as a function of
the potential applied (dotted black line) on the top gate of
gold (Fig. 2C) for (a) device coated with MtrF and (b) device
coated with OmcA. (c) The Hall signal as a function of the
gate voltage applied for devices coated with MtrF (red) and
OmcA (blue). A linear response is observed and OmcA
having higher spin polarizability compared to MtrF.

Figure 3(a, b) shows the Hall voltages observed in
response to gate voltage steps of different magnitudes and
signs for both MtrF and OmcA. This data confirm that the
spin polarization indeed accompanies the field-induced
charge polarization in both MHCs. The Hall signals scale
linearly with the gate voltage (Figure 3c) and, consistent
with the mCP-AFM measurements, the spin polarization
is larger for OmcA as compared to MtrF. By comparing
to a separate calibration of the Hall devices using external
magnetic fields (see Figure S4 in SI), the OmcA Hall
signal at 10 V gate voltage corresponds to a magnetic
field of about 200 Gauss. To verify the importance of the
secondary/tertiary structure in the observed spin
polarization effect, the proteins were denatured at 80 °C
(see SI for details), after which no spin polarization was
observed in response to gate voltage (Figure S5).

It is interesting to consider the possible reasons leading
to higher spin polarization in OmcA relative to MtrF. The
two MHCs have comparable conductivities (with MtrF
transmitting slightly higher current in mCP-AFM
measurements, Figure 1), so it is unlikely that the
observed higher spin polarization of OmcA is the result
of overall higher electron transmission. Another factor
that may contribute to the magnitude of spin polarization
in the Hall device measurements is the protein size, since
the electric dipole moment induced by the electric field
depends on the size of the protein. At 83 kDa, OmcA is
moderately bulkier than MtrF (74 kDa).! However, a
comparison of the X-ray structures shows similar overall
dimensions, particularly along the directions of the charge
carrier octa-heme and tetra-heme chains that define the

staggered cross configuration common to both
proteins.?3-3* Therefore, we conclude that differences in
overall size are a less likely explanation for the significant
difference in spin selectivity. A more detailed comparison
of the secondary structures, however, may offer clues. For
example, o-helices serve as primary scaffolds for hemes
in both proteins, but OmcA has a significantly higher
helical secondary structure (18%) than MtrF (11%) when
compared using the DSSP tool.>> Figure S6 highlights the
increased helical content in the heme-containing domains
II and IV of OmcA compared to MtrF. We therefore
hypothesize that the difference in the secondary structure
surrounding the electron carrying heme chains plays an
important role in determining the extent of the spin
selectivity.

In a third experimental approach, we performed spin-
dependent electrochemical measurements as previously
applied to DNA and oligopeptide.’>’! Here, the
measurements are performed in standard 3-electrode
electrochemical cells with the Hall device serving as the
working electrode. While performing cyclic voltammetry
(CV), the Hall potential is monitored simultaneously, so
as to obtain information on the spin selectivity of the
process (Figure S7a&b). In addition to the reductive and
oxidative electrochemical signatures observed in the CVs
of MtrF and OmcA, a simultaneous Hall potential signal
reflecting spin selectivity associated with the electron
transfer through both proteins (Figure S7b). It is
interesting to note that the electrochemical potentials of
MtrF and OmcA are shifted relative to previous
reports,>>3637which we attribute to the cysteine-based
immobilization strategy and the use of bare thin gold
electrodes, rather than adsorption on graphite or self-
assembled monolayers, since the immobilization
procedure is known to influence the measured redox
properties.’’ Consistent with both the mCP-AFM (Figure
1) and field-induced polarization measurements (Figure
3), higher spin selectivity was observed for OmcA,
compared to MtrF, in the electrochemical measurements
(Figure S7a&b). Denaturation of the proteins resulted in
significant decrease of electrochemical current and
corresponding order of magnitude reduction in the Hall
signal (Figure S7c-f), again confirming the role of the
protein’s structure in dictating the spin selectivity process
associated with electron transmission.

The spin selectivity observed in the extracellular
bacterial cytochromes may have interesting implications
for controlling electron transfer across the biotic-abiotic
interface. It was recently proposed that such spin
selectivity may place constraints on the ability to interact
with other chiral molecules.?’ In the case of EET conduits,
this effect may lead to selectivity in interactions with
electron exchange partners, such as soluble redox shuttles
or neighboring electron conduits of other cells. We also
speculate that spin selectivity may play a role in
controlling interactions with external electron accepting
minerals, such as certain iron oxides, that have magnetic



properties. Finally, spin polarization offers a concrete
mechanism that may impact our understanding of
multiple recent reports?>2® describing magnetic field
enhancements of EET in microbial fuel cells.

To summarize, we have found that electron flow in the
Shewanella oneidensis MR-1 cell surface decaheme
cytochromes is spin selective. This observation opens up
an additional degree of freedom, based on electron spin,
for controlling charge transport across biotic-abiotic
interfaces in both natural (environmental) systems and
biotechnological (e.g. renewable energy or bioelectronic)
applications.
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Experimental details:

Hall Device Fabrication: AlGaN/GaN substrates (from NTT) were used to fabricate the Hall
devices. The 3-inch-diameter wafer is composed of a nucleation layer, an 1800-nm-thick
intrinsic-GaN (i-GaN) layer, a 20-nm-thick intrinsic-AlGaN (i-AlGaN) layer, and a 2-nm-thick
capping layer (Figure S1). All the Hall devices were prepared by standard photolithography in
aclass 1000 clean room. These devices are composed of six electrodes: one source (S) and one
drain (D) electrode for constant charge carrier flow, and two pairs of Hall probes to measure
the Hall potential. To prepare ohmic contacts, a metallic multilayer, i.e. Ti (20 nm)/Al
(100nm)/Ni (40 nm)/Au (40 nm), was annealed at 850°C. A 500 pm x 40 pm region which is
the active area of the channel was coated with 2 nm Ti and 5 nm Au for protein adsorption.
After adsorption of the protein monolayer (see below), the device chip was glued to a chip
holder and device electrodes were connected to the chip holder pads using wire bonding. In
addition, a high-quality RTV silicone glue was used to insulate all the connections and pads of
the device to avoid charge leakage. To maintain the aqueous environment during the
measurements, we prepared a PDMS (polydimethylsiloxane) cell with a 200-uL capacity that

was glued on top of the device on the chip holder.

Protein Preparation: OmcA and MtrF with recombinant tetra-cysteine tags were purified as
described previously (Wigginton et al, 2007, Geochimica et Cosmochimica Acta, and Byun et
al, 2014, ChemElectroChem), and stored in a 20 mM HEPES-buffered solution containing
protease inhibitor, 10% glycerol, 250 mM NaCl, 1% octyl 3-D-glucopyranoside (OGP), and 5
mM [-mercaptoethanol at pH 7.6, -80°C. Before preparing the protein solution for the
experiment, an additional 2.5 mM [(-mercaptoethanol was added, and the solution was
incubated for 15 min at 4°C. This solution was then exchanged twice with fresh buffer solution

containing 20 mM OGP and 50 mM HEPES using Amicon Ultra-0.5 mL centrifugal filters (10
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kDa molecular weight cut-off) at 14,000 rcf and 10°C. The solution was then diluted fivefold

with deionized water and placed on the Hall device channel.

Protein Monolayer Formation: Before depositing the protein on the Hall device channel, the
device surface was cleaned by boiling acetone and boiling ethanol (10 min each). The surface
then underwent UV/OX treatment for 15 min, and was subsequently immersed in ethanol for
30 min. Immediately after, the surface was dried with N, stream and the prepared protein
solution (described above) was drop cast on the device. The device was then incubated for 16
hours at 4°C in humid environment, and was subsequently rinsed and the PDMS cell was filled
with a buffer containing 0.1 M HEPES (and an additional 0.1 M NaCl in the electrochemical

experiments).

Denaturation of Protein Monolayer: To thermally denature the protein monolayer, the Hall
device was kept at 80°C for one hour, which should be sufficient to denature the protein

secondary structure.

Hall Voltage Measurement: The Hall voltage (Vi) in both the polarization and
electrochemical experiments was recorded using a Keithley 2182A nanovoltmeter. In order to
correct for the error caused by the asymmetry of the Hall device, Hall voltage was measured
while constant current was maintained in both directions, i.e., from S to D and D to S. The Hall

potential was then calculated by adding the results, AVu = Viusp - Vips.

Polarization Experiment: A glass coverslip coated with 100 nm of gold was used as the gate
electrode, and was placed on top of the PDMS cell that contained a 0.1 M HEPES buffer solution,
with the gold-coated side facing away from the solution. A constant potential pulse of different
magnitudes was applied to the gold-coated coverslip (with respect to the device channel),
providing the electric field that polarized the proteins. During the experiment, a constant
current of 10 pA was maintained between the source (S) and drain (D) electrodes. The varying
gate voltages and the constant S-D current were applied using a dual channel Keithley 2636A

source measuring unit. All measurements were performed in a dark Faraday cage.

Electrochemical Experiment: The 3-electrode electrochemical setup was composed of the
Hall device channel as the working electrode, a Ag/AgCl reference electrode (0.1 M NaCl), and
a platinum wire counter electrode. A PalmSens4 electrochemical workstation was used to
make the cyclic voltammetry measurements. Similar to the polarization experiment, a constant
current of 10 pA was maintained between the source (S) and drain (D) electrodes. The buffer
used during the electrochemical experiments contained 0.1 M HEPES and 0.1 M NaCl. All cyclic
voltammetry measurements were performed at a scan rate of 100 mV/s unless stated

otherwise.
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Magnetic-AFM Experiment: Magnetic field-dependent current vs. voltage (I-V)
characteristics of MtrF and OmcA were obtained using a multimode magnetic scanning probe
microscopy (SPM) system built with Beetle Ambient AFM and an electromagnet equipped with
R9 electronics controller (RHK Technology). Voltage spectroscopy for I-V measurements were
performed by applying voltage ramps on a platinum tip (DPE-XSC11, pmasch with spring
constant 3-5.6 Nm-1) in contact with the sample at an applied force of 3 nN. At least ~80, I-V
curves were scanned in an applied magnetic field of 0.50 T for both UP and DOWN magnetic
field orientations. The error was calculated as the standard deviation of all current values

measured at each voltage.

Hall Device Calibration using External Magnetic Field: Hall device calibration was done
using a superconducting electromagnet, by varying the magnetic field from -500 Oe to +500
Oe and measuring the corresponding Hall potential across the probes when constant current

(10 pA) flowed between S and D.

PMIRRAS Characterization: Polarization modulation-infrared reflection-absorption
spectroscopy (PM-IRRAS) was used to characterize the protein monolayers. Nicolet 6700 FTIR
equipped with a PEM-90 photoelastic modulator (Hinds Instruments, Hillsboro, OR) at an

incidence angle of 802 was used for this measurement.

mﬂm I — |Ti 2nm)
GaN(Znm (
AlGaN(20nm)
——————2 D EG Layer”
[:, ..j GaN(180nm)

EJ Sapphire

Figure: S1 (a) Optical microscopy image of the HEMT device showing the 500-pm-long

channel; the Hall probes are separated from each other by 40 um. (b) Composition of the Hall

device channel. The top gold layer facilitates the protein adsorption.
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Tapping AFM in liquid

Figure: S2 Optical image of the Hall device (left), along with liquid tapping AFM image of the
MtrF monolayer on the Hall device channel (center), and OmcA monolayer on an e-beam

deposited gold surface (right).
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Figure: S3 PMIRRAS spectra of MtrF and OmcA monolayers on a gold surface.
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Figure: S4 Hall device calibration using standard magnetic field.
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Figure: S5 Polarization data recorded after denaturation for (a) OmcA and (b) MtrF

MtrF OmcA

Figure: S6 Crystal structures of MtrF and OmcA, highlighting their heme groups and the

helical content in the heme-containing domains Il and IV.
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Figure: S7 Electrochemical measurements when the Hall device serves as the working

electrode (see Fig. 1d of manuscript). Cyclic voltammetry plot recorded on 100 mV/sec in

HEPES buffer+0.1M NacCl. (a) CV plots of MtrF (red) and OmcA (blue). (b) Corresponding Hall

potential. Electrochemical data recorded after denaturation (c, d) cyclic voltammetry of

denatured OmcA and MtrF recorded at 100mV/s (e, f) corresponding Hall potentials before

and after denaturation.
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Figure: S8 Device performance check: (a) Cyclic voltammetry curves recorded on bare,
achiral (3-Mercaptopropionic acid-MPA), and protein (MtrF)-coated device, and (b) the

corresponding Hall potential.
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