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Abstract

Multi-heme cytochromes (MHCs) are fascinating proteins used by bacterial or-
ganisms to shuttle electrons within and between their cells. When placed in solid
state electronic junctions, MHCs support temperature-independent currents over sev-
eral nanometers that are three orders of magnitude higher compared to other redox
proteins. To gain molecular-level insight into their astonishingly high conductivities,
we combine experimental photoemission spectroscopy with DFT+3 current-voltage
calculations on a representative MHC-gold junction. We find that conduction across
the dry, 3 nm-long protein occurs via off-resonant coherent tunneling, mediated by a
large number of protein valence-band orbitals that are strongly delocalized over heme
and protein residues. This picture is profoundly different from the electron hopping
mechanism induced electrochemically or photochemically under aqueous conditions.
Our results imply that the current output in solid state junctions can be even further
increased in resonance, e.g. by applying a gate voltage, thus allowing a quantum jump

for next-generation bionanoelectronic devices.
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Redox-active metalloproteins are ubiquitous in living organisms facilitating many of the
energy conversion processes that are quintessential for life on Earth including photosynthesis,
respiration and nitrogen fixation. Recently, multi-heme cytochromes (MHC) and their com-
plexes have gained much attention due to their involvement in extracellular respiration and
inter-species electron exchange in dissimilatory metal-reducing bacteria.'™ Atomic X-ray

4—

structures of several of these proteins were resolved for S. oneidensis,*® and very recently

9,10

also for G. sulfurreducens,”” revealing closely packed heme ¢ cofactor arrangements within

the protein peptide matrices suggestive of their function as “biological nanowires”. MHC

O span the entire bacterial envelope thereby facilitating

protein complexes® or polymers®!
the export of electrons from the inside to the outside of the cell. Experiments,'’'? the-
ory ! and computation¥!7 have given valuable insights into the thermodynamics, kinetics
and the mechanistic aspects of this process, in particular suggesting that electron transfer
(ET) across these structures in their native (aqueous) environments occurs by consecutive
heme-to-heme electron hopping. '* 168 For nanotechnological applications, interfaces of the
metalloproteins with solid electrodes are of great interest and their properties are intensively
studied because of their potential utilization in enzymatic biofuel production, bioelectrocatal-
ysis, biosensors and molecular (bio)electronics.'®?! Recently, we demonstrated that MHCs
are significantly better electronic conductors than other proteins in junctions composed of
solid protein mono-layers in contact with two gold electrodes.?? Most strikingly, the small
tetraheme cytochrome (STC) was found to have a conductance three orders of magnitude

23 even though both proteins have similar

higher than that of the blue copper protein Azurin,
cross section. Exceptionally large current densities (normalized to length) were also obtained
for the deca-heme protein MtrF,?? which were comparable with the STM single molecule
currents reported earlier for MtrF,?* MtrC? and OmcA? (see analysis in Ref.!?).
Unfortunately, we currently still lack a good understanding of the atomistic origin of the

large conductivities observed for solid state MHC junctions, in contrast to our knowledge of

their ET properties in aqueous solution.?® This is highly unsatisfactory as it prevents us from
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rationally engineering multi-heme proteins for next-generation bionanoelectronics devices.
While early single molecule STM measurements of MHCs were interpreted in terms of in-
elastic and elastic tunneling models, 26 more recent STM tunneling currents were modelled
assuming activated heme-to-heme hopping similarly as for ET in solution.?*?7 Nevertheless,
the latest measurements by Garg et al. on MHC mono-layer junctions showed virtually zero
temperature dependence between 320-80 K, pointing to tunneling as the dominant conduc-
tion mechanism over this temperature range.?? This is an unexpected and highly significant
result because it exceeds the traditional “coherent tunneling limit” for biological electron
transfer (~1.5 nm) by a factor of 2. Here we combine electronic structure calculations with
ultraviolet photo-emission spectroscopy to gain molecular-level insight into the conduction
process.

Ideally, one would compute the electronic states and current-voltage characteristic from
first principles, but so far this has been considered intractable for systems as large as entire
proteins, let alone, proteins between two metal electrodes. Building on recent methodological
advances?® we demonstrate that such calculations are now possible. We report the calcula-
tion of the current-voltage response of a multi-heme protein junction where the electronic
structure of the full protein and both gold electrodes are treated at the DFT+ level of
theory (= 20,000 electrons). To the best of our knowledge, this is the first time that con-
ductance calculations of this kind are reported for systems as large as entire redox protein in
junctions. The calculations are performed on adsorption structure determined by molecular
dynamics (MD) simulations and supported by ultraviolet photoemission spectroscopy (UPS)
measurements which are used to determine the energy level alignment of protein states with
respect to the Fermi-level of the electrodes. We find strong evidence that electronic conduc-
tion is in the off-resonant coherent tunneling regime, mediated by a manifold of valence band
orbitals that are delocalized over heme and protein amino acids and “effectively gating” the
current between the two electrodes.

Experimental current-voltage (I-V') and current-temperature (/-7 curves are available

4

ACS Paragon Plus Environment

Page 4 of 23



Page 5 of 23

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

T T I
0.6 |_Experimental values O
9 | Coherent (Simmons) —
0.4 - Coherent (Landauer) —
Hopping (linear)
0.2 - Hopping (iwo-path) —

0.0 -

76 OO0 ]

0.4 F

Current [uA] @ 300 K
S
N

0.6 C0.05V 17
-0.8 - 841 1 1 | b
10k 34567 8910
12 | | | 1000/T [K™|]
-04 -0.2 0 0.2 0.4
Voltage [V] (a)
24 | K,
w7 kiz 2 k ageV k’@ s
o ” A S v
H k‘“ areV H 72?32 }CR4 ageV
*@, ,,, - N 1 ,,,,,,
reER| || T IR
L ) G 8 (o)
L P L
gV ’/ I¢ L A >|
ac P PR (T T Ee s, ,,; ,,,,, H,,
4 / e Z (i-0)
14 | (1) 4«;6
[ 3 % MR
/ L || MR
| ] (a) L (o)

Figure 1: (a) Current—voltage (I-V') and current-temperature (/-7") curves (inset) for the
tetra-heme protein STC. The experimental data are obtained for a protein monolayer in
vacuum using the suspended nanowire technique.?? Best fits of the experimental data are
shown for incoherent hopping models (b) along a linear chain and (c) along a branched chain
of heme cofactors, as well as for coherent tunneling models according to Simmons (d) and
Landauer (e). Note that the coherent models of Simmons and Landauer predict the same fit
and their curves are on top of each other. p; and pg are the Fermi levels of the left (L) and
right (R) electrode, and « is the symmetry factor of the potential drop. In (b) and (c) kj;
indicate the rate constant for ET from site ¢ to site 7 and 1-4 denote the four heme cofactors.
In (d) L denotes the tunneling length and ¢ the tunneling barrier, and in (e) I' and ¢, are
the width and position, respectively, of the effective conduction channel. See SI for details.

for the tetra-heme protein STC with Cys introduced at site 87 that allows for chemisorption
on a lower Au(111) surface.?* We first analyze the available experimental data by fitting the
measured curves to incoherent and coherent transport models (Fig. 1a) to show the quali-
tative differences between these two limiting charge transport mechanisms. It is well known
that in aqueous solution the ET through STC occurs via incoherent heme-to-heme hopping.

Hence, we investigate the same mechanism for the modelling of electronic conduction. The
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steady-state current at a given voltage was obtained by solving a chemical master equation
assuming nearest-neighbour hopping. 3116 The heme-heme hopping rate constants and the
interfacial ET rates from/to the electrodes are calculated using the non-adiabatic Marcus

2930 where the voltage is assumed to modify only the heme-cofactor redox po-

expressions
tentials. Two possible adsorption geometries of the protein were investigated — a ’standing’
structure where the four-heme chain connects the two electrodes (Fig. 1b), as suggested in
our earlier work,?? and a ’'lying’ structure, motivated by the adsorption geometry discussed
below in this work, with two potential hopping pathways (see Fig. 1c). Further details on the
incoherent hopping model and the fitting parameters are given in the Supporting Information
(SI). Although it is possible to fit the I-V and I-T" curves separately with two different sets
of fit parameters, we find that neither of the two hopping models can capture both curves
with a single set of fit parameters (Fig. 1a). A good fit of the I-V curve (indicated in yellow
and red in Fig. la for the two models) gives a too strong temperature dependence (inset),
whereas a good fit of the I-T curve requires very small reorganization free energies of less
than 0.1 eV and gives a qualitatively wrong shape of the I-V curve.

In contrast to incoherent models, fully coherent electron tunnelling does not a prior: ex-
hibit any temperature dependence (apart from that of the Fermi-Dirac distribution function)
and therefore this mechanism seems to be more appropriate to explain the measured data
in the STC junction. Here, we modeled the I-V curves by the popular Simmons model,?!
assuming electron tunneling between the two electrodes through a single potential barrier,
and by the Landauer model with one effective conduction channel.??33 Both models repro-
duce the I-V curves very well (R?>0.99, see SI for model details and values of the fitting
parameters). Therefore, we conclude that the conduction is well described by standard co-
herent tunneling models. To obtain a deeper, molecular-level insight into the conduction
process we will identify in the following the molecular orbital(s) of the STC protein and the

structural features (Fe, heme, amino acids) that contribute to the current via explicit elec-

tronic structure calculations on the full Gold-STC-Gold junction. This requires an atomistic
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Figure 2: Adsorption structures of STC on Au(111) as obtained from docking and MD
simulation. In (a) the largest distance of any protein atom in the surface-normal direction
is plotted against adsorption energy for generated samples. The structures can be clustered
in two distinct adsorption geometries, "lying’ and ’standing’ (red distributions with pointed
representative structures). The experimental range and mean value of mono-layer thickness
is indicated in (a) by shaded area and the blue line, respectively. In (b) the ’lying’ structure
indicated by an arrow in panel (a) is shown after the top electrode contact is added. The
protein is chemisorbed to the bottom contact via Cys-87 and physisorbed to the top electrode.
The heme cofactors are show in red and secondary structure elements of STC in cartoon
representation.

structural model of the junction.

Since I-V measurements®? were carried out in vacuum (107° bar), we first verified using
molecular dynamics (MD) simulation that the STC protein remains folded and stable under
these conditions. Indeed, the RMSD remained rather small, 1.5 A with respect to the crystal
structure, along a trajectory of length 40 ns. The robust secondary structure is a result of
strong covalent binding of the rigid heme cofactors to the protein matrix via cysteine linkages
and of axial coordination of the heme iron cations to two proximal histidines.

The adsorption of the S87C mutant on Au(111) surface, which is the predominant ori-

entation of the polycrystalline Au thin films, was simulated by the GolP-CHARMM force
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field 3435 capturing the image charge effects and providing thus fairly good adsorption struc-
tures and energies.3¢ The adsorption structures generated could be clustered in two groups
— the ’standing’ configuration where the heme chain is orthogonal to the gold surface, and
the ’lying’ configuration where the heme-chain is parallel to the surface (Fig 2a). From
these, only the lying structures are within the experimental range 2.4+0.5 nm of mono-layer
thickness?? (blue area in Fig 2a). Therefore, we chose the horizontal structure with the
smallest RMSD (2.3 A compared to STC crystal structure; indicated by an arrow in Fig 2a),
which also turned out to have one of the highest adsorption energies. This structure was
chemisorbed to the surface by specifying a covalent interaction between the sulfur atom of
Cys-87 and gold using the Au-S covalent interaction parameters fitted previously to vdW-
DF calculations.?® To complete the structural model of the junction, the top contact was
placed at close contact with the upper protein surface. After protein relaxation, the distance
between the two electrodes was varied until the local pressure tensor in the protein region
integrated to zero.3” The final electrode separation obtained was 2.7 nm in good agreement
with experimental measurements, 2.4 + 0.5nm.?? In the final protein structure (shown in
Fig. 2b) hemes 2 and 3 are in proximity with the bottom contact, whereas hemes 1 and 4
are close to the upper contact, thus forming a bifurcated heme path between the electrodes.
This structure was used for electronic structure and I-V calculations at DFT+X level, as
detailed below.

The electronic structure calculations on the full Gold-STC-Gold model junction were per-
formed with the CP2K software package using the PBE functional, GTH pseudopotentials
and the DZVP basis set3¥ 4, The electronic states obtained from KS calculations were local-
ized on protein and gold electrodes and diagonalized within the respective subspaces using
the projector operator-based diabatization method (POD).?® Although the PBE functional
can describe metallic states of gold rather well, it suffers from an inaccurate band alignment
of the protein energy levels, €p;, with respect to the Fermi level of the electrode, Er. Here

we use the DFT+Y method '3 to correct for this deficiency (see SI for details). This results
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36 (b) Constant final state yield (CFS) plots at E = 0.3 eV for STC on Au and for clean Au
37 films. The latter shows an almost constant feature due to the Au sp band in the 0 to 2 eV
gg range. In contrast, the CFS plot of STC shows an onset at 1.2 eV due to the photoemission
40 from STC, where the onset energy is determined from the intersection of the two straight
41 lines, drawn on the CFS plot, one for the Au sp levels and one for the protein levels. (c)
42 Projected density of states (PDOS) of STC near the Fermi level Er. The states were obtained
43 from Kohn-Sham DFT calculations and localized on protein and gold electrodes using the
Zg projector operator-based diabatization method (POD). The orbital energy of the POD states
46 were shifted using a computed ¥ correction (see main text and SI for details).

47

23 in a shift of the occupied protein energy levels by 1.2 eV downwards, ex, (occupied) = ep;
g? (occupied) -1.2 eV, placing the protein HOMO at -1.2 eV with respect to Fermi level. The
gg unoccupied protein levels are shifted upwards by 1.4 eV, es; (unoccupied) = ep; (unoccu-
gg pied) 4+ 1.4 eV, placing the protein LUMO at +1.4 eV with respect to Fermi level. Although
56
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one cannot expect DFT+X to be quantitative in general,** the predicted HOMO alignment
is for the present system in good very agreement with ultraviolet photoelectron spectroscopy
(UPS) and constant final state (CFS) yield spectroscopy measurements performed on the
STC/Gold interface (see Fig. 3a, 3b and SI for experimental details).

The electronic structure of the Gold-STC-Gold junction as obtained from DFT+X cal-
culations is shown in Fig. 3c. The total projected density of states is broken down in
contributions from Fe atoms (denoted “Iron”), the porphyrine rings and axial histidines lig-
ating Fe (collectively denoted “Heme”), all amino acid residues except the axial histidines
(denoted “Protein”) and gold. We find that the highest valence band states of the protein
gives rise to three distinct peaks between —1.2 and —1.8 eV and correspond to Fe d ty, states
hybridized with orbitals from the porphyrine ring, the axial histidines and partly also on the
cysteine linkages of the heme cofactors. Some of these states are localized on a single heme
while others are delocalized over up to all 4 heme groups of STC. The iron band is mixed
with the highest protein amino-acid electronic states localized on Met-67 (-1.3 €V) in the
middle of the junction, Asp-81 (-1.4 eV) near the upper gold surface, and N-terminal acetyl
(-1.4 eV), Ser-37 (-1.4 eV) and Gly-70 (-1.5 €V), which are amino acids physisorbed on the
bottom gold surface. Having characterized the PDOS, we are now in a position to calculate
the Landauer current and to interpret the measured electronic transport behaviour of STC
at an atomistic level of detail.

In the Landauer-Biittiker formalism, the tunnelling current, I, is obtained as an integral

of the transmission function T'(F) over the Fermi window for a given applied voltage, V|

1V) = = [ T(B) [fu(B.V) = fa(E, V)] dE 1)

where F is the energy of the tunneling electron and fy;, M = {L, R} are the Fermi-Dirac

distributions on the left (L) and right (R) electrode, respectively. The calculation of the full
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(“all-to-all”) transmission function
T(E) = Tow(E) =T [W(E)GH(E)I(E)G(E)] (2)

with G® being the Green’s function of the bridge (i.e. protein) and ™) minus twice the
imaginary part of the self energy, is currently still unfeasible for systems as large as protein
junctions. Here, we adopt the commonly used Breit-Wigner (BW) approximation to the full

transmission function Eq. 2,

r$(E) + 180(B)] (3)

J J

;M) are the diagonal elements of M) in the protein eigenstate basis, i.e. the protein
@)

J

where I’
MOs that diagonalize the electronic Hamiltonian of the protein subspace, ( are also re-
ferred to as spectral density functions), and ex; the corresponding Y-corrected energy levels
of the protein, as before. The spectral density functions are defined as Fg-M)(E) =27 Zév M
‘[]:I MPlgi ‘2 d(E—enr,) where H, éf}/[) are the electronic coupling matrix elements between eigen-
state j of the protein subspace and eigenstate g of the subspace of electrode M, and p*)
is the density of states of electrode M. The electronic couplings are obtained from POD as
the off-diagonal elements between protein and electrode subblocks.

The BW approximation Eq. 3 can be formerly derived from the full transmission function
Eq. 2 if one assumes that (i) all off-diagonal elements of the self energy matrix in the protein
eigenstate basis are zero and (ii) the real part of the self energy is small compared to E — ey,
(see section S4.1 in the SI for an explicit derivation). Therefore, quantum interference is
not accounted for in our calculations, though we expect this effect to be relatively small for
the present system. We investigated the accuracy of the BW approximation by considering
a simple model of the bridge with N protein eigenstates coupled to the two electrodes

with parameters characteristic for the STC protein (see SI section S4.2). We find that the

transmission function obtained in the BW approximation Eq. 3 gives fairly accurate results
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Figure 4: Calculated I-V curves for the Au-STC-Au junction shown in Fig. 2b. The currents
are computed within the Landauer formalism Eq. 1 in combination with the independent level
or Breit-Wigner approximation using all-QM calculations on the entire junction, specifically
projection operator-based diabatization (POD) and DFT(PBE)+X (red line). The estimated
experimental current per STC protein is shown in black lines. Assuming that the device
contains 10 active protein contacts, the current per protein was obtained by dividing the as-
measured current shown in Fig. 1a by a factor of 10. The likely error bar for this estimate is
shown in shaded gray corresponding to 1-100 active protein contacts in the device. The I-V
curve obtained with DFT(PBE), i.e. without ¥ correction, is shown in blue. /-V curves for
modified STC structures with Fe atoms replaced by 2 H atoms (green dashed) and without
protein amino acids(purple) are shown for comparison.

in this parameter regime when compared to the full transmission matrix Eq. 2 (see Fig. S6).
Hence, we expect the BW approximation to provide a fairly good description for STC.

The results of the current calculations within the BW approximation are summarized in
Fig. 4. We find that the computed I-V curve (red line) is in excellent agreement with the
experimental data (black line), matching both the shape and the magnitude of the current
response. Importantly, the transport is in the off-resonant regime because all occupied
protein states are at energies lower than —1.2eV and outside the Fermi window opened
by the experimental voltage range (0.5 V) and so are the unoccupied states. Hence, the
current increases smoothly with voltage and does not contain any resonant peaks. As the
transmission function is flat in the Fermi window the current response to the applied voltage
is practically linear.

We have carried out similar calculations for an number of different protein adsorption
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structures in the “lying” orientation (see Figure 2a) and find that the current is not very
sensitive with respect to the particular structure used, at most a factor of 3 difference at 0.5
V, see the following section for a possible explanation. Moreover, the protein is covalently
attached to the bottom contact and locked between the electrodes which restricts thermal
motion. For these reasons we expect that extensive thermal averaging of the current-voltage
response over protein structures - currently computationally intractable - will not change
the current-voltage response in a major way. We also carried out calculations where the
electronic response of the orbitals on the applied voltage was included and found that this
had a rather negligible effect on the current (factor of 1.01 at 0.5 V).

To explore how the current-voltage curve would look like in the resonant regime, we shift
all occupied protein levels upwards by 1.2 eV so that the protein HOMO is aligned with
the Fermi-levels of the electrode at zero voltage. The shape of the I-V curve is now rather
different (Fig. 4, blue line). The resonant molecular states give rise to a rapid increase in
the current for small voltages, as one would expect, and there is another stronger increase
at about 0.4 V. We assume that in this “artificial gating” experiment the transport still
remains coherent, which may not always be the case in practice. For instance, in recent
experiments on single molecule junctions it was shown that resonant transport can involve
charging/discharging events of the molecule®®, which is not taken into account in the Lan-
dauer formalism used here. These non-linear responses, induced by the shifted valence band
peaks of the protein within the Fermi window, are not seen in experiment and a further
confirmation that electron transport is indeed in the off-resonant tunneling regime.

Which protein states mediate the tunneling current? To answer this question we plot in
Fig. 5a the contribution of each protein state to the total current at a voltage of 0.5 V (gray)
as well as the accumulated sum (black line). The corresponding projected density of states is
shown as well. We find that the current is the result of many small contributions originating
from protein and heme states at energies between about -8 and -2 eV. These states are

typically delocalized over two or three heme cofactors that bridge the two electrodes (20—
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Figure 5: Breakdown of the total current in contributions from molecular orbitals of the
STC protein. In (a) the differential current contributions log [(dI/dE)/I] (grey) to the total
current [ _(dI/dE')/IdE' (black) are shown for all molecular orbitals. The orbitals are
the same as the ones used for the current calculation in Fig. 4 (i.e. obtained from POD
calculation in combination with DFT(PBE)+X) and are shown relative to Fermi level of
the electrodes at zero voltage. The corresponding projected density of states (PDOS) is
shown as well and broken down in contributions from gold, protein amino acids, heme and
iron. In (b) the molecular orbital with the highest contribution to the current (marked by
an orange arrow in panel (a)) is depicted in orange and green isosurfaces. The two metallic
states in the bottom and top electrodes exhibiting the largest coupling with this molecular
orbital (I'® and I'™) are depicted in blue and pink isosurfaces. The analogous data for the
(hypothetical) resonant tunneling regime where the molecular orbitals are shifted upwards
by 1.2 eV are shown in (c) and (d).

25%) and the protein amino acids (80-75%). As a representative example, we show the
molecular orbital of STC with the largest contribution to the total current, 8.8% (positioned
at -3.0 eV), in Fig. 5b. Interestingly, the highest valence band of the protein composed of
the Fe d ty,-heme orbitals contribute very little to the current, even though these states are
closest in energy to the Fermi window. The reason is that their coupling to the electrode (I'")
and I'™) is much smaller than for the most conductive states since they are mostly localized
on the heme and do not spread over the amino acids that are in van-der Waals contact with
the electrodes. Unoccupied states up to 10 eV above the Fermi level were involved in the
calculations, however, their contribution to the tunnelling current is negligible (see Fig. 5a).
In particular, Fe e,-heme orbitals located at the conduction band edge do not affect the

currents and the conductivity is mediated predominantly by the valence-band states.
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The result obtained from DFT+X calculations - a large number of protein conduction
channels each contributing a small fraction to the total current - is not inconsistent with
the single-channel Landauer model that we used to fit the experimental data. It just means
that for the purpose of fitting the current the large number of protein conduction channels
obtained from DFT+X calculations can be replaced to a good approximation by a single ef-
fective conduction channel. Moreover, we note that the large number of protein conduction
channels renders the current less sensitive to protein thermal fluctuations, which may ex-
plain why the calculated current is rather insensitive with respect to the specific adsorption
structure in the lying orientation.

The situation is strikingly different for the (hypothetical) resonant regime considered
before where all protein states are shifted upwards by 1.2 eV to align with the Fermi level
at zero voltage. The current contributions and projected density of states are shown in
Fig. 5¢c. In this regime, 83% of the current is due to the highest valence band comprised of
Fe d ty,-heme orbitals, typically delocalized over 2-3 hemes, and the contribution of states
delocalized over the amino acids is significantly reduced. The reason is that the constant
shift increases the area under the transmission peak in the Fermi window much more strongly
for the Fe d ¢, valence band states (which become near-resonant after the shift) than for the
states delocalized over the amino acids (which still remain off-resonant after the shift). The
conduction channel with the highest contribution, Fig. 5d, is delocalized mostly on the first
and second hemes (H1 and H2 in Fig. 2b) and partly on H3, hence forming an ideal connection
between the two electrodes. This results in strong and relatively symmetric coupling values
compared to most other conduction channels (I'*) =13.4 meV and '™ =2.0 meV) and gives
rise to a relatively broad transmission peak of significant height (T = 0.45).

To further understand the role of Fe, heme cofactors and protein amino acids in deter-
mining conductance of STC, we calculated the current-voltage curve for two different protein
modifications, all based on the same Gold-STC-Gold structural model used before: (i) the

Fe atom in each heme is replaced by 2 H atoms, (ii) all protein amino acids are removed

15

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

retaining only the Fe-heme cofactors, axial histidines and cysteine linkages. We find that
replacement of Fe has virtually no effect on the current-voltage response (see red vs. dashed
green line in Fig. 4). By contrast, removal of all protein amino acids leads to a significant
drop in the tunneling current by one order of magnitude (purple line). Considering the anal-
ysis of the conduction channels in the unmodified STC protein, this result is not unexpected.
It shows that in the present off-resonant regime, most of the coupling with the electrodes
is due to protein amino acids and that the mixing of the protein states with the Fe-heme
states is not essential. The insignificant role of Fe for conduction is in line with previous
experimental measurements of conductance in Fe-containing and Fe-free cytochrome c.46
Combining temperature-dependent conductance measurements, photo-emission spectro-
scopy (UPS) and large-scale DFT+X calculations, we have uncovered the conduction mech-
anism through solid state multi-heme protein junctions. The data unequivocally rule out
activated hopping and strongly suggest off-resonant coherent tunneling over ~ 3 nanometers
as the dominating conduction mechanism. DFT+3 calculations within the Landauer formal-
ism show that the active transport channels (i.e. MOs of STC) are delocalized over typically
2-3 hemes and strongly mix with orbitals of amino acid residues that are in van-der-Waals
contact with the electrodes. We find that the total current is a collective effect of a few
hundred of such states, each contributing a small fraction. The reason for this is that the
valence band edge of STC is rather deep in energy in the monolayer junctions (< —1.2 eV
with respect to the Fermi energy of the electrodes) giving rise to a flat transmission function
in the Fermi-window for each conduction channel. The same picture may explain previous
single molecule STM measurements for the deca-heme proteins MtrC?® and MtrF.?* How-
ever, the partial protein solvation and the possibly different energy level alignment in those
measurements might tip the balance between this and other mechanisms. While general and
in principle applicable to any protein junction, our computational approach is currently lim-
ited to proteins of no more than about 100-150 residues. Hence, I-V calculations on MtrC

or MtrF similar to the ones presented here for STC are currently still out of reach.
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Our findings imply that the mechanism for electronic conduction through solid MHCs
mono-layers in vacuum is fundamentally different from chemically'® or photochemically !t
induced electron transfer across the same protein in aqueous solution. While the latter pro-
ceeds via consecutive Fe?*/3* hopping mediated by the redox-active Fe d(ty,)-heme orbitals
at the top of the valence band, conduction occurs by a manifold of valence band states de-
localized over heme and protein amino acids. The role of the protein matrix is to augment
the tails of the heme orbitals to increase the electronic coupling with the electrodes: without
such contributions to the coupling, the protein conduction sharply decreases because the
heme edges cannot fully approach the electrodes due to steric hindrance. Our results thus
provide now an explanation for the earlier experimental finding that conduction through
cytochrome ¢ does not require Fe“® whereas iron is mandatory for electron transfer redox
activity. Still, in STC Fe has an important structural role keeping the protein rigid and
preventing unfolding of the main secondary structure motifs when the protein adsorbs on
the metal surface, according to our MD simulations.

Intriguingly, the conduction mechanism changes qualitatively in the resonant regime
where the protein valence-band edge is aligned with the Fermi energy as reported recently for
cytochrome ¢*” and earlier for azurin.“® In this scenario, the electron transport is dominated
by the familiar Fe d(ty,)-heme orbitals that mediate electron hopping in solution, more
specifically by linear combinations thereof with contributions on 2-3 hemes that bridge the
space between the electrodes. Hence, by tuning the energy onset between the protein states
and the electrode work function, which can in principle be done by suitable protein mutations,
surface modifications or application of a gating potential, as reported recently for azurin,*’
one can control the active states for electron transport. Although such modifications might
be, and certainly solid state gating still is, non-trivial in practice, knowledge of the electronic
states and their positions provides useful guidance for control and design of bioelectronic

devices.
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