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Sources of non-Arrhenius electron transport in
bacterial nanowires

Kiriko Terai, †a Peng Zhanga and David N. Beratan *abc

Electron transport in biological redox chains typically follows an Arrhenius law, with rates and

conductivities that increase with temperature. Surprisingly, bacterial nanowires show anti-Arrhenius

transport. We simulated electron transport in a one-dimensional OmcS nanowire model from 275 K to

375 K using continuum electrostatic analysis of structural snapshots drawn from classical molecular

dynamics simulations. We found that the electron-transport rate increases with temperature from

300–375 K, but more slowly than an Arrhenius law predicts. This softened temperature dependence is

attributed primarily to temperature-dependence of the reaction free energies. Protein electrostatic

interactions contribute to the weakened temperature dependence, but the effects are not large enough

to invert the temperature dependence. The origins of anti-Arrhenius conduction is likely rooted in

structural and dynamical factors beyond our model, including configuration-specific solvent interactions

and entropy effects missing from the implicit-solvent treatment, as well as multidimensional transport

pathways that may arise in bundled, cross-linked, or biofilm-embedded nanowire networks.

1 Introduction

The exponential growth of reaction rates with temperature is
described by the classical Arrhenius rate law, and this Arrhe-
nius behavior is often observed for biological charge transport
chains that operate near room temperature. In contrast, anti-
Arrhenius behavior is typically associated with electron trans-
port that is fast compared to carrier trapping time scales.1,2 Yet,
some soft matter systems exhibit anti-Arrhenius electron trans-
port, including bacterial nanowires,3 cobalt-based metal organic
frameworks,4 conjugated polymer systems,5–7 and quantum dot
assemblies.8 Finding anti-Arrhenius transport challenges the
theoretical understanding of electron transport in bacterial
nanowires, usually described in terms of Marcus-like multi-
step electron hopping between localized states, with nuclear
tunneling corrections at lower temperatures.9,10 As such,the
physical origins of anti-Arrhenius transport in bacterial nano-
wires is poorly understood. Some have suggested that the
observed temperature dependence points to a metallic-like trans-
port mechanism.11

Some anaerobic bacteria, including Geobacter sulfurreducens
and Shewanella oneidensis, use extracellular electron transport

via nanowires to deliver electrons to extracellular electron
acceptors. Nanowires are of interest for applications in emerging
bioinspired and biohybrid technologies, including microbial fuel
cells, microbial electrosynthesis, and bioelectronics.12,13 Bacter-
ial nanowires also enable the exchange of electrons among
bacterial cells.14,15 Electron transport through nanowires can
occur on micrometer length scales,16 and nanowires can be as
conductive as some conducting organic polymers.14 Nanowire
conductivity is believed to arise from heme-rich, cytochrome-
based assemblies. Geobacter nanowires are filamentous protein
appendages that contain multiheme cytochromes, including
OmcS, OmcZ, and OmcE.17–20 Shewanella nanowires are filamen-
tous outer-membrane and periplasmic extensions that contain
multiheme cytochromes, including OmcA, STC, MtrABC, and
MtrDEF.15,21–28 The physiologically relevant temperature range
for bacterial nanowires is about 280–300 K,12 and the proteins
are stable at higher temperatures. Nanowires begin to denature
above 350 K, but most of the constituent proteins retain their
structure up to 375 K.29,30

Thermally activated multi-step hopping transport (between
spatially localized states) is the most familiar mechanism for
biological electron transport because heme–heme interactions
are so weak.9,31–37 As such, electron-transfer rates through
bacterial nanowires are expected to increase as the temperature
grows, since hopping is thermally activated, with an activation
free energy predicted by Marcus-like theories.10 Yet, experi-
ments find that the conductivities of Geobacter OmcS nano-
wires decrease by about 10% from 275 to 340 K,38,39 behavior
that is not consistent with thermally activated hopping.40
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A drop in conductivity with increasing temperature is found in
metals, where electron–phonon scattering increases with
temperature.41,42 The detailed nature of charge transport
through bacterial nanowires remains poorly understood. Early
studies suggested many possible mechanisms, including
incoherent multi-step hopping,43,44 coherent transport,3,45 or
incoherent transport between delocalized islands.46–48 While
much structural evidence supports a thermally activated
mechanism,43,49–51 the decrease in conductivity with tempera-
ture is not entirely consistent with a thermally activated hop-
ping mechanism.38,39,52 The aim of this study is to understand
how changes in temperature may influence nanowire transport.
In particular, we study how the multi-step hopping parameters
may, themselves, change as a function of temperature in
Geobacter OmcS nanowires.

Earlier theoretical studies of anti-Arrhenius transport in
OmcS nanowires examined transport at two temperatures
within a narrow range.52,53 These studies do not address the
more general temperature dependence for transport in these
structures. Here, we examine transport across a wider tempera-
ture range. Dahl et al. suggested that electron-transfer rates in
the OmcS nanowire increase with cooling from 310 K to 270 K
because of hydrogen bonding network reconstructions.52 Quan-
tum mechanics/molecular mechanics studies of Guberman-
Pfeffer (at 270 K and 300 K) found that incoherent hopping models
fail to explain measured conductivities in those studies.52,53 Our
modeling explores how the conductivity of Geobacter OmcS nano-
wires change with temperature from 275 to 375 K, exploring how
temperature dependent protein structural changes may influence

electron-transfer rates and conductivities54 through changes in
the key electron hopping parameters: electronic couplings, reor-
ganization energies, and reaction free energies.

2 Modeling transport in nanowires

Cryo-EM data find that individual nanowires (i.e., nanowire
fibers) are filamentous assemblies of multi-heme cytochromes
with hemes that align to form a one-dimensional hopping
chain (Fig. 1).15,18,51,55,56 OmcS nanowire fibers contain hun-
dreds of hexa-heme cytochrome OmcS protein monomers. Each
monomer is about 4.8 nm in length, and the hemes are
oriented along the fiber axis. Each heme in OmcS has two
nearest-neighbor hemes, and neighboring heme pairs have
parallel or T-shaped orientations. The protein wraps around
the central heme chain. The diameter of the fiber is B4 nm,
and the hemes have limited solvent exposure. The hemes of
OmcS are redox active, and heme-to-heme hopping is believed
to mediate the transport.51 We begin by modeling the OmcS
fiber structure and computing temperature dependent electron-
transfer parameters for nearest-neighbor hopping between
hemes. We assume only nearest-neighbor hopping, because
the next-nearest-neighbor electronic couplings are expected to
be very weak, leading to electron transfer rates that are negligible
on the timescales considered here.

MD simulations were performed on a heptamer of the OmcS
hexa-heme protein, based on a cryo-EM structure of Wang et al.
(PDB ID: 6EF818). We used the Amber24 program package57,58

Fig. 1 Model of a hexa-heme OmcS protein nanowire of Geobacter sulfurreducens as a one-dimensional hopping chain based on the cryo-EM
structure of OmcS.18 A transmission electron microscope image of G. sulfurreducens is shown (reproduced from ref. 17), and the crystal structure of a
heptamer assembly of the OmcS hexa-heme protein (PDB ID: 6EF818) that was used in our MD simulations. Each monomer unit with six bis-histidine c-
type hemes is labeled unit 1, unit 2, unit 3, unit 4, and unit 5, excluding the terminal monomers. Hemes within each unit are numbered 1 to 6, and 1s
denotes the first heme of the adjacent unit. The rate constant for electron transfer from the n-th to the (n + 1)-th heme is kn-n+1.
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with the ff19SB force field to describe the protein backbone and
side chains,59 the OPC water model,60 and a force field that was
parameterized to describe bis-histidine coordinated c-type
hemes (Fig. 1).61 A heptamer of the OmcS protein complex with
surrounding water molecules was used at the start of the MD
simulation in a 100 � 99 � 373 Å3 box, and 105 Na+ ions were
added to establish system neutrality. The solvated protein
heptamer was gradually heated from 100 K to the target
temperature over 1 ns with constant volume conditions (NVT
equilibration). We then carried out a series of NPT equili-
bration runs in which harmonic positional restraints on the
protein heavy atoms were progressively relaxed. Specifically, we
performed five consecutive 1 ns NPT equilibrations with restraint
force constants of 100, 10, 1, 0.1, and 0 kcal mol�1 Å�2, respec-
tively, thereby releasing the restraints stepwise until the protein
was fully unrestrained. After equilibration, MD production
simulations were conducted for 75 ns at 275, 300, 325 K, and
350 K, and for 150 ns at 375 K. Structural snapshots were collected
for the 50–75 ns window for 275–350 K simulations, and for the
125–150 ns window for the 375 K simulations. These snapshots
were used to compute the temperature-dependent electron-
transfer parameters, as described below. During these production
runs, the protein backbone RMSD isB2 Å at 275–325 K,B2–3 Å at
350 K, and B2–4 Å at 375 K (see SI), consistent with increased
thermal flexibility at high temperatures without evidence of large-
scale unfolding. The overall protein fold is likely preserved across
the full temperature range studied.

2.1 Heme-to-heme electron hopping rates

Protein electron transport often occurs via (incoherent) multi-
step hopping between cofactors.35,36 The cofactor-to-cofactor
couplings in OmcS are too small and the energy disorder is too
large to support coherent delocalization or even ‘‘flickering
resonance’’ transport.31,32,35,62 Transport seems more likely to
occur by non-adiabatic multi-step hopping. The electron trans-
fer rate from heme i to heme j (ki-j) is approximated by the
non-adiabatic Marcus-like rate expression:9,10,63

ki!j ¼
2p
�h

Vij
2

� � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plijkBT

p exp �
DGð0Þij þ lij
� �2

4lijkBT

2
64

3
75 (1)

where hVij
2i is the mean-squared electronic coupling between

hemes i and j, lij is the corresponding reorganization energy,
and DG(0)

ij is the standard reaction free energy. If these three
parameters are temperature independent, the hopping rates
will grow with temperature, consistent with the Marcus and
Arrhenius theories.

At edge-to-edge distances longer than 3 Å, electron hopping
is expected to be sufficiently slow that the Marcus-like (quasi-
equilibrium) non-adiabatic electron transfer theory framework
is expected to be valid, and we base our assessment of the
electron transfer parameters on conformational averaging
derived from MD sampling. For each MD snapshot, we calcu-
late the electronic coupling, reorganization energy, and reac-
tion free energy for every nearest-neighbor heme pair. These

quantities are first obtained on a per-snapshot basis. For each
heme pair at a given temperature, we then ensemble-average
the electronic couplings, reorganization energies, and reaction
free energies over all snapshots, and use these averaged values
in eqn (1) to determine the electron transfer rate constants
between nearest-neighbor hemes. MD snapshots are extracted
every 10 ps, so fluctuations on this time scale and longer are
captured. We repeated the MD simulations at 275, 300, 325,
350, and 375 K to explore the effects of temperature on
transport.

2.2 Reorganization energies

The reorganization energy (l) for electron transfer is the free
energy required to shift the nuclear configuration from the
geometry of its equilibrium initial state (D�A) to the geometry
of its final equilibrium state (DA�) without transferring an
electron.10,64 This energy has inner- and outer-sphere
contributions.10,64,65 We computed the outer-sphere contribu-
tions to l, which are larger than the inner sphere contribution
for most heme proteins.53,65,66

The reorganization energies were computed using a finite
difference Poisson–Boltzmann (FDPB) method64 implemented
in the DelPhi software package,67–70 as in prior studies.71–73 The
reorganization energies were calculated using eqn (2)64

l ¼ 1

2

X
i

dfd�d
i � dfad

i

� �
dqadi ; (2)

where dqad
i is the change in charge on atom i upon electron

transfer, dfd�d
i is the potential change at atom i due to re-

equilibration of the electronic polarization upon electron trans-
fer, and dfad

i is the potential change at atom i that arises from
re-equilibration of the electronic polarization and nuclear
reorientation. The restrained electrostatic potential (RESP)
charges74 on the donor and acceptor (both bis-histidine c-type
hemes) were calculated using Gaussian 1675 at the density
functional theory (DFT) level with the B3LYP functional.76,77

The Def2SVP basis set78 was used for C, H, O, N, and S atoms,
and the ECP10MDF effective core potential79 was used for iron.
This analysis produced dqad

i values for eqn (2).72 The linearized
PB equation (eqn (3)) with Debye–Hückel potential boundary
conditions was solved to obtain dfx

i (x = d*d or ad) of eqn (2):64

r�erdfx = �4pdrad � 8pe2Idfx/kBT (3)

where drad is the change in the atomic charge density upon
electron transfer, and e is the dielectric constant.

We modeled the system using three dielectric zones, corres-
ponding to the protein, regions inside the protein where water
molecules can reside, and bulk water surrounding the protein
(Fig. 2), with dielectric constants ep, ec, and ew, respectively. To
compute the reorganization energy using eqn (2), two calcula-

tions were performed, producing dfd�d
i and dfad

i .
To compute dfad

i , we used ep = 4. The values of ew were set to
87.15, 77.70, 69.29, 61.81, and 55.16 at 275, 300, 325, 350, and
375 K, respectively.80 ec was set to 20, based on static dielectric
constant estimates for water nanocavities.81 The SI describes how
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the values of ec were estimated, and we find that the computation
results of the reorganization energies are robust with respect to the
chosen values. The ionic strength was set to 0.15 M.64,72

To compute dfd�d
i , we used ep = 2 and ew = 1.8.64,72,73 ec was set

to 1.9, a value between the optical dielectric constants of protein
and water. The ionic strength was set to zero.64,72,73 We used a
601 � 601 � 601 grid with a spacing of 2.0 grid points per Å; the
convergence threshold total residual error in the potential was
1 � 10�4kBT/e.

2.3 Heme–heme couplings

The temperature dependent electronic couplings between
nearest-neighbor hemes were approximated using a 1D square-
barrier tunneling model9 with parameters based on electronic
structure calculations:

Vij(rij) = V0 exp[�b(rij � r0)/2] (4)

The parameters V0 = 7.23 meV,b= 2.77 Å�1, r0 = 3.6 Å were obtained
from electronic structure analysis for stacked heme pairs, and
V0 = 1.81 meV, b = 0.1 Å�1, r0 = 3.6 Å were obtained for T-shaped
heme pairs by fitting the computed electronic coupling values of
Jiang et al.82 The edge-to-edge distances between hemes, rij, were
obtained from the MD snapshots at each temperature. The edge-
to-edge distance is defined as the shortest distance between heavy
atoms of the heme pairs, including the propionate side chains.82

The mean squared electronic coupling was calculated by snapshot
averaging the squared couplings.

2.4 Reaction free energies

We calculated the temperature dependent free energies for
electron transfer from heme i to j using:

DGT=x
ij = DGT=300

ij + DGT=x,el
ij � DGT=300,el

ij . (5)

DGT=x
ij is the free energy for electron transfer from heme i to j at

temperature x K. The superscript ‘‘el’’ denotes the electrostatic

component of the free energy, the term
1

2

P
i

dfad
i dqadi of eqn (2).

The values DGT=300
ij are taken from the study by Jiang et al.,82

which reported reaction free energies that include both electro-
static and non-electrostatic contributions. We used the
DGT=300

ij values of ref. 82 as reference free energies at 300 K
and computed the changes in the electrostatic contributions to
the free energy with temperature, using the assumption that

temperature-dependent changes to the reaction free energy are
dominated by electrostatic fluctuations. Other contributions
(such as those arising from heme distortions,83,84 heme–heme
interactions,85–87 and hydrogen bond network changes88,89) are
not captured by our model. The assumption that electrostatic
fluctuations dominate the temperature dependence of reaction
free energies is supported by the findings of ref. 53, which
showed that electrostatic interactions among the hemes, pro-
tein, and solvent predominantly determine the temperature
dependence of heme redox potentials.

2.5 Mean first passage time and effective electron transport rates

After computing the temperature dependent electron-transfer
parameters that appear in eqn (1), we calculated the mean first
passage time90,91 for transport between heme 1 of unit 1 and
heme 6 of unit 5 (see Fig. 1). Each repeating unit in our model
contains 6 hemes, so the full system in the mean first passage
time analysis includes 30 hemes.

The rate matrix for electron transfer among the hemes in units
1 through 5 of the OmcS heptamer is denoted by K (eqn (6)). We
assume that electron transfer occurs between nearest-neighbor
hemes, and all rates between non-nearest neighbors are set to
zero. The matrix element Kji is the electron transfer rate constant
from the i-th to the j-th heme (i, j = 1, 2, . . ., 30), and the diagonal
elements Kii are defined as the negative sum of all elements in the
i-th column. We treat the final heme (the 30th heme in repeating
unit 5) as an irreversible trap. Specifically, the forward rate from
the 29th to the 30th heme, K30,29, is nonzero, whereas the reverse
rate, K29,30, is set to zero.

K ¼

�k1!2 k2!1 � � � 0

k1!2 � k2!1 þ k2!3ð Þ � � � ..
.

0 k2!3 � � � ..
.

..

. ..
. . .

.
� � � ..

.

..

. ..
.

� � � k29!28 0

..

. ..
.

� � � � k29!28 þ k29!30ð Þ 0
0 0 � � � 0 0

2
6666666666664

3
7777777777775

(6)

To compute the mean first passage time for electron trans-
port from unit 1 to unit 5 in the OmcS heptamer, we work with
a reduced rate matrix K̃ that only includes the non-trap states
(eqn (7)).90,91 The matrix K̃ is obtained by removing the row and
column corresponding to the trap site from K (eqn (6)).90,91

~K ¼

�k1!2 k2!1 � � � 0

k1!2 � k2!1 þ k2!3ð Þ � � � ..
.

0 k2!3 � � � ..
.

..

. ..
. . .

.
0

..

. ..
.

� � � k29!28

0 0 � � � � k29!28 þ k29!30ð Þ

2
6666666664

3
7777777775

(7)

The reduced rate matrix describes the dynamics of the
system while it remains in the non-trap subspace.90,91 The

Fig. 2 The solvation model is shown for the OmcS heptamer structure,
modeled with three dielectric zones: protein dielectric constant ep, internal
cavity dielectric constant ec, and bulk solvent water dielectric constant ew.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

4/
20

26
 7

:1
7:

18
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04984a


This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys.

probability to leave this subspace via a transition from the 29th
heme to the trap, encoded in the diagonal element K̃29,29, is
interpreted as arrival at the 30th heme.

The mean first passage time is calculated using:90

th i ¼
X
i

�~K�1~p0
� �

i
(8)

where p̃0 is the initial population vector for all sites except the
trap. Here, we take the electron to be initially localized on the
first heme, so p̃0 = (1, 0, 0, . . .)T.

Since the conductivity describes how quickly the electrons
transit the chain,54 we approximate the effective electron trans-
port rate across the OmcS heptamer as the inverse of the mean
first passage time:

keff ¼
1

th i: (9)

3 Results and discussion
3.1 Computed electron transfer parameters

The calculated temperature dependent reorganization energies,
reaction free energies, mean-square electronic couplings, and
the resulting electron transfer rate constants for nearest-
neighbor heme-to-heme electron transfer in monomer unit 3
of the OmcS heptamer (Fig. 1) are shown in Fig. 3A–D, respec-
tively. Results for units 1, 2, 4, and 5 are provided in the SI.
Similar qualitative and quantitative trends in the key electron
transfer parameters are found in all monomer units of the
OmcS heptamer. As such, we focus here on the computed
results for unit 3. The SI compares our computed reorganiza-
tion energies, reaction free energies, and mean-square electro-
nic couplings at 275 K and 300 K with those reported in ref. 52,
53 and 82.

The electron-transfer parameters depend nonlinearly and
non-monotonically on temperature, and the temperature depen-
dence of these parameters are very weak. Over the examined
temperature range, the reorganization energies vary within only
B0.01 eV, the reaction free energies within B0.005 eV, and the
mean-square electronic couplings within B3� 10�5 eV2, with no
systematic increase or decrease. No significant changes were
observed in the edge-to-edge distances between the heme pairs
(see SI). Since the temperature-dependence of the parameters is
so weak, the electron transfer rate constants between nearest-
neighbor heme pairs are predicted to increase with temperature,
in a manner that is qualitatively consistent with the Arrhenius
rate law. Next, we study how these small temperature-dependent
changes in the electron-transfer parameters may influence the
effective electron transport rate’s temperature dependence.

3.2 Computed effective electron transport rates

The calculated effective electron transport rates to traverse
monomer units 1 through 5 of the OmcS heptamer (eqn (9))
are shown in Fig. 4. The effective electron transport rate was
computed in five ways: (1) by including temperature depen-
dence in all of the electron-transfer parameters (scheme a), (2)

by assuming that all electron-transfer parameters are tempera-
ture independent (scheme b), (3) by including the temperature
dependence of only the mean squared electronic couplings
(scheme c), (4) by including the temperature dependence of
only the reaction free energies (scheme d), and (5) by including
the temperature dependence of only the reorganization ener-
gies (scheme e). The purpose of computing the effective elec-
tron transport rate using schemes b, c, d, and e is to identify
sources of temperature dependent transport in the OmcS
nanowires. We fit the effective electron transport rate using

log
keff

kref

	 

vs: 1=T where keff is the effective electron transport

rate and kref = 1 s�1 is the reference rate, so that the argument
of the logarithm is dimensionless. Going forward, we denote
keff

kref
as k. With this convention, the slope give the Arrhenius

parameter �Ea

kB
(with units of K), where Ea is the activation

energy of the effective electron transport through five monomer
units of the OmcS heptamer and kB is Boltzmann’s constant.

Fig. 4A compares the effective electron transport rates com-
puted with all electron transfer parameters treated as
temperature-dependent (scheme a) or temperature-independent
(scheme b). In scheme a, the effective electron transport rate
increases by approximately 9.4-fold (275–300 K), 2-fold (300–325 K),
1.6-fold (325–350 K), and 1.4-fold (350–375 K), indicating a general
increase in the effective electron transport rate with temperature.
The corresponding slopes, obtained from linear fits of log(k) vs. 1/T,
are �1.225, �1.057, �1.036, and �1.026 K for each respective
temperature interval. In scheme b, where temperature-
independent electron transfer parameters produce Arrhenius
behavior, the corresponding slopes, obtained from linear fits of
log(k) vs. 1/T are �1.079 (275–300 K), �1.061 (300–325 K), �1.049
(325–350 K), and �1.040 (350–375 K).

In the 300–375 K range, the rate is predicted to increase with
temperature in scheme a, but the rate speed up is weaker than
the Arrhenius prediction. That is, the slope of the log(k) vs. 1/T
plot in scheme a is softer than the slope in scheme b. In the
275–300 K range, the rate acceleration is more rapid than the
Arrhenius prediction. That is, a steeper slope of the log(k) vs. 1/T
plot is found in scheme a compared to that in scheme b. To
identify the origin of these deviations from Arrhenius behavior,
we next determine which temperature-dependent electron trans-
fer parameters produce the differences in the computed effective
electron transport rates.

Fig. 4B compares the effective electron transport rates com-
puted for different sets of assumptions: all electron transfer
parameters are temperature-dependent (scheme a), only the
mean-square electronic coupling is temperature-dependent
(scheme c), only the reaction free energy is temperature-
dependent (scheme d), and only the reorganization energy is
temperature-dependent (scheme e). In scheme c, the rate increases
by approximately 2.3-fold (275–300 K), 2.2-fold (300–325 K),
1.8-fold (325–350 K), and 1.5-fold (350–375 K). In scheme d, the
rate increases by approximately 10.8-fold (275–300 K), 1.9-fold
(300–325 K), 1.7-fold (325–350 K), and 1.6-fold (350–375 K).
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Fig. 4 Computed effective electron transport rates for different parameter schemes. (A) Comparison of scheme a (all electron transfer parameters are
temperature-dependent) and scheme b (all electron transfer parameters are temperature-independent). (B) Comparison of scheme a, scheme c (only the
mean-square electronic coupling is temperature-dependent), scheme d (only the reaction free energy is temperature-dependent), and scheme e (only
the reorganization energy is temperature-dependent).

Fig. 3 Computed temperature dependent (A) reorganization energies, (B) reaction free energies, (C) mean squared electronic couplings, (D) electron
transfer rate constants for i–j heme pairs in unit 3 of the OmcS heptamer.
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In scheme e, the rate increases by approximately 2.3-fold (275–300 K),
2.2-fold (300–325 K), 1.9-fold (325–350 K), and 1.7-fold (350–375 K).
The rate enhancement for each temperature interval in scheme d
most closely matches the rate enhancement observed in scheme a,
where all electron-transfer parameters are temperature-
dependent. The close agreement in the temperature-dependent
rate enhancements for schemes d and a indicates that variation of
the reaction free energy with temperature is the dominant factor
governing the overall temperature dependence of the effective
electron transport rates.

4 Conclusions

We analyzed the temperature dependence of electron-hopping
transport in OmcS nanowires,38,39 accounting for temperature-
dependent protein structural changes and electrostatic effects.
We used a one-dimensional transport model and the mean first
passage time to assess how these temperature changes influ-
ence the transport, based on a cryo-EM structure of the OmcS
heptamer.18 As the temperature increased from 275 K to 375 K,
our simulations predicted an increase in the effective electron
transport rate through the nanowire. Notably, we did not
predict anti-Arrhenius behavior in the simulations, in contrast
to the experimental findings.38,39

The acceleration of the effective electron transport rates
computed in our analysis does differ from the rate increase
anticipated from the Arrhenius law. Arrhenius behavior pre-
dicts that the logarithm of the rate is inversely proportional to
the temperature. In scheme b, where all electron transfer
parameters are assumed to be temperature independent, the
resulting rates follow the Arrhenius trend, with log(k) vs. 1/T
slopes of �1.079 (275–300 K), �1.061 (300–325 K), �1.049
(325–350 K), and �1.040 (350–375 K), all in units of K. Our
simulations from 300–375 K predict that the effective electron
transport rate increases with temperature, but the rate of
increase weakens as the temperature grows. In scheme a, where
all electron transfer parameters are temperature-dependent,
the log(k) vs. 1/T plot has slopes of �1.225, �1.057, �1.036,
and �1.026 K across the same temperature intervals, respec-
tively. Thus, between 300 K and 375 K, the computed effective
electron transport rate acceleration is softer than the Arrhenius
prediction. From 275 K to 300 K, the slope of the log(k) vs. 1/T
plot in scheme a is �1.225, which is steeper than the Arrhenius
slope of �1.079 observed in scheme b, indicating a rate
enhancement that exceeds the classical Arrhenius expectation.
We attribute this softened temperature dependence to the
temperature dependent reaction free energies, rather than to
changes in the electron transfer mechanism. We found that the
temperature dependence of the reaction free energies plays the
largest role in softening the rate acceleration as the tempera-
ture grows.

Our simulations find that electrostatic effects on the elec-
tron transfer parameters alone cannot account for the observed
anti-Arrhenius behavior. Electrostatic effects moderate the
electron-transport rate acceleration as temperature grows, but

these effects are not large enough to invert the temperature
dependence. The observed anti-Arrhenius transport likely arises
from additional structural or dynamical changes not captured in
the simulations. A missing contribution in our analysis is the
influence of explicit solvent molecules on the electron transfer
parameters. The implicit solvent model used here does not
account for configuration-specific interactions, including hydro-
gen bonds between water and heme propionates, dipole–dipole
interactions with nearby solvent molecules, or restructuring of
the solvation shell.92–94 Entropy effects on electron transfer rates
may also be missed by the continuum model.95,96

A cryo-EM structure of OmcS indicates stacked hemes, with
predominantly one-dimensional hopping networks under phy-
siological conditions.18,51,55 However, the architectures present
during conductivity measurements are unknown: conductive
specimens may consist of isolated filaments, bundled or cross-
linked assemblies, or biofilm-embedded networks.18,97,98 The
simulations conducted here describe one-dimensional hopping
transport, while alternative structures could support multidi-
mensional pathways not captured in this model. Considerations
of multidimensional transport, together with explicit solvent
effects on temperature-dependent structure and electron trans-
port, is beyond the scope of this study but may contribute to the
experimental observations.
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