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ABSTRACT: A micrometers-long helical homopolymer of the outer-membrane cytochrome > 10} s
type S (OmcS) from Geobacter sulfurreducens is proposed to transport electrons to S qosf & st
extracellular acceptors in an ancient respiratory strategy of biogeochemical and technological 2\ 102
significance. OmcS surprisingly exhibits higher conductivity upon cooling (anti-Arrhenius £
kinetics), an effect previously attributed to H-bond restructuring and heme redox potential g
shifts. Herein, the temperature sensitivity of redox conductivity is more thoroughly examined & T
with conventional and constant-redox and -pH molecular dynamics and quantum mechanics/ Exp. Comp.
molecular mechanics. A 30 K drop in temperature constituted a weak perturbation to electron
transfer energetics, changing electronic couplings ((H,,,)), reaction free energies (AG,,), reorganization energies (4,,,), and
activation energies (E,) by at most 10.002l, 10.050l, 10.120l, and 10.04S| €V, respectively. Changes in AG,,, reflected —0.07 & 0.03 V
shifts in redox potentials that were caused in roughly equal measure by altered electrostatic interactions with the solvent and protein.
Changes in intraprotein H-bonding reproduced the earlier observations. Single-particle diffusion and multiparticle steady-state flux
models, parametrized with Marcus theory rates, showed that biologically relevant incoherent hopping cannot qualitatively or
quantitatively describe electrical conductivity measured by atomic force microscopy in filamentous OmcS. The discrepancy is
attributed to differences between solution-phase simulations and solid-state measurements and the need to model intra- and
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intermolecular vibrations explicitly.

1. INTRODUCTION

All respiratory life is powered by the flow of electrons throu%h
a chain of reduction—oxidation (redox)-active cofactors.”””
Electrons enter the chain by oxidation of a primary donor (e.g.,
organic matter) and exit via reduction of a terminal acceptor
(e.g, 0,),” both of which are ordinarily internalized by a cell.
The nearest electron donor/acceptor in some aquatic sedi-
ments, however, is either another microbe or a mineral
nanoparticle that may be up to a few microns away. Coupling
the reduction of microbes or minerals in the extracellular space
with intracellular oxidative metabolism constitutes an ancient
and widespread respiratory strategy."~” The electrical circuits
established between microbes and minerals, if better under-
stood, can elucidate the biogeochemical evolution of the
planet,g_13 the role of the microbiome in human health and
diseases,"* ™" as well as templates'®™>" for the design of
bioelectronic technologies.”' ~>*

Microbes can electrically “plug-in” to their environments
through direct contact with cell-surface proteins, outer-
membrane vesicles, filamentous appendages, or molecular
shuttles. One of the best studied electroactive microorganisms,
Geobacter sulfurreducens, discharges ~10° electrons/s/cell.*
This fA current has been known for nearly 20 years to be
carried by conductive filaments,’® but questions about the
identity, composition, and conductivity mechanism of the
filaments have®”~* and continue**™>° to be debated.

Homopolymers of a mostly a-helical pilin protein*”** or
outer-membrane multiheme cytochromes*™*® have been
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proposed as “nanowires” used by G. sulfurreducens. The
pilin-based polymer, called a pilus, was hypothesized to
transport electrons through a continuous chain of stacked
aromatic residues (Figure 1, top left) by either multistep charge
hopping or bandlike charge transport.”’~® However, a
recently reported cryogenic electron microscopy (CryoEM)
structure differed markedly from the proposed model (Figure
1, top middle vs top left) and had a conductivity 10* times
smaller than what was previously attributed to the pilus.”" The
electrically conductive or e-pili have been suggested to not exist
as such,**! being instead the misidentified filamentous outer-
membrane cytochrome type S (OmcS) (Figure 1, top right).*®

OmcS was revealed by CryoEM* to feature a spiraling chain
of bis-histidine-ligated c-type heme cofactors encased within a
protein sheath. The structure is analogous to a man-made
electrical wire if the protein is assumed (perhaps oversimplisti-
cally) to provide only insolation for the conductive heme
chain. Questions concerning the physiological relevance of this
structure are actively being investigated.”> An equally
important question receiving much less attention is whether
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Figure 1. (Top) Structures of the (left) hypothetical G. sulfurreducens
pilus from ref 63, (middle) CryoEM structure of the pilus from ref 51,
and (right) CryoEM structure of the outer-membrane cytochrome
type S (OmcS) filament from ref 46 that is the subject of the present
study. (Bottom) Temperature-dependent electrical conductivity of
OmcS filaments. The data are reproduced from Figure 4A in ref 80.

electrical characterizations of OmcS by atomic force
microscopy (AFM) report on the same charge transport
mechanism that operates under biological conditions.”’~"
There are currently large discrepancies separating expectations,
theories, and experiments for the charge transport mechanism
in OmcS.

Similar to other chains of redox-active cofactors in
photosynthesis and respiration, electrons are expected to
move in a "bucket-brigade”-like series of redox reactions along
the heme chain in OmcS.”>”*”® The kinetics of each step are
usually well described by the nonadiabatic Marcus theory.”®””
In this framework, electron transfer results from thermal
fluctuations that bring the reactant and product states into
energetic degeneracy. Such fluctuations are rare events, and
become more so at lower temperatures (Arrhenius-type
kinetics), because the activation barriers are large, and the
transition state regions are cusped because of weak electronic
interactions between adjacent hemes.”® In between the
nonadiabatic "hops” from reactant to product states, the
electrons reside long enough on each heme to lose coherence
as the nuclei respond to the change in charge state. Biological
redox conduction is multistep incoherent hopping.”*

Theoretical studies suggest that this mechanistic picture is
consistent with the CryoEM structure but not the AFM-
measured conductivity at 300 K for OmcS. For example,
activation energies and electronic couplings computed from
the CryoEM structure were found (and confirmed herein) to
be >0.1 and <0.01 eV, respectively.””*" Conductivities
computed with these energetic values for incoherent heme-

to-heme hoppin§, however, severely underestimated the AFM-
measured value,”' a discrepancy sometimes only admitted by
the omission of a direct comparison.”” If the hops were
assumed to occur instead between nanometer-sized blocks of
coherently coupled hemes, the predicted conductivity was able
to approach the experimental value.”' However, it is unclear
how a protein with 81% turns and loops comprising the
secondary structure® can be sufficiently rigid to preserve
coherence among as many as two dozen hemes when the
electronic coupling between any pair is less than thermal
energy.””~*" Furthermore, decoherent quantum transport was
found to be capable of explaining as much as 71% of the
measured conductance.®”

Thermally activated hopping also seems at odds with the
AFM-measured temperature dependence of electrical con-
ductivity in OmcS (Figure 1, bottom). Instead of decreasing
upon cooling as expected, the conductivity increased by a
factor of 10* from 300 to 270 K.** To reconcile redox
conduction with this anti-Arrhenius kinetics, a “massive
restructuring” of intraprotein H-bonds upon cooling was
computationally proposed to modulate heme redox potentials
and, in turn, the activation energies for incoherent heme-to-
heme charge transfer.”” Below 250 K, the conductivity
generally decreased, but confusingly, the conductivity
remained at least 10 times larger than what it was at 300 K.*’

Since the present author contributed to the structural
transition proposal for anti-Arrhenius kinetics, several obser-
vations have suggested the explanation to be an artifact of
unphysical energetic parameters. These observations include
the following: (1) One of the hemes was predicted to have a
redox potential >0.15 V more negative than expected
experimentally for a bis-histidine-ligated c-type heme
(=0.521 V vs standard hydrogen electrode (SHE)).*’ The
potential was also >0.4 V, half the known biological range for
heme cofactors in general,”” more negative than the adjacent
heme in van der Waals contact. The resulting large free energy
differences to/from this heme may have caused an under-
estimation of the computed conductivity at 310 K, thereby
causing the conductivity at 270 K to appear larger by
comparison. (2) Although temperature-induced shifts in
redox potentials for cytochromes are known,**™”' the
computed shifts were unexpectedly large and of mixed sign
(e.g, —0.189 and +0.113 V) for hemes in van der Waals
contact.”’ (3) A global descriptor was invoked to characterize
the cooling-induced restructuring of the H-bonding network,
but it could not explain the distinct temperature dependencies
of the six hemes in a subunit of the filament. Only weak (R* ~
0.6) correlations were found with other factors like heme
macrocycle nonplanarity and electric field strength on the Fe
centers.

If these misgivings are warranted, then there is no theoretical
description yet available that satisfactorily links the CryoEM
structural and AFM electrical characterizations of OmcS, and
the latter may reflect mechanism(s) distinct from what
operates in the biological context. If the misgivings are not
supported by a closer examination, then there is still some
deficiency in current models because redox conduction fits
qualitatively but not quantitatively with the AFM measure-
ments. Either way, a more thorough assessment of temper-
ature-dependent redox conduction is needed—and provided
herein—to identify next steps for refining structure—function
relationships in microbial cytochrome “nanowires”. The
urgency in addressing the gaps between biological expect-

https://doi.org/10.1021/acs.jpcb.2c06822
J. Phys. Chem. B 2022, 126, 10083—10097


https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c06822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

ations, theoretical models, and AFM measurements on charge
transport is underscored by the expanding library of
filamentous cytochromes, one of which is 10° times more
conductive than OmcS.*****>** The mechanistic knowledge is
also a prerequisite for re-engineering these structures for
sustainable bioelectronic technologies. These considerations
motivated the present study.

Using >7 us of conventional and constant-redox and -pH
(C(EpH)) molecular dynamics (MD), as well as quantum
mechanics/molecular mechanics (QM/MM) computations on
>3000 configurations, redox potentials and temperature
coefficients were found in much better agreement with
experimental expectations than in the prior work.”” Biologically
relevant redox conduction based on these new potentials, using
both single-particle diffusion and multiparticle steady-state flux
kinetic schemes, failed to explain AFM electrical measurements
either quantitatively or qualitatively as a function of temper-
ature. Taking into account differences between solution-phase
simulations and solid-state measurements, (1) computation of
electron transfer reorganization energies to model the
dehydration of the filament in AFM experiments improved
quantitative agreement with the measured conductivity, and
(2) QM/MM computations with explicit and implicit aqueous
solvents indicated that 60% of the cooling-induced shifts on
redox potentials result from the microstructure of the solvent.
These observations point to a hitherto unappreciated depend-
ence of the electrical properties in cytochrome "nanowires” on
the physical conditions of the experiments.

2. METHODS AND COMPUTATIONAL DETAILS

An overview of the computational workflow is shown in Figure
2, with extensive details reserved for the Supporting
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Figure 2. High-level overview of the computational workflow
employed in the present study. See the SI for methodological details.
QM/MM@MD = quantum mechanics/molecular mechanics at
molecular dynamics generated configurations. E° = redox potential;
(Hpny = electronic coupling; AG,,, = reaction free energy; A, =
reorganization energy.

Information (SI). Briefly, the dynamics of a three-subunit
OmcS filament were simulated in fully oxidized and single-
heme-reduced microstates by conventional MD or as a
function of solution potential with constant-redox (CE) MD
(SI Section S1.2). Redox potentials (E’s), and by extension
reaction free energies (AG,,,’s; m = donor, n = acceptor) (SI
Section S1.3.2), electronic couplings ((Hp,)’s, SI Section
$1.3.3), and reorganization energies (4 SI Section S1.4),

>
mn S)

were then computed with either classical electrostatics or
quantum mechanics/molecular mechanics at molecular
dynamics-generated configurations (QM/MM@MD). These
energetic terms were used to compute Marcus theory rates for
heme-to-heme electron transfers (SI Section S1.5), which in
turn parameterized single-particle diffusion (SI Section 1.6.1)
and multiparticle steady-state flux (SI Section 1.6.2.) kinetic
schemes. The obtained diffusion constant or charge flux was
related to an electrical current (SI Section S1.6) for direct
comparison to AFM experiments. Additional simulations and
analyses were performed to characterize the temperature
dependence of intraprotein H-bonding between 100 and 400 K
(SI Section S1.7) and the change in density of solvation shells
upon cooling (SI Section 1.8). The extent of charge
compensation coupled to reduction of the hemes was assessed
by computing pK.s with constant pH molecular dynamics
(CpHMD) for different redox microstates and applying the
Henderson—Hasselbalch equation.

3. RESULTS AND DISCUSSION

Heme redox potentials (E°’s) at 300 and 270 K are first
analyzed. These temperatures bracket the range for anti-
Arrhenius behavior in electrical conductivity (Figure 1,
bottom). The cooling-induced shifts in redox potential (AE®)
are interpreted in terms of altered electrostatic interactions
with the protein and solvent, where the microstructure of the
solvent is found to play a particularly important role. The
previously postulated role of restructured intraprotein H-
bonds® is also examined. The temperature dependence of the
free energy landscape for heme-to-heme charge transfer,
defined by the computed E°’s, is then discussed. Finally,
redox conductivity and its temperature dependence are
analyzed with multiple kinetic schemes. Because no theoretical
model to date, including the present study, successfully
explains the temperature dependence of electrical conductivity
in filamentous OmcS, the discussion ends with a survey of
possible mechanisms invoked to explain anti-Arrhenius kinetics
in other systems.

3.1. Temperature Dependence of Heme Redox
Potentials. 3.7.1. High (300 or 310 K) Temperature. E°’s
at 300 K for the hemes in filamentous OmcS were —0.063 to
—0.271 V vs SHE according to QM/MM@MD computations
(Figure 3, left; Tables S3 and S11). Use of a triple- instead of
double-{ basis set shifted the values toward the positive end of
the range by 0.034 + 0.013 (mean + standard deviation) V, a
magnitude comparable to the standard error of the mean for
each E° (Figure S2; Tables S2, S3, and S11). The range for E°
at 300 K was likewise —0.093 to —0.306 V vs SHE according to
C(E,pH)MD simulations (Figure S6; Table S$10). These ranges
were consistent with the experimental range of +0.150 to
—0.350 V vs SHE reported for bis-histidine-ligated c-type
hemes.®® Thus, the computed E®s were converged with
respect to basis set quality, consistent at multiple levels of
theory, and in good agreement with experimental expectations.
Results presented below were obtained with the double-{ basis
set unless otherwise noted.

Along the linear heme chain from #1 — #2 .. #6 in
filamentous OmcS (and the x axis in Figure 3, left), the E’s at
300 K fluctuated within 10.022| V from #1 to #3, plummeted by
—0.163 V from #3 to #4, and recovered to within 0.025 V
(thermal energy at 290 K for a one-electron process) of the
starting E° from #4 to #6.
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Figure 3. Cooling-induced shifts in heme redox potentials and a
correlation with altered Coulombic interactions. (Left) Redox
potentials at 300 and 270 K computed with quantum mechanics/
molecular mechanics at molecular dynamics-generated configurations
(QM/MM@MD) using B3LYP/[Fe = LANL2DZ; H, C, N, S = 6-
31G(d)]:AMBER99SB. The QM region is shown in the inset. (Right)
Correlation between cooling-induced shifts in redox potential and
electrostatic energies for heme oxidation.

From the viewpoint of the electron transport function of
filamentous OmcS, it is striking that the protein tunes the E®’s
of six chemically identical heme groups over ~0.2 V and yet
arranges the hemes so that there is no net change in E°
through a subunit of the filament. A similar "design” strategy
was found for the deca-heme protein MtrF from Shewanella
oneidensis.”* The strategy is also consistent with the need for
long-range charge transport through a homopolymer, perhaps
supporting the physiological relevance of filamentous OmcS.
The mechanisms regulating the redox profile of OmcS are
delineated in a manuscript under preparation.

C(E,pH)MD simulations captured much of the same
behavior for E° along the heme chain as QM/MM@MD
(Figure S6), except that (1) the swings in E° were more
accentuated, as is expected for a fix-point charge electrostatics
method,” and (2) the E° of #6 was more, not less, negative
than #5. The latter discrepancy may reflect the difficulty of
assigning dielectric boundaries at the interface of subunits in
the filament for the implicit solvent used in electrostatic free
energy evaluations. Differences in E° between C(E,pH)MD
and QM/MM@MD tended to be stochastic (of mixed sign)
and similar in magnitude (<10.160l V) to differences previously
observed between C(E,pH)MD and experimental data on
multiheme proteins.”

The C(E,pH)MD-computed E°’s were obtained by simulta-
neously sampling the redox and protonation states for all
hemes in the simulated OmcS filament over a range of solution
potentials at pH 7. The QM/MM@MD-computed E°’s, by
contrast, were determined for each heme at the center of the
simulated filament without permitting any other change in the
redox or protonation state. When the classical simulations were
repeated with either the propionic acid groups locked in the
deprotonated state or the redox state of all hemes except the
one being titrated fixed in the oxidized state, the zigzag pattern
of E”s along the heme chain was qualitatively similar (Figure
S6). Thus, redox and pH cooperativities were not predicted to
change the ordering of hemes by E° at 300 K and pH 7.

Overall, QM/MM@MD and C(E,pH)MD methodologies
gave a largely consistent picture of the E”’s in OmcS. Heme #4

was the most readily oxidized, and #1 was (or tied with #3 as)
the most readily reduced heme (Tables S10 and S11). Between
these extremes that spanned ~0.2 V according to both
methods, #2 was more readily oxidized than #3.

The E®s at 300 K in the present work and 310 K in a prior
study,®” both obtained with QM/MM@MD techniques (see
Table S1 for an extensive comparison), agreed within 10.0721 V
for almost every heme (Table S11). This level of agreement
attests to the robustness of the computed E°’s in both works.
The exception was #5 for which E° was more negative by 0.3 V
in the prior study (—0.521 vs —0.214 V, both relative to SHE).
The reason for this discrepancy is not entirely clear, but it
likely did not result from the 10 K warmer temperature used
for MD in the prior work. That supposition would require an
average temperature coefficient (AE°/AT) of 0.03 V/K, which
is 10 times larger than experimental values for a variety of
cytochromes.** "

The E° for #5 in the prior study®’ was at least ~0.15 V
outside the expected experimental range.”’ The value also
disagreed with both C(E,pH)MD and the more rigorous QM/
MM@MD computations by an amount at least three times
larger than for any other heme. Thus, the data suggest that the
E° reported here for #5 is a better estimate of the true value.

The revised E° for #S significantly reduced the redox
potential differences and thereby free energy changes for
electron transfer to and from this heme on which Marcus
theory rates exponentially depend. These Marcus rates were
previously used to evaluate the charge mobility with variable
time step kinetic Monte Carlo (KMC).** The implications of
the more positive E° of #5 for charge mobility are analyzed
below.

3.1.2. Low (270 K) Temperature. Lowering the temperature
by 30 K induced negative and nearly uniform (—0.024 to
—0.101 V) shifts in E° for each of the six hemes (Figure 3,
orange vs blue on the left; Tables S3, S6, and S11). The
average computed temperature coeflicient of —0.002 V/K was
quantitatively consistent with experimentally determined
values for several other cytochromes.**””' Because of the
uniformity of the cooling-induced shifts, there was an overall
similar zigzag pattern of the E°’s along the heme #1 — #2 ... #6
chain at 300 and 270 K.

CEMD simulations also found negligible (1+0.032 V) shifts
in E° upon cooling (Table S10). This result must be treated
with care, however, because it assumes, on the basis of some
experiments,”’ that the E° of the N-acetylmicroperoxidase-11
reference compound for the simulations was temperature
independent. Note, too, that protonation states were held fixed
(CEMD instead of (C(E,pH)MD)) at both temperatures in
lieu of knowledge about the temperature dependencies. The
CEMD result at least suggests that there was no dramatic
structural transition within the protein from 300 to 270 K
because the electrostatic free energies for heme oxidation were
similar at both temperatures. The analysis in Section 3.2.1
below suggests that a change in the microstructure of the
solvent was primarily responsible for the largest shifts in E°
upon cooling. This effect would be missed by CEMD because
the energy evaluations were performed for the protein in a bulk
aqueous dielectric.

The cooling-induced shifts in E° were substantially different
from the work by Dahl et al. (Table S11).*° Hemes #3 and #4
in that work, for example, experienced nearly equal and
oppositely signed shifts in E° of —0.189 and +0.113 V even
though these hemes were in van der Waals contact. This prior

https://doi.org/10.1021/acs.jpcb.2c06822
J. Phys. Chem. B 2022, 126, 10083—10097


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06822/suppl_file/jp2c06822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06822?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c06822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

study therefore reported a range of temperature coeflicients
that was unexpectedly large and of mixed sign (+0.004 to
—0.006 V/K). The implications of the differently sized and
signed shifts in E° found in the present and prior works for
charge mobility are analyzed below.

3.2. Microscopic Origin of Cooling-Induced Redox
Potential Shifts. 3.2.1. Role of Solvent and Protein
Electrostatics. The hemes with the most to least responsive
E° upon cooling (AE®) were #5 > #6 > #1 > #4 > #3 > #2.
This ordering was almost perfectly reproduced (Figure 3, right;
Table S11 and S25) by the change in electrostatic energy for
oxidation of the hemes at 270 vs 300 K (AE,,.) (eq 1). The
only exception was that the ordering of #1 and #4, which were
in the middle of the series and had very similar shifts, was
inverted for AE

elec

AE° « AE

elec

= ((Eelec, ox - Eelec,red)300K)

1
where Eo. or/req 15 the electrostatic interaction energy for a
given heme in the oxidized/reduced state. AE,.. was always
larger than AE° by a factor of 1.4 to 4.2, which likely reflected
the greater sensitivity of a fixed point-charge electrostatics
model to instantaneous environmental conformations.”” All
reported AE,.s in Figures 3 and 4 were therefore scaled by

the average AE® fctor of 0.37 V/eV.

- Eelec,red)270K - (Eelec,ox
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Figure 4. Decomposition of cooling-induced changes in electrostatic
energy for heme oxidation into contributions from various
components of the environment: (left) solvent and protein
contributions, the sum of which gives the total shift shown in Figure
3, and (right) different physicochemical groupings of residues, the
sum of which gives the total contribution from the protein. This latter
analysis is only shown for hemes #1 and #2. Data for all hemes are
given in Table S25.

Because Coulombic interactions are pairwise decomposable,
AE,.. was partitioned into contributions from the solvent
(AE,, sorv) and the protein (AEe pror)- The latter contribu-
tion was further divided into influences from nonpolar,
aromatic, polar, acidic, and basic residues, as well as other
heme groups (Figure 4, Table S25).

Figure 4 reveals that AE,,. was negative for each heme
because (1) both AEg. . and AEg. .o Were negative
(hemes #3, #4, and #5), (2) AE,,., , was more negative than
AEec, pror Was positive (heme #6), or (3) AEq pror Was more

negative than AE, ., was positive (hemes #1 and #2). In the
latter case, altered interactions upon cooling with basic or polar
residues for #1 and #2, respectively, primarily caused the
negative AE,j.. oo Importantly, AE. oy and AE oo Were
comparable in magnitude (0.03 to —0.17 €V), indicating that
the solvent was an equal participant with the protein in the
temperature-dependent tuning of heme redox potentials. It
follows that the redox properties of the filament should be
sensitive to the nature of the solvent.

This sensitivity was evidenced, for example, with respect to
the microstructure of solvation shells. The negative AE,..
for #5 and #6 and the positive AE,,. ., for #2 were associated
with an increased density upon cooling for solvation shells
within 30 A of the filament when these hemes were in the
oxidized or reduced states, respectively (Figure S, top and
middle). Furthermore, cooling-induced shifts in E° were on
average smaller in magnitude by ~60% and inverted in sign for
two of the hemes (#3 and #5) when an aqueous dielectric
replaced the explicit solvent (Figure S, bottom; Tables S3 and
S6 vs SS and S7). Thus, changes in the structure and density of
solvation shells around the filament were just as important as
the repositioning of protein residues for explaining the
temperature dependence of E’s in filamentous OmcS.

Figure 3 (right) directly related AE° computed with QM/
MM@MD to AE,,. computed with classical electrostatics.
Figures 4 and 5 extended this analysis to provide a microscopic
explanation for the distinct temperature sensitivities of the
hemes. Both the approach and insights drawn from these
figures mark an advance over prior work. Previously, AE® was
only weakly correlated (R* = 0.51—0.65) with changes in the
planarity of the heme macrocycles or the electric field exerted
on the Fe centers.”” Both effects were attributed to a cooling-
induced restructuring of the intraprotein H-bonding network, a
phenomenon examined in the next subsection.

3.2.2. Role of Intraprotein H-Bond Restructuring.
Previously, AE° was rationalized in terms of intraprotein H-
bond restructuring. The restructuring was quantified in terms
of the norm of a H-bonding occupancy matrix (dubbed the
characteristic H-bonding frequency, CHF) at a given temper-
ature and the norm of a difference matrix (dubbed ACHF)
between two temperatures. These metrics are shown in Figure
6 (top) over a wider temperature range (100—400 vs 270—310
K) than originally reported.”” The ACHF was computed at
each temperature relative to 300 K, where it therefore had a
value of zero (no difference). In addition, the norm of the
difference matrix filtered to contain only the occupancies of H-
bonds common to 300 K and some other temperature
(ACHFy,,.eq) is shown in the figure.

Between 300 and 270 K, where filamentous OmcS exhibits
anti-Arrhenius conductivity, the CHF and ACHF changed
respectively by 0.8 and 4.4 in the present study. Similar
changes of 1.0 and 6.2 were found in the prior work between
310 and 270 K.*

In general, a linear dependence (R* = 0.9969) of the CHF
on temperature over the 100—400 K range was found (Figure
6, top; Table S26): CHF = 19.1( + 0.1) — 0.0273( +
0.0004)T. This result paralleled a linear dependence (R* =
0.9778) of the number of H-bonds on temperature according
to the equation (Figure 6, bottom; Table S24): # of H-bonds =
420( + 6) — 0.50 ( =+ 0.02)T. Thus, temperature was more
like a “dial” than a "switch”*” for the overall occupancy of the
H-bonding network. However, a straightforward connection
between the monotonic (Figure 6, bottom) and bell-shaped
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Figure S. Cooling-induced effects on heme redox potentials depend
on the microscopic solvent structure. Change in radial distribution
functions (g(r, T)) for the solvent with respect to each heme in the
(top) oxidized and (middle) reduced redox states. g(r, T) was
normalized to the density of pure water (0.033456 molecules/A%).
(Bottom) Cooling-induced redox potential shifts in the presence of an
explicit or implicit (bulk aqueous dielectric) solvent. At both
temperatures, each heme, the other hemes and protein, and solvent
were respectively modeled with B3LYP/[Fe = LANL2DZ; H, C, N, S
= 6-31G(d)], AMBERY9SB, and either TIP3P (explicit solvent) or
Poisson—Boltzmann surface area (PBSA) reaction field charges
(implicit solvent).

(Figure 1, bottom) dependencies of H-bonding and electrical
connectivity on temperature was not obvious.

The larger magnitude of ACHF compared to the change in
CHFs between two temperatures (i.e., the norm of a difference
matrix vs the difference in norms of individual matrices) was
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Figure 6. Variation in intraprotein H-bonding with temperature.
(Top) Variation with temperature in the characteristic H-bonding
frequency (CHF), the difference (ACHF), and the ACHF only
considering H-bonds present at 300 K and some other temperature
(ACHFy,,..q). (Bottom) Change in the number and occupancy of
intraprotein H-bonds as a function of temperature.

interpreted in the prior work as a "massive restructuring” of
the H-bonding network.®® However, the term "restructuring”
is potentially misleading. Both the prior and present studies
found <10% of H-bonds to be unique to either high (300 or
310 K) or low (270 K) temperature simulations.

In the simulations reported here, 66% of H-bonds had <10%
change in occupancy (including from zero), and another 20%
of H-bonds were common to both temperatures but
experienced larger changes in occupancy (Figure 6, bottom;
Table S24). Thus, the data suggest that the connectivity of the
H-bonding network was largely preserved, not restructured,
between 300 and 270 K.

Only 9 and 5% of the remaining H-bonds were unique to
270 or 300 K, respectively, and had an occupancy >10%. Of
these unique H-bonds, fewer than a dozen occurred within 10
A of the hemes at the center of the filament (Tables $27—529)
for which E°’s were computed. Given this observation, it seems
unlikely that restructuring in H-bonds, taken alone, can
account for significant shifts in the E®’s of the hemes upon
cooling.

With virtually identical metrics for the change in H-bondin
upon cooling as found in the present work, the prior study®
reported a maximal change in E° that was twice as large as
found here (~0.2 V) and one- -fourth the entire biological range
of heme redox potentials.*” This comparison suggests that
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changes in intraprotein H-bonding were not the controlling
factor for the temperature sensitivity of the E°’s. The
controlling factors were diagnosed in the previous section as
the microstructure of the solvent and the arrangement of
protein residues that exert different electrostatic influences on
the hemes upon cooling.

These findings further suggest that an interpretation
different from H-bond restructuring may apply to a previously
reported kinetic isotope effect (KIE).*’ A 3- to 300-fold
reduction in conductivity was reported upon deuteration of
films of OmcS filaments. KIEs >130 for OmcS in the 230—260
K range were reminiscent of those ascribed to concerted
electron—proton transfer in wild-type soybean lipoxygenase
(KIE = 81)”® and proton coupled electron transfer (PCET) in
a benzoquinone and Os(IV)-hydrazido complex (KIE =
455).” In the context of PCET, large KIEs reflect the fact
that the two-times greater mass of the deuteron vs proton
causes more localized vibrational wavefunctions, decreased
wavefunction overlaps, and thereby reduced tunneling
probabilities.

On a classical electrostatics level, CpHMD simulations in
the present work indicated that changes in pK,’s were coupled
to the redox processes (Table S13) so as to compensate for the
change in charge.'’" The net charge of the protein changed by
only ~50% of the expected amount in the physiologically
relevant S to 7 pH range upon reduction of the six central
hemes in the filament (Table S14; Figure S7). This charge-
compensation effect was determined by computing the pK.’s
for all 82 titratable residues within the central subunit of the
filament before and after a six-electron reduction of the hemes
in that subunit (Table S13) and applying the Henderson—
Hasselbalch equation at different pHs.

It is possible that the coupling of electron and proton
transport—an aspect neglected in all conductivity modeling to
date for OmcS—may help to bridge the discrepancy between
the observed and simulated currents (see below discussion).
Indeed, transport of both electrons and protons was invoked to
rationalize™® the increased electrical conductivity observed for
pili*’/OmcS*® filaments as the pH was lowered.

3.3. Temperature Dependence of Heme-to-Heme
Reaction Free Energies. Using the computed E°s just
discussed, Figure 7 compares the resulting free energy (AG,,;
m = donor, n = acceptor) landscapes for heme-to-heme
electron transfer at high (300 or 310 K) and low (270 K)
temperatures with prior work.””*’

AG,,’s found in the present study were —0.097 to +0.190
eV at 270 or 300 K and differed by at most 10.05! eV at the two
temperatures (Table S19). The range was considerably smaller
than the —0.441 to +0.256 eV reported in the work by Dahl et
al*® at 270 or 310 K but in very close agreement with the work
of Jiang et al”® at 300 K (—=0.090 to +0.120 eV). The larger
range found by Dahl et al. primarily resulted from an E° that
was too far negative by 0.3 V at 310 K,* as discussed above.
Dahl et al® also predicted a six-times larger (~10.3] eV)
change in AG,,, between 310 and 270 K because the E®’s for
two adjacent hemes were predicted to shift in opposite
directions by >10.1 V.

The individual AG,’s at 300 K in the current study
generally differed by <0.1 eV with respect to all prior work at
high temperature (Figure 7, left), which was quite reasonable
given the different methodologies that have been used.””*’
The only exception with respect to the work of Jiang et al.”’
was for AGg, (10.25] eV). In that work, there may have been
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Figure 7. Temperature dependence of free energy landscapes for
heme-to-heme electron transfer. (Left) High (300 or 310 K) and
(right) low (270 K) temperatures. At high temperature, the results of
the present study and those by Jiang et al. pertain to 300 K; the work
by Dabhl et al. was conducted at 310 K.

difficulties in assigning dielectric boundaries for the implicit
solvent at the interface of subunits where #6 and #1 reside. A
similar issue was already noted when comparing E®s from
C(EpH)MD and QM/MM@MD. Larger deviations were
found at high temperature with respect to the work of Dahl et
al.® for AG, (10251 eV) and AG;4 (10.351 eV), likely because
of the too-far negative E° for #5.

At 270 K (Figure 7, right), the AGy,’s in the present study
deviated from the report of Dahl et al*® by ~0.13| eV for
AG,; and AGg; and by ~10.28] eV for AG; 4, AGys, and AGy.
The origin of these large differences is not clear but may
reflect, in part, insufficient sampling in the earlier work. For
reference, the mean unsigned error for the AG,,’s in the
present study was half as large as for Dahl et al,, both at high
temperature, relative to the work of Jiang et al.”’

3.4. Temperature Dependence of Redox Conductiv-
ity. Filamentous OmcS resembles other redox chains in
biology—albeit on a much longer length scale (#m instead of
nm)—in that the filament connects discrete electron donors
(unidentified) and acceptors (e.g,, Fe(IlI) or Mn(IV) oxide
nanoparticles). In between the primary donor and ultimate
acceptor, electrons are thought to nonadiabatically tunnel from
heme-to-heme in a multistep process under physiological (not
necessarily solid-state) conditions.”’~"*'%*

This "hopping” regime of electron transfer is well-described
by the Marcus theory.”””” As shown in eq 2, the Marcus rate
for each electron transfer step (k,,) depends on the free
energy change for the reaction (AG,,), the reorganization
energy for the polarization response of the nuclei (4,,,), and
the electronic coupling between the electron donor and
acceptor (H,,,). Note that the convention is to specify the
donor and acceptor from right to left for the rate constant but
left to right for the energetic terms. k,, T, #, and (...) in eq 2
signify, respectively, the Boltzmann constant, absolute temper-
ature (taken to be 300 or 270 K), reduced Plank constant, and
thermal averaging. As already discussed, AG,,, in eq 2 was
determined from the difference in E° between adjacent hemes.

A particular focus was given above on describing high-
quality estimates of E° at 300 and 270 K because each k,
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exponentially depends on AG,,,. Unlike AG,,, (Table S19),
Amn and H_, were much less sensitive to a change in
temperature and agreed within the same order of magnitude
with prior work (Tables S20 and S22), as discussed more in
Sections S2 and S3 of the SL

2\ —(AGS +4_ ) /44 kT
27[<Hmn>e (AG,+2mn)" /42 ks,

" hy(4rd, k,T) (2)

Using the estimates of AG,, discussed in the previous
section, along with computed values for 4,, and (H,,),
Marcus rates were evaluated in the forward (#1 — #2 ... — #6)
and reverse (#6 — #5 .. — #1) directions (Table S23) and
compared to prior work (Section S4 in the SI). These rates
were assembled into kinetic models to simulate the electron
current (Tables S31 and S32). Similar modeling efforts have
already been described for OmcS.””~*' To aid comparison
with these studies, both single-particle diffusion®*®' and
multiparticle steady-state flux'> models were used in the
present study.

In the outlined approach, there are multiple levels of
temperature dependences: AG,,,, 4., and H were evaluated
from MD simulations at 300 or 270 K. The k,,’s evaluated

with these quantities explicitly have a T'/2%¢" 1 dependence (eq
2). For the computation of an electrical current from single-
particle diffusive kinetics, the current has a further T!
dependence (eq S10).

3.4.1. Single-Particle Diffusive Kinetics. Figure 8 compares
the AFM-measured current” and the theoretical diffusive
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Figure 8. Comparison of experimental currents (ref 80) with
simulated diffusive hopping currents computed from Marcus theory
rates provided in the present and prior studies (refs 79 and 80).
Absent, sparse, or dense vertical stripes indicate the level of solvation.
"Original” means that the energetic parameters were used as reported
in ref 80. "#5 E° +..." indicates a shift applied to the reported redox
potential of heme #5 while keeping all other energetic parameters at
the reported values.

hopping current for an applied bias of 0.1 V at high (300 or
310 K) and low (270 K) temperature, as well as for different
extents of solvation. Because the 0.1 V drop was applied
experimentally over a filament at least 300 nm long, the
imposed bias between adjacent hemes was much less than the
thermal energy. The employed diffusion model is valid in this
zero-field limit. The diffusion model also assumed single or
noninteracting mobile charges, a restriction relaxed in the
multiparticle flux approach used below.

An immediate observation from Figure 8 is that the
theoretical hopping currents—regardless of which set of
Marcus rates is used—severely underestimate the experimental
current. All models that include the reorganization energy
contributed by the aqueous solvent in the fully hydrated state
predicted currents that were 4 to 6 orders of magnitude too
small (Table S32).

This discrepancy was already foreseen by Amdursky and co-
workers.*" These authors proposed that either the reorganiza-
tion energy accompanying electron transfer was unusually low
for biological systems (~0.15 eV) or the rigidification of the
protein scaffold preserved coherences among blocks of heme
groups to assist the incoherent charge hopping process.

Because loops and turns comprise 81% of the secondary
structure of OmcS'** and the interheme electronic coupling is
less than the thermal energy at 298 K (Table $22), it is difficult
to envision how coherence over a 20 nm stretch of hemes, as
proposed,”" can be maintained.

The other (unusually low reorganization energy) hypothesis
may be realized in the partially dehydrated state of OmcS
under experimental conditions. In this view, the incoherent
hopping mechanism may appear insufficient because simu-
lations of an OmcS oligomer in salt solutions—what all studies
have used to date—are of little relevance for modeling charge
transport through an electrode-adsorbed, (partially or fully)
dehydrated, and (possibly) aggregated protein.

Ru'® noted that dehydration of the protein “nanowire”
likely removes a significant fraction,'”® perhaps as much as
50%,'%” of the outer-sphere reorganization energy. Indeed, the
activation energies for electron transfer in solution-phase
simulations of filamentous OmcS were dominated by 4., a
large fraction of which came from the aqueous solvent (Table
S21 and S30).

When none of the reorganization energy contributed from
the aqueous solvent or only the portion due to the first
solvation shell (~3400 waters and 12 Na™ ions within 3.4 A of
the filament) was included, the predicted current was a few
orders of magnitude closer to experiments (Figure 8). The
amount of solvent present in the conductivity experiments for
OmcS has not been rigorously controlled or characterized.
AFM experiments were performed on filaments that appeared
"dry”, but the computations indicate that the amount of
reorganization energy is highly sensitive to the number of
water molecules within 1.0 nm of the filament (Table S30;
Figure S9), which was below the spatial resolution of the
employed instrument.

Other important observations from Figure 8 are as follows:
(1) Simulated hopping currents at 300 K in the present study
agreed (within a factor of 2) with the work by Jiang et al.”” (2)
The current at 310 K for the work by Dahl et al.*” was 2 orders
of magnitude smaller than the results presented here. (3) The
discrepancy was largely removed by shifting the previously
reported E° for #5 by +0.15 V. This shift was how much the
previously reported E° exceeded the most negative potential
expected for a bis-histidine-ligated c-type heme (—0.350 V vs
SHE). A further shift of +0.15 V would be needed to match the
E° computed in the present work (Table S11) and would
cause an even greater increase in the predicted current at 310
K (Figure 8). (4) From 310 to 270 K, the current for Dahl et
al.® increased by a factor of 4. The increase was smaller than
the reported factor of 72 likely because the previous work
mistakenly averaged mean-squared displacements from varia-
ble time step KMC simulations over the number of unequally
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sized time increments (number of MC steps).*”'?*'*” The
present study used instead an analytical formula derived by
Derrida and implemented by Jansson''”""" (see Section S1.6.1
in the SI) to obtain the diffusion constant for the same physical
system: a one-dimensional periodic chain of hopping sites. The
analytical and KMC methods should agree in the limit of
converged statistics for the latter approach. (5) The current
instead decreased by a factor of 11 for Dahl et al. if the E° for
#5 at 310 K was shifted by +0.15 V while keeping all other
energetic parameters the same. (6) The current computed in
the present study similarly decreased by a factor of 2 from 300
to 270 K.

Thus, Figure 8 indicates that a hopping model premised on
diffusive particle kinetics, governed by standard Marcus theory
rates (eq 2), fails to capture the anti-Arrhenius temperature
dependence of electrical conductivity in filamentous OmcS.
The previous reproduction of anti-Arrhenius behavior seems to
have resulted, in part, from an underestimation of the
conductivity at high temperature because of a too-far negative
E° for #S5, which in turn caused the conductivity at low
temperature to appear larger by comparison.

The failure to describe even qualitatively the anti-Arrhenius
behavior, like the comparison of absolute conductivities, may
reflect the influence of solvation. Variations in experimental
conditions including hydration have been implicated in the
observation of different temperature dependences.''”~""* The
bell-shaped pattern reported by Dahl et al.** (Figure 1, bottom)
was observed earlier—albeit ascribed to pili at the time—
under similar conditions.”” At temperatures above 270 K,
however, a much weaker increase''® or even a decrease''® in
conductivity upon cooling was reported under different
conditions. The moisture/water content was shown in the
context of G. sulfurreducens biofilms to determine whether an
increase or decrease in conductivity was observed with
decreasing temperature.113 In kinetic isotope experiments at
different temperatures,” a sharp change in conductance at 220
K for only the deuterated sample was ascribed to the dynamical
protein transition, which is intimately related to the hydration
shell of the protein.""”

3.4.2. Multiparticle Flux Kinetics. Essentially all of the
foregoing conclusions from the single-particle diffusion model
were reproduced with the flux kinetic scheme (Tables $31 and
$32). Additionally, the flux model provided an estimate of the
protein-limited current and the voltage needed to attain it.

The protein-limited current (Figure S8) was realized at an
injection/ejection rate (assumed to be symmetric) of 10"
electrons/s or, equivalently, 1.6 X 107 A. The associated
voltage for passing this current through the filament can be
obtained by considering the experimentally reported resistance.
The filament was reported to have a resistance of 2.3 X 108 Q/
subunit and a contact resistance (both termini) of 1.2 X 10°
Q.5° For the simulated OmcS trimer, the total resistance would
be (3 subunits X 2.3 X 10® /subunit) + 1.2 X 10° Q = 1.9 X
10° Q. The voltage needed to realize protein-limited current
was therefore given by Ohm’s law as ((1.6 X 107 A) X (1.9 X
10°Q)) =3.0 V.

The predicted protein-limited current at this voltage was <1
pA, whereas the experimentally measured current at a voltage
30 times smaller was reported to be ~27 pA.** The enormous
discrepancy was also found regardless of whether the Marcus
rates reported by Jiang et al. or Dahl et al. were used to evaluate
the flux kinetic model.

3.4.3. Conclusion from Single- and Multiparticle Kinetics.
A charge hopping model fails to quantitatively, or qualitatively
as a function of temperature, describe electrical conductivity in
filamentous OmcS. This conclusion is seemingly at odds with
the reported linear dependence of conductance on filament
length,so but this is not an unambiguous metric for deciding
the charge transport mechansim.''® Still, a verdict in favor of
coherence-assisted hopping®' or decoherent quantum trans-
port®™ over incoherent charge hopping’”® should await
simulations that more nearly capture the physical condi-
tions—especially the extent of solvation—present in experi-
ments.

3.5. Mechanistic Precedents for Anti-Arrhenius
Electron Transfer. An anti-Arrhenius temperature depend-
ence, as found for electrical conductivity in filamentous OmcS
between 270 and 300 K (Figure 1, bottom), reflects a negative
apparent activation enthalpy (AH*). Marcus demonstrated (eq
3) that a negative AH* results if the enthalpic change for a
reaction (AH®) is sufficiently negative and/or if the entropic
change for the reaction (AS°®) is sufficiently large (positive or
negative).' '

_ (A+AHY)  (TAS)

AH*
4) 4) (3)

Equation 3 is a consequence of the fact that parabolic
enthalpy curves for the reactant and product states are
displaced from the corresponding free energy curves when
AS° # 0. The equation was derived assuming equal-curvature
parabolas, weak donor—acceptor electronic couplings, and
temperature-independent reorganization energies—all of
which reasonably apply to filamentous OmcS based on the
presented computations (Figures S1 and S3; Tables S20 and
$22).

There are a plethora of ways entropic effects may contribute
to the observed anti-Arrhenius—and, more generally, bell-
shaped—temperature dependence of electrical conductivity.
Virtually all the examples surveyed in the following subsections
involve simpler systems (e.g, a single-step electron transfer or
a single energy level in theoretical work), so a quantitative
explanation for the behavior in OmcS cannot be expected. The
hope, however, is that this unique summary of interpretations
for anti-Arrhenius phenomena will inspire new experiments on
OmcS.

3.5.1. Change in Quantum State Spacing. Marcus and
Sutin used eq 3 to explain''”'*" the anti-Arrhenius temper-
ature dependence of electron transfer between Fe(H,0)¢**
and Fe** or Ru** polypyridine complexes.'*""'** The measured
negative AH® and AS° indicated that the product quantum
states were shifted to a lower energy and were more widely
spaced than those of the reactants (see Figure 1 in ref 120). If
these shifts were large enough, the Boltzmann-averaged
enthalpy of the activated complex could fall below the
Boltzmann-averaged enthalpy of the reactant state. In this
scenario, the lower-energy reactant quantum states would react
more readily than the higher-energy ones, giving an anti-
Arrhenius temperature dependence. Temperature-dependent
experiments to dissect the enthalpic and entropic contributions
to electron transfers in OmcS are needed to probe the
applicability of this explanation.

3.5.2. Change in Vibrations Coupled to Electron Transfer.
A change in the vibrational density of states was invoked to
explain the anti-Arrhenius behavior of electron transfer in
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bacterial photosynthetic reaction centers.'*”'** An increase in
rate upon cooling for these activationless reactions was
explained in terms of a transfer of population from higher to
lower vibrational energy levels in the reactant and product
states. The lower energy vibrations had larger Frank—Condon
overlap factors, and Marcus theory rates were directly
proportional to the Frank—Condon weighted density of states.
Changes in frequency for hydrational, porphyrin skeletal, or
protein vibrations coupled to the electron transfer were also
needed to account for the experimental data.

Similarly, high-frequency intramolecular vibrations that need
to be treated quantum mechanically were found to couple to
electron transfer in an organic semiconductor and to result in
an anti-Arrhenius temperature dependence.'”*

In the context of cytochrome ¢ adsorbed to a self-assembled
monolayer (SAM)-coated electrode, Matyushov pointed out
that thermally induced oscillations of the protein-electrode
distance introduce temperature-dependent contributions to the
activation enthalpy and entropy.'*® At high enough temper-
atures, the entropic term in an equation analogous to eq 3 (eq
65 in ref 126, which originates from the mean-squared
displacement of the protein atoms, is anticipated to cause a
negative activation energy, or anti-Arrhenius behavior.

Thus, the modeling of filamentous OmcS may fail to capture
the anti-Arrhenius phenomenon because the classical (high-
temperature limit) for thermally populated vibrations assumed
in eq 2 may not be valid at 300 and 270 K. The vibrations
sampled by filamentous OmcS at these temperatures in
solutions vs adsorbed on an electrode in a partially dehydrated
state may also be different.

3.5.3. Stereodynamical and Roaming Effects. Anti-
Arrhenius kinetics were observed in the reaction of hydroxyl
radical with HBr because increased thermal agitation disfavors
the narrow range of reactive geometries and promotes
"roaming” among vibrational modes.'””'** Configurations of
filamentous OmcS that promote electron transfer may be
attained at lower temperatures. However, the modeling
suggests that sufficiently large structural transitions, if they
occur, require a time scale that exceeds ~10* ns and therefore
have not been observed in theoretical studies to date.

3.5.4. Change in Medium Relaxation Modes. Dipolar
orientations and translations are two important collective
modes of a polar medium that respectively make enthalpic and
entropic contributions to the donor—acceptor energy gap.'””
Dipolar translations manifest as density fluctuations. The
foregoing analysis (Figure S) indicated that the density of the
solvation shells changes upon cooling in a redox-state
dependent fashion.

Matyushov and co-workers showed that dipolar
orientations and translations of the solvent impart hyperbolic
temperature dependencies, with opposite signs, to the reaction
and reorganization free energies. These dependences are
manifested when the solvent response is not quasi-macro-
scopic,””' which may describe the case of a partially dried
protein sample as in the temperature-dependent experiments.
The result is a transition from anti-Arrhenius to Arrhenius
kinetics upon cooling. This effect was used to explain the bell-
shaped temperature dependence of charge recombination in a
porphyrin-bridge-fullerene complex.'*

Cooling can also slow or even arrest relaxation modes of the
medium that are coupled to electron transfer. Nitzan and co-
workers'”* found that the average current for hopping
conduction under low applied bias (0.1 V) can switch from

129,130

a direct to inverse proportionality on the solvent relaxation
time (y) as y increases. Given that y, or the viscosity of the
medium, increases with decreasing temperature, this finding
predicts a switch from an anti-Arrhenius to an Arrhenius
dependence of the current as the temperature is lowered.>

Nitzan and co-workers dubbed this phenomenon a
"Kramers™-like turnover” in recognition of Kramers’ rate
theory,"** which describes solvent-controlled dynamics when
the relaxation time of the medium is comparable to the passage
time through the transition state region along the reaction
coordinate. Kramers’ turnovers have been used to explain the
anti-Arrhenius-to-Arrhenius temperature dependence of trans-
to-cis photoisomerization of stilbene and the positronium
quenching rate constant for formation of a positronium—
acceptor complex'** and may be relevant to OmcS. However, a
problem with this hypothesis is that the exponential in eq 2 is
usually more sensitive to changes in temperature than the pre-
exponential, which acquires the dependence on 7.

If the temperature is lowered enough, some of the medium
relaxation modes can become dynamically arrested. Below a
crossover temperature, the dynamics of the protein are non-
ergodic, and the reorganization energy decreases (instead of
increasing as expected) upon further cooling.'*>Tables S21 and
S30 in the SI indicate that ergodicity is broken for filamentous
OmcS even at 300 K in a partially or fully dehydrated
condition, a result consistent with work on electrode-adsorbed
azurin."*® Ergodicity breaking was able to explain the anti-
Arrhenius temperature dependence of self-exchange electron
transfer in mixed-valence complexes as the temperatures
neared the point of solvent crystallization."*®

Thus, extensions to standard Marcus theory that consider
the microscopic nature of solvation and the change in time
scales for medium relaxation modes upon cooling may be
needed to model the anti-Arrhenius conductivity observed for
OmcS.

3.5.5. Redox State-Dependent Solvation. Another way the
solvent can produce a bell-shaped Arrhenius plot is if the
solvent differentially wets one of the two charge states of the
redox protein. In the case of ferredoxin, the temperature
dependence of the reorganization energy, attributed to
preferential wetting of the reduced state, produced a bell-
shaped dependence of the activation energy on inverse
temperature.m7

In Figure S for OmcS, the density of the solvation shells
increased for #5 and #6 in the oxidized state and #2 in the
reduced state. Application of the theory in ref 137 to these
redox-state dependent differences in solvation for filamentous
OmcS may help to explain the anti-Arrhenius conductivity.

3.5.6. Energy Level Renormalization in a Molecular
Junction. Marcus showed that the inclusion of entropic effects
results in a temperature-dependent shift in the position of the
molecular energy level relative to the electronic states of the
electrodes.'”® The result is an anti-Arrhenius temperature
dependence in the off-resonant and resonant regimes for
electron transport through a molecular junction device.

3.5.7. Thermally Assisted Tunneling. A highly speculative
proposal is that the anti-Arrhenius-to-Arrhenius temperature
dependence of conductivity in OmcS reflects a crossover from
thermally activated to tunneling transport upon cooling.*’

Thermally activated over-barrier crossings dominate at high
temperature, whereas through-barrier tunneling dominates at
low temperature. The crossover temperature (T.) from over-
to through-barrier mechanisms depends on the specific
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reaction; for hydro&en atom transfers, T, is commonly near
room temperature.l 0

The overall reaction rate in the intermediate range between
the high- and low-temperature extremes often exceeds the
(extrapolated) thermal rate and the low-temperature tunneling
limit combined, a phenomenon dubbed temperature-assisted
tunneling or vibrationally activated tunneling.'**'*' A
consequence of this effect is typically a convex instead of a
linear line in an Arrhenius In(k,,,) vs 1/T plot, which is called
"sub-Arrhenius” behavior."*” If the increase in through-barrier
tunneling with cooling can overcompensate for the decrease in
over-barrier transitions, perhaps an anti-Arrhenius temperature
dependence can be observed down to T. Below T the
conductivity may appear to decrease as in Figure 1 (bottom)
because one of the transport channels (over-barrier tran-
sitions) has now been completely shut down.

An analogous explanation was advanced for the anti-
Arrhenius-to-Arrhenius temperature dependence of hetero$e-
neous ammonia synthesis in the presence of an electric field."**
Associative and dissociative mechanisms were proposed to be
operative below 373 K and above 573 K, respectively, and both
exhibit Arrhenius-type dependencies on temperature. Between
373 and 573 K, both mechanisms were proposed to be
operative to some extent to explain the anti-Arrhenius
temperature dependence.

4. CONCLUSIONS

The present study characterized theoretically the temperature
sensitivity of the energetics for electron transfer in filamentous
OmcS. A 30 K drop in temperature was found to be a weak
perturbation, changing the electronic coupling ((H.)),
reaction free energy (AG,,), reorganization energy (Am.),
and activation energy (E,) by at most 0.002l, 10.050I, 10.120l,
and 10.045| eV, respectively. The temperature dependence of
AG,, reflected negative and nearly uniform shifts in redox
potentials (AE®’s) that were well explained by cooling-induced
changes in electrostatic energy for heme oxidation, which in
turn originated from the aqueous solvent and protein in almost
equal proportions. Strikingly, AE®s were 60% smaller in
magnitude by substituting a bulk aqueous dielectric for the
explicit solvent.

Biologically relevant and theoretically modeled redox
conduction underestimated the AFM-measured current by
4—6 orders of magnitude at 300 K and predicted a 2-times
smaller, instead of a 75-times larger, current at 270 K as
reported in prior experiments and computations.”” The
inadequacy of redox conduction to explain the AFM
measurements has been observed before, and taken together,
the results suggest that some non-biologically relevant charge
transport mechanism is operative under the experimental
conditions. Underscoring this conclusion, ~10! PA currents at
0.1 V bias measured for a single filament by AFM are 10” times
larger than the ~10' fA currents generated by an entire G.
sulfurreducens cell.*®

Unfortunately, the prior modeling of anti-Arrhenius behavior
now seems to have been an artifact of (1) a severe
underestimation of the conductivity at high temperature
because of an unphysically negative E°, which in turn caused
the conductivity at low temperature to appear larger by
comparison, and (2) a mistaken implementation of variable
time step KMC whereby mean-squared displacements were
averaged over the number of unequally sized time increments
(number of MC steps). Also, cooling-induced changes in H-

bonding observed in the present work virtually reproduced the
earlier observations®” even though differently sized and signed
AE®’s were observed. These changes—largely in terms of H-
bonding occupancy and not connectivity as claimed before—
do not, therefore, uniquely control the heme redox potentials
and cannot explain anti-Arrhenius conductivity.

The failure of all incoherent hopping models to date may
reflect the inadequacy of either®"'” the charge transport
mechanism or the modeling of dried and electrode-absorbed
filaments in experiments by solution-phase simulations.
Simulated hopping currents increased by a few orders of
magnitude by neglecting most or all of the reorganization
energy contributed by the solvent, and non-ergodicity effects—
a possible mechanism for anti-Arrhenius kinetics—became
important in partially dehydrated states. Better (experimental
and theoretical) characterization of how conductivity depends
on physical conditions is suggested to be essential before a
verdict can be reached on the operative charge transport
mechanism.'"*

In addition to refining the physical model, extensions to
"vanilla” Marcus theory (eq 2)'** are suggested to be
important for the reproduction of the anti-Arrhenius behavior.
Aspects to be considered in future work include cooling-
induced effects on proton—electron coupling, changes in the
vibrational density of states and the microstructure of the
aqueous solvent, redox-linked differential wetting of the
filament, a transition from under- to overdamped or
dynamically arrested medium relaxation modes, and renorm-
alization of molecular energy levels in an electrical device.
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