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OF CHEMISTRY

Effect of Iron Doping on Protein
Molecular Conductance

Nikolai Lebedev, *? Igor Griva, ® Anders Blom, © and Leonard M. Tender

Protein molecular conductance attracts researcher’s attention for
the possibility of the construction of innovative flexible
biocompatible nanoscale electronic devices and smart hybrid
materials. Due to protein complexity, most evaluations of protein
conductivity are based on simple estimation of protein molecular
orbital energy levels and spatial distribution without analysing
protein interaction with electrodes and calculation of the rates of
electron transfer (ET). In the present work, we include in our density
functional theory (DFT) analysis an approach based on non-
equilibrium Green’s function (NEGF) allowing for calculation from
the first principles the molecule interaction with electrodes and thus
the role of electrode materials, Fermi level, thermal distribution of
electronic energy levels, and the coupling efficiency between the
molecule and the electrodes. Compared to proteins studied so far,
mainly artificial peptides, heme-containing cytochromes, and
bacterial pili, we choose for our calculation rubredoxin. Rubredoxin
contains a non-heme iron that, as we have discovered recently, can
be involved in extracellular ET in electroactive bacterial biofilms
(Yates et. al. 2016). Our calculations show that an iron atom
incorporated into the protein structure as an iron-sulfur cluster
opens a transmission path at the energy corresponding to the Fermi
level of the electrodes. This allows the protein to become an
extremely efficient conductor at very low bias voltages (<+350 mV).
Calculation of the role of protein amino acids based on the local
density of states and electron transfer paths reveals that neither
aromatic amino acid Tyr nor Phe at any ring orientation participate
in coherent ET through the FeS cluster of the protein. Moreover,
direct ET through surrounding amino acids, bypassing FeS, is possible
only at biases +1.5 to +2 V. Polar amino acid Asn might participate in
ET at these bias voltages. The conductivity of the protein core
substantially depends on the polarity of the applied electric field,
allowing for unidirectional ET and operation of the protein as a
molecular rectifier. These results can be used for wise de novo design
of proteins for molecular electronics and cellular energy converting
devices, particularly for utilization of iron doping in the construction
of conductive protein wires.

INTRODUCTION

Protein electronics is a new branch of molecular
electronics which goal is to analyze the electron
transport mechanisms and utilize the gained knowledge
for the construction of robust super small flexible

electronic materials and bioinorganic hybrids, including
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sensors, actuators, electrochemical cell, or catalytic
devices. A lot of insight has been gained from
experimentally observed electron transfer (ET) through
the
(femtosecond) photoinduced electron transfer within

proteins, including discovery of super-fast
photosynthetic proteins ! and super long (up to hundred
microns) ET in bacterial biofilms. 2* A theoretical
interpretation of the mechanisms of ET within and
between proteins in solution has been developed,
especially in the framework of Marcus formalism,
treating ET in individual proteins and their complexes as
a set of coupled redox centers. >* In the framework of
Landauer formalism describing ET between proteins and
solid state electrodes as a coherent tunneling process 1>
18 the interpretation of protein conductance faces
problems coming from the fact that biological molecules
are not simple periodic structures, like metals,
semiconductors, or carbon materials, but heteroatomic
highly spatially irregular systems. 82° This analysis is also
complicated by the fact that the principles of operation
of inorganic and soft biological materials differ
substantially 2'2* that makes problematic describing
efficient energy and information transfer between them

as a simple electrical contact.

Recently, we applied the Landauer formalism for a
detailed analysis of ET through a protein placed between
two inorganic electrodes. Our approach is based on
(DFT),
equilibrium Green’s function (NEGF) and takes into

density functional theory includes non-
account spatially resolved protein and electrode energy
levels, molecular orbital (MO) delocalization through
protein amino acids affecting the distance needed for
electron tunneling between them, the role of the
tunneling barrier height (transfer through space vs.
through the protein backbone) and the role of specific
amino acids in the formation of electrostatic traps and
loops in the ET paths. % Using Geobacter sulfurreducens
pilA protein as a model system, we demonstrated that
the long-range ET through the protein that does not
have iron cannot occur by coherent tunneling, but
requires taking into account sequential electron
hopping and demands relatively high bias voltages. ?°

Our results showed that protein parts which do not have

2 | PCCP., 2018, 00, 1-3

iron mainly act as insulators at low biases due to the high
LUMO-HOMO energy gap, MO
delocalization needed for substantial reduction of the

insufficient
tunnelling through space, and inefficient coupling
between the protein and the electrodes. In addition,
positively charged amino acids in the protein act as
energy traps which prevent coherent electron transfer
at low bias voltages. ® When we analyzed ET through
heme (an iron-chelating porphyrin) connected to carbon
nanotube (CNT) electrodes by two amino acids (His), we
in this

configuration is highly efficient at low biases. We

showed that ET through the porphyrin

showed that the efficiency of ET through iron atom
substantially depends on the heme orientation relative
to the direction of ET and is maximal at heme oriented
% |n this

orientation, the ET through a single iron atom can be

orthogonally to the current direction.

controlled by the surrounding tetrapyrrole ring, allowing
for the device operation as a single atomic field effect
transistor. 26

To understand the mechanism of iron-induced
conductivity of proteins, in the present work we analyze
the role of an iron-sulfur cluster in ET through a non-
heme Fe protein, rubredoxin. 2”2 This protein is the
smallest iron-sulfur protein which has diverse biological
functions, from mediation of ET in energetic metabolism
up to a redox regulation of bacterial gene expression. 2%
30 |n this paper, we focus on coherent ET that is the main
component of any type of ET, with or without the system
relaxation in the intermediate step. & Our results show
that incorporation of an iron atom in the form of an iron-
sulfur cluster substantially (by several orders of
magnitude) increases the protein conductivity at very
low bias voltages. They also reveal high similarity in
energetics and the efficiency of ET through Fe atom
chelated either by four nitrogen atoms of a tetrapyrrole

ring or by four sulfur atoms of cysteines in a FeS cluster.

COMPUTATIONAL APPROACHES

The central part of rubredoxin containing FeS cluster
was used in our analysis. Optimization of the electronic
structures was performed with Gaussian 09 3! using a
Density Functional Theory (DFT) approach with a
nonlocal exchange correlation functional comprised of

This journal is © The Royal Society of Chemistry 20xx
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Becke’s three-parameter exchange functional and the
Lee-Yang-Parr correlation functional (B3LYP) with 6-
31G(d) or LanL2DZ basis set for the iron. 2> 263233 The
structure for the gold crystal, Au (111), was acquired
3 The
electrodes were assumed to be separated by distance
(15.85 A) that is slightly above the size of the protein
fragment inserted between them. In order to best

from QuantumWise’s molecular library.

replicate typical electrochemical, STM and conductive

AFM experiments, % 103538

one amino acid (Val5) in the
studied protein fragment was replaced with cysteine
and bound through a thiol group to one electrode.
Initially, the electronic structure of isolated rubredoxin
fragment was optimized using DFT. Then the protein
was attached to the right electrode by placing the S
atom of Cys5 at the top of the pyramid connecting it to
three Au atoms of the right electrode at distance 2.3 A
and the entire system (the protein and three surface
layers of Au from each electrode) were allowed to relax
to the minimum energy by using the optimization
module in Quantum wise. This module uses molecular
dynamics to find a stable position for the molecule and
The
themselves are not included in that step, but are

electrodes relative each other. electrodes
implicitly present. 2> 3 This (relaxed) structure was used
for calculations the density of states (DOS), energy
spectrum, electron transmission spectrum, eigenstates,
and transmission paths were performed by including the
coupling between the molecular orbitals and the
electrodes. For the calculation of ET properties, we
utilize a non-equilibrium Green’s function (NEGF)
approach implemented in Atomistix ToolKit. 3% We use
DFT plus NEGF to compute the Green’s function self-
consistently for the system, and the current is extracted
using the Landauer-Biittiker formalism based on these
Green’s functions, coupling constants and self-energies
which are computed according to %. This code uses a
linear combination of atomic orbitals (LCAO) of the
SIESTA type as a basis set. In our calculations, we used a
double-T basis set with polarization orbitals and the local
density approximation (LDA) as parametrized by
Perdew-Zunger (PZ) for the exchange correlation
functional. For the electronic transport calculations, the

system was divided into three regions consisting of the

This journal is © The Royal Society of Chemistry 20xx

two electrodes and a central scattering region. The
electrodes were treated as semi-infinite repetitions of
Au (111). The current was calculated for a range of
applied bias voltages using the Landauer-Bittiker
formula, ¥

|N):IT(E,V)[nf (E—p)—n; (E-up)]dE )

where Ny is the temperature-dependent Fermi function

and HL and HRare the electrochemical potentials of
the left and right electrodes, respectively. The total

transmission at each energy level (eigenstate) is given by
39

T(E,V)=Tr[[ GIRG"] @)

where the transmission probability is a function of both
energy and the applied bias for each converged density
of states (DOS) of the entire system. G and G* are the
which
describe the dynamics of the electrons in the central

retarded and advanced Green’s functions,

scattering region including the peptide and three layers
of gold atoms near each electrode. I, and Iz are
broadening matrices, which describe the strength of the
coupling of each electrode to the conducting scattering
region and were calculated as the imaginary parts of the
self-energy matrices of the electrodes. The Fermi level
for the case of a finite bias voltage is the average of the
electrochemical potentials of two electrodes. We use
the total transmission spectrum and the density of
states to interpret the conductance properties of our
systems. The calculations were performed in vacuum at
temperatures of 300 and 100 K with periodic boundary
conditions in a box measuring 14 x 14 A in the plane
perpendicular to the direction of ET using DoD HPC
“Thunder” of SGI type.

The
diagonalizing the transmission matrix. The number of

transmission eigenvalues are obtained by
eigenvalues indicates the number of individual channels
going through the molecule; the eigenvalues themselves

indicate the strength of each channel. The eigenvalues

PCCP, 2018, 00,1-3 | 3
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are the true transmission probabilities, and thus lie in
the interval [0,1]. If several channels are available at a
particular energy, at high conductivity their sum, and
hence the transmission coefficient at this energy, may
however be larger than 1. The effective potential is
calculated as the total Kohn-Sham potential that is the
sum of the Hartree term (all mean-field electrostatic

interactions) and the exchange-correlation potential. 4°

The coupling efficiency (parameters y; and y,. ) of the ET
peaks in the transmission spectra are estimated from
fitting individual peaks to Lorentzian curve

T(E) = FLI'R/[(E— EBAND)Z + (r|_ + FR)2/4], (3)

where E is the energy relative to the Fermi level, gganp is
the position of the band, T(E) is a local approximation of
the transmission spectra and [ and Ik are the electronic
coupling strengths to the left and right electrode,
respectively. To find the . and [ parameters, we
minimized the integrated square of the deviation
J(T(E,V) = Tf(E))*dE around the peaks using
Newton's method implemented in the modified package
LOQO. **

RESULTS AND DISCUSSION

For our calculations we choose rubredoxin, 27 2% 42

a
protein that has a single iron-sulfur cluster of FeS, type
the which
crystallographically at 1.6 A spatial resolution (PDB

and structure of was estimated
accession number 6RXN. Though there is a gap in amino
acid numbering in original 6RXN, in our work we follow
the amino acid numbering defined in this PDB file). For
the calculation of ET we consider an FeS cluster and
amino acids located within 8 A from Fe assuming that
electron tunneling through distances longer that 9-10 A
is close to zero. %3233 |t is also consistent with the fact
that all

estimated

known proteins with crystallographically

structures have distances for electron
hopping between metallic centers within 10-12 A. & 2742
According to the crystallographic data, the part of
rubredoxin surrounding FeS cluster and used in our
calculation has an asymmetric shape with one relatively
flat side that we oriented towards the right electrode

(Figure 1). For chemical binding to the electrode we use

4 | PCCP., 2018, 00, 1-3

one internal (Cys38) and one cysteine
substituting Val5 (Figure 1). We selected Val5 because it

is close to Fe, but outside of Fe-binding signature (CXXC)

cysteine

and it faces the same (right) electrode as the other Cys
(Cys38) so we can compare the role of these two
cysteines in electron transfer to the same electrode. To
check the effect of chemical binding we consider only
one of these Cys as bound to the electrode. The second

Cys was separated from the electrode by a distance that
slightly exceeds 1.65 A, the length of the S-Au chemical
bond (Figure 1).

XMQKYCCNVCGYEYDPAEHDNVPFDQLPDDWCCPVCGVSKDQFSPA

Figure 1. Molecular structure of rubredoxin (PDB 6RXN) FeS core
consisting of FeS cluster and the nearest located within 8 A, amino
acids. The colored arrows point to positions of aromatic amino acids,
Phe (a) and Tyr (b), polar amino acid Asn (c), carboxylic C-end (d) and
the FeS cluster (e). Below is rubredoxin core sequence where amino
acids located within 8 A from the FeS cluster are highlighted. For
peptide chemical binding to gold (1,1,1) electrode Val5 (of 6RXN) was
substituted with Cys.

The apoprotein part of the analyzed rubredoxin core has
two aromatic amino acids, Tyrll and Phe49 and polar
amino acids, Asn7. To exclude the effect of local charges
from C- and N-terminal ends of the peptide we consider
capped C- and N- peptide ends (-COOH and —NH,). The
protein was oriented to the electrode in such a way that
the ring of one of the aromatic amino acids (Phe49) was
oriented parallel to the right electrode surface, while the
ring of the other aromatic amino acid (Tyr11) is oriented
nearly perpendicular to it (Figure 1). This was achieved
by total protein rotation relative to the right electrode

This journal is © The Royal Society of Chemistry 20xx
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keeping the protein structure intact and relaxed, similar
to the native protein. Since the delocalized electronic
structure of aromatic amino acids could facilitate their
participationin ET, the analysis of these two orientations
allows us to estimate the effect of the aromatic ring
orientation on the ET efficiency.
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to the electrode, c) the role of charged amino acids, and
d) the role of the protein backbone.

Energetics of ET: ET transmission energies and efficiencies.
The role of protein components.

The electron transmission spectrum (ETS) describes the
distribution of molecular electronic energy levels that

participate in electron transfer. Besides the protein

Transmission efficiency, a.u.
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Figure 2 (A) ETS (red, upper scale) and total device DOS (gray, bottom scale) of rubredoxin (PDB 6RXN) with modifications described in the
legend to Figure 1 and placed between two gold electrodes as shown in figure 1A. (B) Total DDOS (-) along with DOS projected to Au
electrodes (yellow), to apo-protein without FeS cluster (green), FeS cluster (dark red), Fe atom (dark red), and aromatic amino acids Phe
(light blue) and Tyr (light blue). The numbers at the peaks indicate energies of the ETS and some DOS peaks. (C) Projected DOS (bottom
scale) of FeS cluster, Rd backbone, polar Asn (-) and aromatic amino acids Phe (-) and Tyr (-), along with device ETS (top scale) at zero bias,

300K.

The opposite side of the protein (facing the left
electrode) does not have aromatic amino acids. In our
configuration, this side is not bound to the electrode,
potentially allowing for electron tunneling to/from the
electrode through any protein atoms. The FeS cluster is
buried inside the protein; it locates rather far from both
electrodes (5.66 A from the left and 10.19 A from the
right electrode) that potentially reduces the efficiency of
direct Au-Fe tunneling. Thus, the constructed device
allows us to analyze a) the role of the protein shell in
electron tunneling to the FeS cluster, b) the role of
aromatic amino acids and their ring orientation relative

This journal is © The Royal Society of Chemistry 20xx

electronic energies, the ETS depends on the molecule
interaction with electrodes and thus depends on the
electrode material, Fermi level, thermal distribution of
electronic energy levels (that is, the temperature), and
the coupling efficiency between the molecule and the
electrodes (that is, the height and width of the barrier
for tunneling) which all are included in our
consideration. At zero bias (no external potential
applied between the electrodes) the ETS of the FeS core
analyzed in our work has three main transmission bands
close to electrode Fermi energy level: at -0.200, +0.08
(with a complex structure), and +0.356 eV. The last two

of them have transmission efficiencies about 0.2 (Figure

PCCP, 2018, 00,1-3 | 5
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2A, red curve) indicating that this part of the protein is
conductive at very low bias voltages. Farther below the
Fermi energy the calculation shows several additional
strong conductive bands (with transmission efficiencies
between 0.5 and 0.9) located between -1.2 and -1.5 eV
indicating the possibility of efficient p*-type ET through
the protein. Also, two narrow small peaks at +1.588 and
+1.740 eV (with efficiency 0.05) show some (small)
possibility for n"-type conductance at these potentials.

For identification of the protein parts involved in the
formation of each transmission band we calculate the
device density of states (DDOS) and its projection to
various protein substructures (projected density of
states, PDOS). The DDOS shows a broad continuum in
the areas above +0.8 eV and below 0 eV on top of which
the states similar to those identified in the ETS are
clearly seen (Figure 2A, gray curve). The PDOS shows
that the broad continuum is localized to the gold
electrodes (Fig 2B, yellow curve) and thus belongs to the
metallic conductor. The narrow peaks on top of the gold
DOS are localized to the iron-sulfur cluster (Figure 2B,
red curve) and to the apoprotein (Figure 2B, green
curve). The intensities of the three main PDOS peaks at
+0.356, +0.08 and -0.20 eV are similar to those observed
in this area in the total DDOS and in the FeS PDOS,
indicating that FeS is the determinant of electronic
properties of the protein around the electrode Fermi
energy. These peaks have exactly the same positions as
the main transmission peaks in the ETS. Similar peaks
are missing from the DOS projected to the rest of the
protein (apoprotein) or the gold electrodes (Figure 2B,
green and yellow curves), showing that the FeS cluster is
the only protein part that can contribute to the electron
transfer when electrode potentials are very low (near
Fermi level).

The PDOS of the aromatic (Phe and Tyr) and polar (Asn)
amino acids have peaks at +1.74 and -1.832; +1.588 and
+0.988; and -0.828, -1.164, -1.688 and -1.866 eV,
respectively (Figure 2C); they correlate well to peaks in
the ETS. Most of these peaks overlap in energy position
with peaks in the PDOS of the protein backbone,
although their intensities (except for peaks of Tyr at -
1.688 and Asn at -1.866 eV) are extremely low (about

6 | PCCP., 2018, 00, 1-3
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Figure 3. Lorentzian fit (blue and green lines) of FeS DOS (brown

circles) and electron transmission bands (red crosses) at (A)
0.356 eV and (B) 0.080 eV.

1/100 of that the peaks of the protein backbone, see
PDOS scales in Figure 2B,C and FigureS1) rendering their
role in ET insignificant. Nevertheless, to test the
possibility of a contribution of these amino acids to the
protein conductance, we calculate the multicRnnel
contribution in each of the main ETS bands (Table S1).
This calculation shows that for each transmission peak,
the main component is about 100x stronger than the
second one in intensity, confirming that within 1%
accuracy, the apoprotein backbone along with the FeS
are the main contributors to the protein conductance
for all strong ETS peaks. On the other hand, the peaks at
-1.688 and at -1.866 eV in PDOS are much stronger for
Tyr and Asn than for the protein backbone, suggesting a
possible participation of these amino acids in protein
conductivity at these energies. It is important to note
that the calculated transmission peaks look relatively
high for a molecule without conjugated bonds. But
several other factors

besides MO delocalization

This journal is © The Royal Society of Chemistry 20xx
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contribute to the efficiency of ET, the overlap of orbitals
which can be favorable or unfavorable for very specific
energy intervals (even individual sharp levels), and
tunneling through space which is more or less energy-
independent and just exponentially attenuating are
among them. This will be addressed in the following
sections.

Protein-electrode coupling
Protein-electrode coupling is the main parameter

controlling the efficiency of ET between the protein and
the electrodes. ¥ A way to estimate the strength of this
parameter is from the shape of ET bands. 2> 3% 33 we
found that the bands in rubredoxin ETS can be well
described by a Lorentzian shape (see equation 3 and
Figure 3). For instance, the band at +0.355 eV has a
coupling to the left and right electrode equal to 112 x 10
5 and 2119 x 10° eV (Figure 3, Table 1) which
corresponds to ET rates between the protein and
electrode (k = I'/h) of 1.704 x 10? and 32.184 x 10'? sec’

1. Similar results can be obtained for the other

(Figure3). This broadening should lead to substantial
increase in coupling of the FeS MO to the electrodes and
thus the efficiency of ET. % Indeed, our calculation
predicts a coupling constants of the broad band at 0.121
eV which is two times stronger, and at 0.046 eV which is
about six times stronger, than that of the narrow bands
at +0.355 or +0.080 eV (Table 1). One of the possible
explanations of the transmission band broadening is the
presence of several parallel paths going through the left
and right parts of the apoprotein shell connecting the
FeS cluster to the electrodes. Indeed, the presence of
the same three characteristic Fe transmission bands at
similar positions (+0.37, +0.05, -0.38 eV), but without
the broad band in the ETS of heme (an iron chelated by
a tetrapyrrole) that do not have protein shell 2 confirms
this conclusion and show that the shortening ET
tunneling barrier is due to MO delocalization through
both FeS and amino acids.

Table 1. Lorentzian fit parameters and calculated couplings (ET rates) between the protein and left and right electrodes for various

transmission bands (indicated by energy, E) at bias = 0.

E, eV M x107°, eV r, x107°, eV K; x10%?, 5! K, x10%?, s?
ETS +1.58620 9.37 139.2 0.142 2.112
ETS +0.35456 112.2 2119.1 1.704 32.184
ETS +0.12078 193.5 4523.5 2.939 68.700
FeS DOS +0.12753 877.4 14794.5
ETS +0.07959 51.8 1844.7 0.787 28.016
FeS DOS +0.07916 30.2 7467.0
ETS +0.04638 299.0 8320.3 4,541 126.363
FeS DOS +0.03695 1091.8 14925.5
ETS -1.6878 29.6 835.3 0.449 12.675

transmission bands. All of them show very efficient
coupling and, accordingly, very high rate of ET (Table 1).

One specific interesting feature of the rubredoxin FeS
transmission spectrum is a substantial increase of the
transmission in the area surrounding the band at 0.080
eV (Figure 3). A similar effect, though much less
pronounced, is seen at these energies in the FeS PDOS

This journal is © The Royal Society of Chemistry 20xx
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The general feature revealed by the results described
above is an extremely high efficiency of FeS coupling to
the electrode, especially when taking into account the
considerable distances between the Fe atom in the FeS
cluster and the left and the right electrodes (5.651 and
10.191 A, respectively). A possible explanation of this

-0.540 eV

high efficiency might be the coupling between FeS and
the electrode through the protein backbone that leads
to a higher efficiency due to decrease in the height of
the tunneling barrier compared to vacuum.

-1.056 eV -1.360 eV

Figure 4. Spatial distribution of molecular transmission eigenstates (at isovalue = 1.0) forming individual transmission peaks at electrode
potentials B =0 V (top rows) and corresponding peaks at electrode potentials B = +/-0.5 V (bottom rows); the first sign corresponds to the
polarity of left electrode, temperature 300K. The arrows in the three top left panels point to the aromatic amino acids Phe (a) and Tyr (b),
polar amino acid Asn (c), and carboxylic C-end (d). The numbers inside the panels show the energies of the transmission peaks.

8 | PCCP., 2018, 00, 1-3
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Figure 4 (continued).

Sk ganization of ET: MO delocalization and ET paths
I molecules, electronic orbital spreading over the

entire molecule (delocalization) can substantially
improve the ET efficiency by reducing the width of the
barrier electron has to tunnel between the molecule and
the electrodes. 7 ?° To estimate this effect and to confirm
which atoms are involved in ET through the FeS cluster
in the protein core, we calculate the transmission
for different transmission energies (Figure
demonstrate a strong contribution from
iron atomic orbitals (AOs) in all transmission bands
located around the Fermi level (+0.216, +0.136, +0.080
and -0.204 eV). In addition, Fe AOs contribute to strong
conductive MOs below the Fermi level (at -1.164 and -
1.688 eV). Moreover, better delocalization of the last
two bands in the Z-direction (perpendicular to the
surfaces) corre|l WWLTXNY a substantial
increase in the transmission efficiency of these bands
seen in the ETS (Figure 5). On the other hand, weakly
conductive bands (particularly, at +1.740 and +1.588 eV)
do not contain iron AOs, even if some of them
(particularly, the band at +1.740 eV) have considerable
delocalization through the peptide. Consistent with the
PDOS (Fig 2C), neither of the strong conductive bands

delocalizes through Tyr or Phy, (Figure 2A), but MOs of

This journal is © The Royal Society of Chemistry 20xx

polar Asn seems to be active in the ET at -1.164 and -
1.688 eV (Figure 4, top rows).

+0.080 eV

[ ]
+0.356eV @

® -1.688eV

Transmission Efficiency, a.u.

+0.136 6V ®
0.1
b
o
] A +1.740 6V
o
o
2 1588 eV o -0.204 eV
T T T T T
0 10 20 30 40

MO delocalisation, a.u.

Figure 5 Correlation between MO (transmission eigenstate)
delocalisation in Z-direction (perpendicular to the electrodes) and
the efficiency of ET for MOs including ( ®) and not including (A) the
FeS cluster. The numbers near the points indicate ET energies.
Electrode potentials =0, temperature = 300K.

All these results indicate that the high efficiency of ETS
bands located around the Fermi level is due to the
presence of iron AOs. They confirm that these
transmission bands belong to the FeS cluster, as the

PCCP, 2018, 00,1-3 | 9
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PDOS shows. Moreover, they indicate that the FeS
coupling to the electrode is highly efficient and can
occur at rather big distances between the Fe atom and
the electrodes. On the other hand, the MOs contributing
to the ETS far from the Fermi level and belonging to the
protein backbones (disregarding FeS) are relatively
inefficient and need to be well delocalized to provide
any improvement to the electron transmission. At the
same time, the very low transmission efficiency of the
band at -0.204 eV from the expected from correlation
(Figure 5) is rather significant, indicating that other
parameters have a considerable contribution to the ET
efficiency of this band. One of these parameters (as the
coupling efficiency shows) might be the multiplicity of ET
paths. Another factor might be the height of the
electron tunneling barrier, specifically whether the
electron has to travel through the rest of the molecule
or through vacuum. A third parameter decreasing the ET
efficiency might be loops in the electron transmission
pathways (ETP). 254345

To check these possibilities, we calculated ETPs ** for
each transmission band (Figure 6). These calculations

confirm that all the strongest transmission paths go
through Fe. In addition, they reveal multiple transition
paths between the molecule and the electrodes for ET
bands at +0.132, +0.080 eV compared to the -0.204 eV
band and for the band at -1.164 eV that explains the
substantial increase in their efficiency. The ETPs also
show that neither Tyr nor Phe is really involved in the
electron transfer. In addition, they demonstrate a
possibility of ET through the peptide carboxylic group
(see ETPs at +1.740 and +1.588 eV), though the
efficiency of ET through this group is low partially due to
ET reversibility (cf. the arrow thicknesses showing the ET
intensity and color showing the ET direction for ETPs at
+1.740 and +1.588 eV). Similar reversibility (looping due
to the presence of oxygen) reduces the ET efficiency of
the -1.688 eV transmission band. These results allow us
to conclude that despite high electron concentration
and well delocalized MOs at the carboxylic group, the
total efficiency of ET through it is still relatively low due
to the formation of the ET loop preventing a straight
electron movement. % Analysis of the ETPs also confirms
that the ET through the peptide backbone is much more

efficient than tunneling through space. 3¢:4¢

-0.204 e

+0.080 e
Figure 6. ETPs for individual transmission bands. Bias = 0, temperature 300K. The color of the transmission lines indicates Z-projection of
the transmission direction (blue to the right, magenta to the left); the thickness of the line indicates transmission efficiency. The arrows in

-1.164 eV -1.688 eV

the two top left panels point to the aromatic amino acids Phe (a) and Tyr (b), polar amino acid Asn (c), and carboxylic C-end (d). The numbers

inside the panels show the energies of the transmission peaks.

10 | PCCP., 2018, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 15



Page 11 of 15

Physical-Chemistry Chemical Physics

Effects of local potentials and temperature
Applying a bias voltage to the electrodes substantially

affects the rubredoxin ETS. The transmission bands in its
central area (+0.5 eV around Fermi), where, as we have
shown, ET goes through the FeS cluster, shift to a lower
energy when we apply a +0.5 V bias (the sign indicates
potential on the left electrode) which results in a
substantial increase in their ET efficiency (Figure 7). This
bias also narrows the broad transmission bands. A bias
with opposite electrode polarity instead shifts the bands
up and leads to a reduced transmission efficiency of
each band.

We interpret these effects as the result of the overlap
between the gradient of the electrostatic field
generated by the charged electrode and the internal
potential distribution reached at zero bias, particularly
with the local fields generated by N and O atoms of
peptide bonds oriented perpendicular to the electrodes.
If this is the case, a positive bias (+0.5 V) should much
less affect the protein transmission bands located
outside this area. Indeed, compared to the ETS bands
belonging to FeS cluster, the position of the bands
belonging to the protein shell (backbone) that are
located at about +1.6 through +1.8 and -1.5 through -1.8
eV are much less sensitive to the applied bias voltage
(Figure 7). The only effect that is observed for these
bands is a change in their transmission efficiency,
especially at positive bias (+ on the left electrode and —
on the right) which might be due to a modulation of their
eigenstate spatial distribution. To test this possibility
and to identify the origin of the bands in ETS under
applied electrode potentials, we calculate transmission
eigenstates of individual transmission bands and
compare them to the eigenstates observed at zero bias
(Figure 4, bottom rows). As expected, ET through the
bands at +1.6 through +1.8 and -1.5 through -1.8 eV goes
around FeS cluster. As expected, we also observe a good
similarity of the eigenstate shapes and delocalization of
the FeS bands at different electrode potentials,
confirming that the change in the conductivity is due to
the overlap of the external electric field with their MO
energy. On the other hand, this calculation reveals a
substantial increase in the electron density on Tyr
eigenstates located at -1.796 and -1.848 eV (Figure 4).

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. ETS at different electrode potentials (bias voltages) (-/+0.5
V, blue, 0/0V, black, +/-0.5 V, red; the first sign in the notation is for
the polarity of the left electrode).

Applying bias voltages to the electrodes allows for
calculation of an electric current going through the
protein (Table 2). At +/- 0.5 V and -/+ 0.5 V the
calculations give values 5878 nA and 127 nA. The first of
of the
theoretical maximum for a single molecular conductor

these values corresponds to about 10%

(77 nS) Y7 confirming the experimentally observed high

conductivity of FeS proteins

and predicted
enhancement of peptide conductivity in the presence of
Ni and Cu ions. 4 %8 |t also shows an important role of
iron in protein conductivity since these values are about
6 to 9 orders of magnitude higher than estimated for
pilA protein fragments without Fe. ** The other
interesting result coming from this calculation that

7,25

confirms the previous estimations is the difference

of the current at the two polarities, which shows that

PCCP, 2018, 00, 1-3 | 11
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the protein transmits current in only one direction
(efficiency 50:1). This ability of the protein core to
generate a unidirectional current explains why iron-
based proteins can operate so wisely and efficiently in
highly complex multidimensional and multicomponent
biological systems.

Table 2. Calculated current through rubredoxin core at bias voltages
-0.5V and +0.5 V and temperatures 300 and 100 K. In the table head
the first sign corresponds to the polarity of the left electrode. The
plus sign of the current indicates direction of ET to the left electrode.

-/+0.5V, at 300K +/- 0.5V, at 300k +/- 0.5V, at 100K
-0.127 pA 5.878 pA 5.894 pA

Temperature-induced change of electrode occupancies
could lead to a considerable alteration of the molecular
coupling to the electrodes. To test this possibility we
calculate the effect of temperature (100 K vs. 300 K) on
various ET bands at bias potential +/- 0.5 V. The results
show no effect of temperature (neither on the energy,
nor on ET efficiency) on most of the transmission bands,
including those belonging to the FeS cluster and the
protein backbones (Figure S1C). At the same time, the
efficiency of electron transfer considerably reduces for
the bands at +1.736 eV and increases for the bands at -
1.716 and -1.852 eV confirming the prediction that
electron tunneling through aromatic amino acid might
be temperature-dependent.

Conclusions

The obtained
incorporated into the protein structure as an iron-sulfur

results show that an iron atom
cluster opens a transmission path at the Fermi energy
level of the electrodes. This allows the protein to
become an extremely efficient conductor at very low
bias voltages (<+0.35 V). The conductivity of the protein
containing the FeS cluster is compatible with the
theoretical limit of molecular conductance. Four major
factors contribute to the high conductivity of FeS-
containing proteins: 1) the close location of the Fe
transmission bands to the electrode Fermi level; 2) a
considerable delocalization of its MO through FeS and
the surrounding amino acids leading to shortening width
of the barrier electron has to tunnel; 3) the presence of

12 | PCCP., 2018, 00, 1-3

the protein backbone which reduces the tunneling
barrier height; and 4) the presence of several parallel ET
paths which increases the efficiency of the Fe coupling
to the electrode. Though the FeS cluster appears to be
the only ET mediator at low bias, direct ET through the
surrounding amino acids bypassing FeS is possible at
biases +1.5 to +2 V. Neither aromatic Tyr, nor Phe
participate in ET through the studied FeS protein core.
Some MO of polar Asn might participate in ET at high
bias voltages. Though the exact values of ET rate might
change if intermediate (hopping) steps are taken into
account, ¥ the general principle described here will hold
for any type of ET. The conductivity of the protein core
substantially depends on the polarity of the applied
electric field allowing for unidirectional ET and operation
of the protein as a molecular rectifier. ” Our results show
that this effect is mainly due to a substantial shift of the
FeS electronic energy levels by the electrostatic
potentials of the surrounding electrodes. Thus the
described protein core represents a highly conductive
molecular unit. This unit is enough for the construction
of efficient protein-based molecular wires and other
quantum electronic devices; and it can be used for wise
de novo construction of new proteins for molecular
electronics and cellular energy converting devices.
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This study analyzes the role of Fe in electron transfer through non-heme iron-containing proteins.



