
This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies.

Tunneling-to-hopping Transition in Multiheme Cytochrome 
Bioelectronic Junctions

Journal: The Journal of Physical Chemistry Letters

Manuscript ID jz-2022-03361v.R1

Manuscript Type: Letter

Date Submitted by the 
Author: n/a

Complete List of Authors: Futera, Zdenek; University of South Bohemia, Faculty of Science
Wu, Xiaojing; University College London, Department of Physics and 
Astronomy
Blumberger, Jochen; University College London, Physics and Astronomy

 

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters



Tunneling–to–hopping Transition in Multiheme

Cytochrome Bioelectronic Junctions

Zdenek Futera,∗,† Xiaojing Wu,‡ and Jochen Blumberger∗,‡

†Faculty of Science, University of South Bohemia, Branisovska 1760, 370 05 Ceske

Budejovice, Czech Republic.

‡University College London, Department of Physics and Astronomy, Gower Street, London

WC1E 6BT, UK.

E-mail: z.futera@prf.jcu.cz; j.blumberger@ucl.ac.uk

Phone: +420 389 036 260 (ZF); ++44 (0)20-7679-4373 (JB)

1

Page 1 of 26

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Abstract

Multiheme cytochromes (MHCs) have attracted much interest for use in nanobioelec-

tronic junctions due to their high electronic conductances. Recent measurements on

dry MHC junctions suggested that a coherent tunneling mechanism is operative over

surprisingly long distances, which challenges our understanding of coherent transport

phenomena. Here we show that this is due to a rather low exponential decay constant

in MHCs (β = 0.2 Å−1) and exceptional robustness of the tunneling current against

unfavorable energy-level offsets at the protein-electrode interface. Aligning the protein

valance band with the Fermi level of the electrode, the transport mechanism changes

from coherent tunneling to incoherent hopping at a protein size of about 7 nm, followed

by a very shallow distance decay of the hopping current. Energy level alignment, which

may be tuned by electrode modification or by applying a gate potential, thus plays a

crucial role in governing the mechanism and efficiency of electron transport.
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Molecular nanobiotechnology is a rapidly growing research field utilizing molecules and

even whole proteins to manufacture accurate biosensors, efficient fuel cells, or biocatalysts.

These applications exploit natural biocompatibility, high selectivity, and enzymatic activity

of suitable proteins. Efficient mediation of electron flow across the protein and between the

protein and metallic contacts is essential.1–4 Therefore, redox-active metalloproteins known

to mediate electron transfer in vivo, such as blue copper proteins and especially cytochromes,

are good candidates for such applications.5–10

Multi-heme cytochromes belong to proteins that are naturally designed to transfer elec-

trons over long distances, from nano to micrometers.11 Structures of these proteins, resolved

by the X-ray diffraction techniques, revealed a unique arrangement of the heme cofactors

into linear and/or branched chains.12–16 The cofactors are covalently bound to the protein

matrix and contain bis-histidine coordinated Fe-hemes in a low-spin state, which is respon-

sible for the redox activity of these proteins. It was shown by computational techniques17–21

and later confirmed experimentally,22–24 that under natural conditions (aqueous solution,

electron transfer initiated by a molecular electron donor, not an electrode) electron transfer

across the protein occurs via incoherent hopping between nearest neighbour heme cofac-

tors.11,25 Computations have predicted heme-to-heme ET rates up to ∼ 109 s−1 in these

proteins,20,26 which was subsequently confirmed by pump-probe transient absorption spec-

troscopy,23,24 and a intrinsic (i.e. protein-limited) electron hopping flux across the protein

of ∼ 105 s−1 for the decaheme cytochromes MtrC, MtrF26 and MtrAB21 and ∼ 106 s−1 for

the tetraheme cytochrome STC.20

In nanobioelectronic applications the natural molecular electron donor and acceptor are

replaced by two metal electrodes and the protein may no longer be fully hydrated but ex-

posed to air or even vacuum. The transport process under these non-native conditions may

be different from the hopping scenario described above.27 Indeed when protein monolayers

of small tetra-heme cytochrome (STC), or deca-heme cytochrome MtrF were probed by the

suspended nanowire technique in vacuum, temperature-independent currents were detected,
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in contrast with predictions of thermally-activated hopping models. Therefore, coherent tun-

neling was suggested as the electron transport mechanism in these junctions. However, the

high magnitudes of the measured currents are rather exceptional, pointing to the potentially

unusual electronic properties of multi-heme cytochromes. For example, tunneling currents in

STC junctions were observed to be three orders of magnitude greater than in Azurin, which

is a blue-copper protein of a similar size as STC.10

To obtain further mechanistic insight, it would be desirable to study charge transport in

MHC junctions by direct charge propagation using non-adiabatic molecular dynamics tech-

niques,28 or analyzed by sophisticated models capturing, for example, quantum interference

effects, charge carrier generation and recombination, or their incoherent scattering on defects

and lattice vibrations.29,30 However, these methods are typically very computationally de-

manding and currently not applicable on the extended heterogeneous bio/metallic interfaces

like protein junctions. Recently, we have established a computational protocol for coherent

tunneling current calculation in protein junctions based on the Landauer-Büttiker formal-

ism in combination with DFT+Σ method.31 Application of this methodology to Au-STC-Au

junctions provided I-V curves in excellent agreement with the measurements by Cahen and

co-workers10 giving further support to the view that transport in these junction occurs via

coherent tunneling. Our DFT+Σ calculations showed that the currents are facilitated by

a large number of valence-band states of the STC protein due to a significant offset (∼1.2

eV) between the protein states and the electrode Fermi level resulting in an off-resonant

tunneling regime. Interestingly, the contribution of Fe-states to the current was found to

be minor, which is in stark contrast to electron hopping in solutions where the charge is

localized on the iron centers and first shell ligands.32,33

In this work we investigate one fundamental question: given that transport occurs by

coherent tunneling in small multi-heme protein junctions, how is it possible then that larger

multi-heme proteins and their complexes and wires conduct electrons over 100 nm – 1 µm-

long junctions in experiment.15,34 On this length scale any coherent transport must have fully

4

Page 4 of 26

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



decayed. Our hypothesis is that there must be a critical distance where the exponentially

decaying coherent tunneling crosses over into hopping. The latter has a more shallow poly-

nomial decay and is expected to support transport over far greater distances than coherent

tunneling. In fact, such cross-over was experimentally observed for hole-transfer along stacks

of DNA base pairs35 and, more recently and relevant to the current study, in junctions made

of π-conjugated oligomers.36 Does such a cross-over also occur in multi-heme junctions? If

so, at which protein length/electrode separation? And how do other parameters such as

the alignment between protein electronic states and electrode Fermi level, or the density of

states affect this crossover?

To answer these fundamental questions, we present herein large-scale, all-QM DFT-level

conductance calculations for dry STC junction models in different protein orientations, and

combine them with experimental conductance data10 for dry protein monolayer junctions to

predict the exponential distance decay of the tunneling current for these proteins. We also

calculate the heme-to-heme hopping current for these junctions and their distance depen-

dence. Remarkably, we find that under the experimental conditions hopping is not compet-

itive with tunneling because of the large mismatch between the top of the protein valence

band (highest occupied molecular orbital, HOMO) and the Fermi level of the electrodes

used in experiment (1.2 eV). This results in very small metal-to-heme electron hole injection

rate constants, whilst the effect of the energetic mismatch on the tunneling current is much

smaller in comparison. If this energy mismatch is removed (e.g. by application of a gate

voltage or use of different electrode materials with better energy level alignment), hopping

transport is predicted to dominate over tunneling for distances exceeding ∼7 nm.

Atomistic models of gold STC junctions were prepared for conditions similar to those used

in the experimental measurements of Cahen and co-workers (vacuum at 10−5 bar).10 In the

previous work31 we used the S87C mutant of the X-ray crystal structure of STC (taken from

the PDB database, code 1M1Q12), relaxed it in vacuum where all solvent water molecules

were removed and three structural water molecules within the protein were retained, and
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adsorbed on the flat gold (111) surface using the polarizable GolP-CHARMM force field.37–39

We generated 144 adsorption structures of STC on Au(111) and found that they can be

generally classified as “lying” or “standing” configurations.31 In this work, we select the

two energetically most favorable of each of the two motifs, further referred as L1, L2, S1,

and S2, were selected for further MD simulations. Following the experimental setup, we

chemically attach those 4 structures to the gold surface by Cys87 sulfur10,31 and the second

gold surface was added to form the junctions. The distance between the two gold slabs was

then slowly shortened while monitoring the internal protein pressure40,41 to optimize the

junction widths (see SI for details). The obtained pressure curves are shown in Figure 1

together with the final geometries of the four STC junctions. While the “lying” junction

widths (26.8 Å and 28.1 Å for L1 and L2) are within the error bar of the experimental

monolayer widths, 24 ± 5 Å (indicated by the blue regions in the Figure 1 plots), the two

“standing” structures have considerably larger electrode separation distances (40.5 Å and

36.3 Å for S1 and S2). The protein secondary structure elements are stable in all four STC

configurations except an α-helix which is in contact with electrode.

Considering the heme-cofactor arrangement in the STC junctions, the “standing” struc-

tures S1 and S2 form connections resembling the molecular wires where the protein is in

contact with each electrode surface by one heme only. However, as can be seen from the

corresponding pressure profiles with varying distance (Figure 1c and 1d), these structures are

metastable and may, on a time scale much longer than the current MD simulations, further

relax into the energetically most favorable “lying” configuration, especially at higher external

pressures. In the L1 and L2 structures, STC is firmly inserted between the two electrodes.

The orientation is such that the two terminal hemes 1 and 4 are in close proximity with one

electrode and hemes 2 and 3, located in the middle of the protein, are in close proximity

with the other electrode. Such configuration suggests a bifurcated electronic charge trans-

port through the protein, as we explored in detail in our recent study of the L1 junction.31

Nevertheless, the heme 4 near the C-terminus in L2 is relatively far from the surface (heme

6
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Figure 1: Structures of Au-STC-Au junctions. Calculated profile of the internal protein
pressure as a function of electrode separation distance (left) and atomistic structures of the
junctions (right) with heme cofactors highlighted in red color and gold atoms represented
as orange spheres. The electrode–electrode separation distance, marked in the graphs by
vertical thick black lines, are (a) 26.8 Å and (b) 28.1 Å for the two lying structures L1 and
L2 and (c) 40.5 Å and (d) 36.3 Å for the two standing structures S1 and S2. Dashed vertical
lines in the graphs mark distances with the internal protein pressure close to zero while the
blue regions indicate experimental STC monolayer width.10

edge to gold distance 9.4 Å compared to 4.4 Å in L1) and the C-terminal α-helix, which is

unfolded in the dry STC structures, is fully adsorbed to the surface in contrast to the L1

structure where it forms a link between the two electrodes (compare Figure 1a and 1b).

Next, we calculated the tunneling current from the DFT electronic structure data for

STC in the all-reduced state. We use the Landauer-Büttiker formalism where the current

is obtained by integrating the transmission function over the Fermi window at a given bias

7
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potential,

I(V ) =
e

πℏ

∫
T (E) [fL(E, V )− fR(E, V )] dE. (1)

The Fermi-Dirac distributions fM , M = {L,R} on the left (L) and right (R) electrodes,

respectively, determine the state occupation for the tunneling energy E and the bias po-

tential V . The transmission function was obtained in the Breit-Wigner approximation of

independent conduction channels

T (E) =
∑

j∈protein

Γ
(L)
j (E)Γ

(R)
j (E)

[E − ϵΣj
]2 + [Γ

(L)
j (E) + Γ

(R)
j (E)]2/4

(2)

The spectral density functions Γ
(M)
j of molecular states j are computed from the electronic

coupling elements [HMP ]mj between the protein (P ) states j and the electrode (M) states

m, and weighted by the metallic density of states ρM ,

Γ
(M)
j (E) = 2π

[
|[HMP ]mj|2ρM(ϵM,m)

]
ϵM,m=E

(3)

The electronic structure of the protein junctions were computed at the DFT level of

theory using the PBE functional,42 the DZVP basis set and GTH pseudopotentials,43 as

implemented in the CP2K software package.44 The Kohn–Sham states were localized on the

protein and the left and right electrodes using the projector operator based diabatization

(POD) approach.31,45 The band alignment of protein electronic states with respect to the

electrode Fermi level was corrected using the DFT+Σ approach46,47 resulting in protein-

corrected energy levels ϵΣj
. After correction, the top of the protein valence band of the

oxidized protein was at 1.2 eV below the Fermi level Ef of the gold, in good agreement with

ultraviolet photoelectron spectroscopy (UPS) measurements.31 The same occupied-state shift

was applied to all the reduced junctions while the computed unoccupied-state corrections

were used. Electronic coupling matrix elements between the protein and metallic states,

[HMP ]mj, are contained in the off-diagonal block obtained after POD diabatization and are
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used to construct the spectral density functions (Equation 3) needed for the transport calcu-

lations. POD electronic couplings were shown to give similar results as other diabatization

schemes, e.g., CDFT.48,49 Further details of the calculations are given in the SI.

The computed currents are shown in Figure 2 together with the transmission function

in the Fermi window energy region. In experimental UPS measurements the top of the

valence band of STC was shown to be 1.2 eV below the Fermi level of the electrode,31 in a

good agreement with our DFT+Σ calculations. In this off-resonant tunneling regime, the

transmission function is practically flat in the Fermi window and the corresponding current-

voltage (I-V ) curves are linear within the ±0.5 V range of the applied bias potential, for

all four structures. The current magnitude decays with the junction width, dropping from

18.5 nA at 0.5 V for the “lying” structure L1 of width 26.8 Å to 1.5 nA for the “standing”

structure S1 of width 40.5 Å. The computed distance dependence of tunneling current is

plotted in Figure 3, where we also added experimental data for junctions of STC,10 for

MtrF10,50 and MtrC51 covering tunneling distances up to 5 nm. The combined computed

and experimental data fit very well to a single exponential decay, I ∝ Ae−βr, with a decay

constant β = 0.20 Å−1 (R2 = 0.99). For the experimental data set only, β = 0.22 Å−1 (R2

= 0.99), while for the computed data only we obtained slightly smaller β = 0.17 Å−1 (R2 =

0.95).

The offset of the protein valence band edge with respect to the Fermi level (Ef ) depends,

of course, on the electrode material, its crystallinity, the exposed surface facet, the degree

of oxidation or passivation, among many other factors. Moreover, in certain experimental

setups, e.g. electrochemical STM, the offset can be controlled by application of a gate

potential. Hence, it is of interest to understand how the I-V response changes upon moving

the protein valence band edge closer to the electrode Fermi level. In this case the heme

levels come close to or insert between the Fermi levels of the electrodes, a situation that

can lead to charging of the protein and/or a change in the transport mechanism. Moreover,

the Kohn-Sham DFT based on the single-determinant representation of the wavefunction
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Figure 2: Calculated I-V curves for the L1, L2, S1 and S2 junction structures in (a) off-
resonant tunneling regime with band alignment estimated by DFT+Σ and in (b) hypothetical
resonant regime where the protein valenced-band edge is aligned with the electrode Fermi
energy. Corresponding transmission functions for both tunneling regimes are shown in panels
(c) and (d), respectively. The Fermi window corresponding to bias potential ±0.5 V is shown
in green. The experimental I-V curve (black) is obtained from the data reported in Ref.
10. Assuming 10 STC protein contacts per junction, the measured current was divided by
factor 10. The area shown in grey represents the corresponding uncertainty, 1–100 protein
contacts.

may no longer be appropriate for the resonant cases, where a multi-reference description

may be required.52 However, such methods are computationally demanding and impractical

for systems as large as protein junctions. With these caveats in mind we calculate here

the coherent tunneling current for the resonant case where the protein HOMO, representing

the valence band maximum of the fully-reduced STC, is aligned with Ef . The obtained

I-V curves and the corresponding transmission functions are shown in Figure 2b and 2d,

respectively.

Now, the transmission function exhibits a series of peaks (Figure 2d for L1) – the largest

peak has a peak height ∼0.03 and is located 0.03 eV below the Fermi level. This peak

corresponds to iron t2g states which become the dominant conduction channels in this regime.
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Figure 3: Distance decay of coherent tunneling currents in MHC junctions. The joint set of
calculated log currents (STC in L1, L2, S1 and S2 orientation, Equation 1–3, circles) and
experimental log currents (STC, triangle10 – measured current divided by 10 assuming 10
protein contacts per junction; MtrF, pentagon10 – measured current divided by 5 assuming
5 protein contact per junction; MtrF, square50 – single protein measurements; MtrC, dia-
mond51 – single protein STM) at 0.5 V bias are fit to linear regressions (solid blue). Fits to
calculated data only (blue dashed) and experimental data only (blue dotted) are also shown.
Corresponding exponential decay coefficients β (defined by I∝e−βr) are summarized in Ta-
ble S2 in the SI. Data for hypothetical resonant tunneling is shown in red (calculation only).

The resulting I-V curve exhibits rapid increase in a low potential region. The peaks down to

about -0.3 eV also originate from iron states of the heme cofactors, however, their energies

are beyond the considered Fermi window and they don’t affect the current curve in the

±0.5 V potential range. The structure L2, although it has a similar size as the structure L1,

is less favorably adsorbed to the gold electrodes preventing larger effects of the iron states

on the conductance because of their small coupling with the electrode states. Only one

narrow peak at 0.2 eV below Ef is observed which does not affect the smooth shape of the

I-V curve. In the wider S1 and S2 junctions, the iron states do not practically contribute

to the conduction channels at all. Overall, the current decay with STC-junction width is

similar both in the resonant and off-resonant tunneling regime (β = 0.19 Å−1 and 0.17 Å−1,

respectively).

In the coherent tunneling mechanism that is characteristic for single protein STC junc-
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tions, the tunneling electrons transiently occupy delocalized protein states (termed con-

ductions channels) that connect the two electrodes. For an illustration of the conduction

channels that contribute most to the current in the STC L1 orientation, we refer to Ref. 31

(Figure S9). However, considering junctions made of larger proteins or stacked protein com-

plexes the efficiency of the coherent transport decays exponentially. For instance, adopting

the exponential decay constant from above, β = 0.20 Å−1, and assuming a typical volt-

age of 0.5 V, the current is predicted to become vanishingly small, < 10−14 A for distances

> 10 nm. Yet, the multi-heme cytochromes are known to transfer electrons over micrometer-

long distances when they are suitably packed,5,7,15,34,53,54 suggesting that at a certain critical

distance coherent tunneling crosses over to incoherent heme-to-heme hopping.

As recent transport measurements on MtrF were interpreted in terms of coherent tun-

neling models, the critical crossover distance can be expected to be in excess of the size of

this protein, > 5 nm. Thus we consider junctions made of multiple STC proteins, where

one STC is stacked on top of another, see Figure 4a, and calculate the incoherent current

due to sequential heme-to-heme hopping as a function of the number of STC repeat units

in the junction. The optimized S2 structure of STC is used as a basic protein repeat unit.

The structure of the STC stack is modelled to reproduce the ABAB. . . stacking pattern

and the inter-protein heme-to-heme distances found in the X-ray structure of STC protein

crystals.54 Heme 1 is coupled to the right (R) electrode and heme 4 to the left (L) electrode

as indicated in Figure S8 in SI. The states i = 2, 3 do not interact directly with the R, L

electrodes, however, they exchange electrons with their nearest heme neighbours. The rate

equation for the electron population of heme 1, P1, is then

dP1

dt
= (k1L + k12P2) (1− P1)− (kL1 + k21(1− P2))P1 (4)

and similarly for the other hemes. The resulting set of coupled rate equations (i.e., classical

Master equation) is solved iteratively to obtain the steady state flux and the current across
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the junction, as explained in detail in the SI.

The heme-to-heme electron transfer rate constant were calculated using the non-adiabatic

Marcus formula,

kij =
2π

ℏ
〈
|Hij|2

〉 1√
4πλijkBT

exp

(
−(λij +∆Gij)

2

4λijkBT

)
(5)

where Hij are electronic coupling elements obtained from POD calculation, λij are the re-

organization free energies for heme-to-heme ET in vacuum, obtained by MD simulations,

and the ET free energy difference or driving forces, ∆Gij = e(ϵj − ϵi) are obtained as the

difference of experimentally determined heme reduction potentials while taking into account

the potential drop due to the bias voltage. Positions of the heme-cofactor reduction poten-

tials in vacuum STC structure on the gold interface were estimated from the electronic band

alignment obtained by DFT calculations. The interfacial electron transfer rates from metal

to heme i, kiM (i = 1 or 4), are calculated using the Marcus–Hush–Chidsey expression,

kiM =
Γ

ℏ

√
kBT

4πλi

∫ ∞

−∞
exp

[
−
(
x− λi + e(µM − ϵi)

kBT

)2
kBT

4λi

]
/ [1 + exp(x)] dx (6)

For the reverse direction, kMi, the same expression is used with the sign of the term e(µM−ϵi)

multiplied with -1. The interfacial electronic couplings are between the HOMO of the Fe2+

heme i (1 or 4) and the metal electronic state. In the above equation we considered the

couplings to be energy independent (i.e., wide band approximation) and take an average

value suitably weighted with the density of electronic states, ρ

Γ = 2π
〈
|HiM |2ρ

〉
(7)

Specific details of the calculation of all ET parameters can be found in SI.

The computed distance dependencies of the incoherent hopping and coherent tunneling

currents are shown in Figure 4b (blue lines). For the single STC junction (structure S2,
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3.6 nm) the hopping current (dashed blue) is more than 10 orders of magnitude smaller than

the coherent tunneling current (solid blue) showing that the hopping can be safely ruled

out, in accord with the experimental observation that the current is close to temperature-

independent. The hopping current is strongly limited by the very slow electron transfer from

the heme redox cofactor 1 to the metal electrode, with a rate constant of 33.8 s−1 (that is, or-

ders of magnitude smaller than the micro to nanosecond rates for heme-to-heme ET in STC).

The reason for this is the major energy level mismatch between the Fe2+/Fe3+ redox levels of

the hemes and the Fermi level of the electrodes, about 0.8 eV at zero voltage (see Figure S8a

in SI obtained from the energy level offset from photoemission measurements, 1.2 eV, mi-

nus the computed reorganization free energy for heme oxidation in vacuum, 0.4 eV, see SI

for details), resulting in a very small Franck-Condon factor for heterogeneous ET (integral

over density over states in Equation 6). Hopping conduction starts to become competitive

with coherent tunneling only at extremely long distances (> 20 nm) corresponding to chains

made of 6 STC proteins. However, this crossover cannot be observed because the current

magnitudes at this point are vanishingly small and cannot be detected.

The mismatch between protein redox levels and the electrode Fermi levels could be re-

duced in many ways, e.g. facet engineering, surface modifications, use of different electrode

materials with different work functions or the application of a gate potential, as often uti-

lized in nanoelectronic devices. Therefore, we model also the limiting case where heme 1

is aligned with the gold-electrode Fermi level under zero-bias conditions. The heme redox

levels for this condition and at a bias potential of 0.5 V is illustrated in Figure S8b in SI. For

the single STC junction (S2 structure, 3.6 nm) the hopping current (∼ 10−10 A, red dashed

line) is now much closer to, though still appreciably smaller than the coherent tunneling

current (∼ 10−8 A, red solid line).

Yet, for stacks of 2 STC proteins (∼7 nm) the hopping current is about as large as

the tunneling current. For longer stacks, hopping rapidly becomes the dominant transport

mechanism owing to the shallower distance decay (∝ 1/r0.98, R2 = 0.95). Extrapolating the
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Figure 4: (a) Model of Gold-(STC)3-Gold junction based on the S2 single protein junction
with STC–STC protein alignment taken from the STC protein crystal structure.54 Hemes
I, II, III, and IV are highlighted in red, yellow, blue, and green, respectively. (b) Predicted
distance decay of electronic currents through stacked STC junctions. The computed hopping
currents Ihop are shown in circles, with specified number of the stacked STC units, and fit
to a polynomial decay, Ihop ∝ r−n (dashed lines). Coherent tunneling currents, Icoh ∝ e−βr,
(solid lines) are taken from Figure 3. Data for the off-resonant regime (protein valence band
maximum located 1.2 eV below Ef ) are shown in blue and data for the hypothetical resonant
regime (protein valence band maximum aligned with Ef ) in red. In shaded blue the range of
exponential decay obtained using computed or experimental data only. Notice the crossover
from coherent tunneling to hopping in the resonant regime at about 7 nm.

fit to even longer distances, we predict that pA currents are sustainable up to ∼ 0.3 µm and

0.3 pA at 1 µm, assuming idealized STC stacks as the one shown in Figure S8 in SI. Hence,

our calculations predict that the level alignment not only affects the efficiency of the charge

transport but also the transport mechanism for conduction.

Interestingly, the shallow exponential distance decay determined here for MHCs (β ≈

0.2 Å−1) is rather similar to the value determined recently by Frisbie and co-workers for

junctions of π-conjugated organic oligomer wires (β = 0.3 Å−1).36 The small decay constant

in MHCs despite significant energy level offset of 1.2 eV cannot be explained by simple tun-

neling models that treat the protein as a structureless insulator as, e.g., in the square barrier

tunneling and Simmons models.55 The latter, derived for tunnelling through insulating me-

dia of general barrier shapes, gives excellent fits to experimental (and computed) I-V data for
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MHCs,10 but the tunneling lengths obtained from these fits (12.2 Å for STC in L1 orienta-

tion31) are unphysical – they are much shorter than the actual protein lengths (26.8 Å). On

the other hand, the I-V curves from experiment and from multi-channel Landauer-Büttiker

DFT+Σ calculations fit very well an effective single-channel Landauer model with physically

meaningful values of 0.56 eV for an effective energy level offset of the conduction channel

with respect to the Fermi level and an effective protein-electronic coupling of 6.2 meV (values

again for STC in L1 orientation from Ref. 31.)

A crossover from coherent tunneling to hopping as predicted here for MHCs has been

reported before, e.g., in the junctions of organic oligomers mentioned above,36 at oligomer

lengths of 4 nm, and for DNA, after 3 base-pairs35 (although in the latter example short

to medium-range transport was later thought to occur via flickering resonance56). The

larger crossover distance predicted here for MHCs, 7 nm, could be due to several reasons

including the slightly lower exponential distance decay, the higher density of electronic states

in proteins and, possibly, smaller hopping rates disfavouring hopping transport. In this

respect, we note that the average density of protein states in the valence band of STC

(84 eV−1) is about a factor of 10 higher than in the oligomer wires studied by Frisbie

(7 eV−1).36 If one evaluates the transmission function for STC for a modified density of

states that corresponds to the one for the oligomer wire above (by taking into account only

every 12th protein electronic state in the sum on the RHS of Eq.2), the coherent tunneling

current drops by about an order of magnitude (while the effect on β is very small). This

decreases the crossover distance from tunneling to hopping to a value that is very similar

to the one observed for the oligomer wires. This implies that the high density of protein

electronic states helps prolong the coherent tunneling regime to distances that exceed the

ones in molecular wires made of small molecules.

In summary, we investigated conductive properties of multi-heme protein junctions be-

tween gold-electrode contacts by large-scale, state-of-the-art DFT calculations and explored

the efficiency of the coherent tunneling and incoherent hopping electron transport mech-

16

Page 16 of 26

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



anisms. Small-tetraheme cytochrome (STC) was used as a model system because of its

relatively small size suitable for the electronic-structure calculations and available experi-

mental electron transport data.10,54 We have shown that the relatively large offset between

protein valence band edge and Fermi energy of the gold electrodes (1.2 eV), together with

strong protein adsorption and sizable protein-electrode electronic couplings, gives rise to a

coherent off-resonant tunneling regime. Under these conditions, the hopping mechanism is

uncompetitive due to the large potential drop at the interface and vanishingly small electron

hole injection rates. These findings are in accord with the experimental observations of the

temperature independent current-voltage response of the single-protein gold junctions that

cannot be explained within the incoherent hopping models.10,31 Importantly, we predict a

crossover of transport mechanism from coherent tunneling to incoherent hopping for MHCs

spanning junction widths > 7 nm, along with temperature-dependent currents, provided that

charge injection and ejection rates at the electrodes are sufficiently fast. This near-resonant

regime should be experimentally accessible by suitable modification of the electrode work

function and/or by gating.
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