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The Role of Structural Order in the Mechanism of Charge
Transport across Tunnel Junctions with Various Iron-Storing

Proteins
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and Christian A. Nijhuis*

In biomolecular electronics, the role of structural order in charge trans-

port (CT) is poorly understood. It has been reported that the metal oxide
cores of protein cages (e.g., iron oxide and ferrihydrite nanoparticles (NPs)
present in ferritin and E2-LFtn, which is E2 protein engineered with an
iron-binding sequence) play an important role in the mechanism of CT. At
the same time, the NP core also plays a major role in the structural integ-
rity of the proteins. This paper describes the role of structural order in CT
across tunnel junctions by comparing three iron-storing proteins. They are
(1) DNA binding protein from starved cells (Dps, diameter (&) =9 nm); (2)
engineered archaeal ferritin (AfFtn-AA, @ =12 nm); and (3) engineered E2
of pyruvate dehydrogenase enzyme complex (E2-LFtn, & = 25 nm). Both
holo-Dps and apo-Dps proteins undergo CT by coherent tunneling because
their globular architecture and relative structural stability provide a coherent
conduction pathway. In contrast, apo-AfFtn-AA forms a disordered structure
across which charges have to tunnel incoherently, but holo-AfFtn-AA retains

1. Introduction

Charge transport (CT) across proteins
immobilized inside tunnel junctions can
be remarkably efficient. However, it is still
unclear what the underlying mechanisms
of CT are or which requirements such
biomolecular junctions have to fulfill to
observe efficient CT."®l For instance, acti-
vation-less conduction of charges over up
to tens of nanometers have been observed
(so-called long-range tunneling) which
cannot be readily explained by estab-
lished models. For this reason, alternative
models have been developed.*>7# The
role of structural order, however, has not
been explicitly addressed but, in general,
proteins inside junctions are assumed to
have ideal tertiary structure. The present

its globular structure and supports coherent tunneling. The large E2-LFtn
always forms disordered structures across which charges incoherently

work seeks to elucidate the role of struc-
tural order in CT across tunnel junctions.

tunnel regardless of the presence of the NP core. These findings highlight Three representatives of iron-storing

the importance of structural order in the mechanism of CT across biomo-

lecular tunnel junctions.

molecules of globular shapes and cage-like
structures are compared: (1) DNA binding
protein from starved (nutrition) cells (Dps,
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diameter (&) = 9 nm),”! (2) engineered archaeal ferritin (AfFtn-
AA, @ =12 nm), and (3) E2 protein engineered with iron-
binding sequence (E2-LFtn, @ = 25 nm)."! Dps is rigid while
AfFtn-AA and E2-LFtn have a large conformational degree of
freedom and, consequently, are expected to be prone to defor-
mation upon immobilization inside junctions. These protein
nanocages have an intrinsic iron storage feature which allows
for the formation of iron oxides in the form of nanoparticles
(NPs). We found that the mechanism of CT across junctions
with Dps is always nearly independent of the temperature (T)
(a signature of coherent tunneling, which is activationless in
nature) regardless of whether the proteins had metal oxide
cores, in contrast to those junctions with apo-AfFtn-AA and
apo-E2-LFtn where CT is dominated by thermally activated CT
(a signature of incoherent tunneling). All holo-protein junc-
tions are dominated by activationless CT. This behavior can be
explained as the apo-Dps retains its globular geometry whilst
the other apo-proteins are not stable, and form disordered
monolayers where charges have to hop between disordered pro-
tein fragments.

The mechanism of CT across biomolecular tunnel junctions
can be divided into coherent and incoherent tunneling. The
tunneling current density (J, in A cm2) for coherent tunneling
decays exponentially with the tunneling distance (d, in nm),
and is described by the general tunneling equation

J=Jee (1)

where f is the tunneling decay coefficient (in nm™) and J, is
the pre-exponential factor. Coherent tunneling is activationless
in nature. In contrast, incoherent tunneling is characterized by
the Arrhenius equation involving over barrier hopping defined
by the activation energy (E,, in meV)

Ea

J=Ae T 2)

where kg is the Boltzmann constant and A is the pre-exponen-
tial factor. In principle, the observed | is a summation of inco-
herent and coherent processes, and the total tunneling current
(Jobs> in A cm™2) can be summarized as

E,
Jabs = Jo eXp(—ﬂd)+AeXp(— kB“T) (3)

Beyond metal oxide cores (iron oxide NPs!213] in this work),
other cofactors (e.g., metal ion,™" small moleculel®7)) can
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play a major role in the mechanism of CT. Junctions with var-
ious holo-proteins show activationless CT with high CT rates,
but the CT mechanism of the same junctions lacking the metal
oxide cores or cofactors changes to thermally activated CT with
relatively low CT rates.01>1018] For example, relatively large cur-
rents flow across junctions of various holo-proteins, including,
halorhodopsin (with retinal and bacterioruberin cofactors),!®!
AfFtn-AA (with iron oxide NPs)"¥! and Az (with Cu(Il) in the
heme group).l®l On the other hand, most apo-protein junctions
including apo-Az,1¥ apo-AfFtn-AA% and apo-halorhodopsin,!®!
are dominated by temperature-dependent CT with lower tun-
neling rates (or current) with respect to their counterparts with
cofactors.'*1611 So far it is still not completely clear why CT
across junctions of holo-proteins is more efficient than CT
along their apo counterparts. Likely, the cofactor can provide
additional tunneling pathways, /13101518 byt potential changes
due to the supramolecular structure (or quaternary structure
of the protein) of the junctions cannot be excluded. This work
establishes the importance of the supramolecular protein struc-
ture in the junctions and how it affects the measured currents.

The mechanism of CT depends on d. For small values of d,
coherent tunneling dominates (with large values of f) while
the CT mechanism changes to incoherent tunneling for large
d (with small values of §).2% This switch in the mechanism
of CT as a function of d has been observed for junctions with
various types of molecular wires with d = 3-4 nm.[?*?2 For
example, Frisbie et al.?% reported coherent tunneling with
B = 3.0 nm™ for junctions with oligophenyleneimine wires
with d < 4 nm, but incoherent hopping with 8 = 0.9 nm™
for d > 4 nm. Intermediate regimes have also been observed
where the value = 0.28-2.0 nm™ is low, yet the mechanism of
CT is activationless.’'8l Han et al.l??l reported three CT regimes
for junctions with bis-thienylbenzene, where CT was activation-
less with = 2.9 nm™ for small d < 8 nm, and with a low =
0.8 nm™ and low E, for d = 8-16 nm, but the CT mechanism
was thermally activated with = 0.015 nm™! for d > 16 nm. In
junctions with AfFtn-AA, the effective value of d can be con-
trolled by changing the Fe-ion loading from 500Fe, where the
ferritins are flattened with a diameter of 3.9 nm, to 4500Fe
loading where AfFtn-AA retains its globular shape with a diam-
eter of 11.0 nm inside the junctions. Here, a transition from
an activationless CT regime with large §=1.30 + 0.02 nm™! to
another activationless regime with a low = 0.28 + 0.01 nm™
occurred at d = 75 nm." In contrast, thermally activated CT
was observed across the junctions of apo-AfFtn-AA.[1)

This work focuses on the role of structural order in biomo-
lecular tunnel junctions of three different types of globular
iron-storing proteins with cage-like structures (Figure 1). We
specifically chose these proteins due to their highly symmetrical
nature to avoid variations in CT rates induced by differences
in protein orientations with respect to the surface normal as
would be the case in asymmetrical proteins. Dps is responsible
for protecting cells against oxidative stress and may sequester
Fe(II) and/or may bind with DNA to prevent oxidative damage
to it. Dps proteins store iron oxide with a capacity of up to 500
Fe ions per cage. The Dps protein used in this study was of
Listeria innocua (Figure 1A) modified to increase the affinity
to nanocarbon materials.?¥l The modification 12-amino acids
modification at the N-terminus of each subunit protrude from

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. PyMOL rendition of A) Dps, B) AfFtn-AA, and C) E2-LFtn drawn
to their relative scales; the double arrows indicate the respective diam-
eters. D) A schematic representation of the Au-linker-holo-Dps//GaO,/
Egaln junction, here “//” represents a van der Waal’s contact and “/”
represents the contact between GaO, and the bulk eutectic metal.

the globular structure. This modification does not influence the
experimental results in this work. It is stable up to 70 °C and
consist of 12 identical subunits that self-assemble into a glob-
ular architecture with an outer diameter of 9 nm with a hollow
cavity of 5 nm.?Yl The iron oxide NPs in Dps likely resembles
that of ferritin due to the existence of only minor differences in
the structures of Dps and ferritin.[?® The ferritin used in this
study is a modified form of ferritin derived from the hyper-
thermophilic archaeon Archaeoglobus fulgidus. The modification
of two amino acids (K150 and R151) to alanines results in the
closed-pore structure AfFtn-AA.2% It consists of 24 identical
subunits that self-assemble to form a symmetrical structure
with an external diameter of 12 nm with an 8 nm wide cavity,
in the presence of a trace amount of divalent metals or ionic
concentration of more than 250 mwm (Figure 1B). In the absence
of iron or divalent metals in solution, the majority of AfFtn-AA
are in the dimeric (2 subunits) form. Adsorption on surfaces
may favor the assembled globular form since it is expected that
a large cage will bind stronger to a surface than a small dimer.
This ferritin is thermostable with a denaturation temperature
of =80 °C and stores up to =5000 Fe ions per cage in the form
of ferrihydrite NPs. The properties are similar to other reported
ferritins.[#-2! Figure 1C shows an E2 protein of globular shape
with a diameter of 25 nm™ and a 12 nm wide cavity. The E2
protein used in this study was derived from the pyruvate dehy-
drogenase multienzyme complex from an extremophile Geoba-
cillus stearothermophilusi®®l and bioengineered with Fe binding
peptides from frog M-mimicking ferritin to from E2-LFtn.[!!
The modified E2-LFtn stores Fe ions in the form of iron oxide
NPs with a maximum of 3000 Fe ions per cage. Depending
on the Fe-loading, AfFtn-AA and E2-LFin flatten upon adsorp-
tion on Au surface with varying degree. The flattening on the
Au surface (pancake-like structures) result from low Fe load-
ings but at high loadings, both AfFtn and E2-LFtn retain their
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globular structures.!™ In contrast, their apo analogues lack the
structural integrity induced by the iron oxide NPs and form dis-
ordered layers of varying degrees with apo-Dps being the most
rigid and E2-LFtn the least. The varied sizes and structural
integrities make these proteins an ideal platform to study the
role of structural order or rigidity in CT in conjunction with the
cofactor. The study gives us new insights into the factors that
determine the mechanism of CT across biomolecular junctions.

2. Results and Discussion

2.1. Description of the Junctions

Figure 1A-C shows the three proteins rendered with PyMOL
and Figure 1D shows a schematic representation of an Au-
linker-Dps//GaO,/EGaln (Egaln is the liquid metal top-elec-
trode which is the eutectic alloy of Ga and In metals in 3:1 ratio
by weight that is widely used to form electrical contacts to mono-
layers).B! All the experimental methods, including junction
fabrication, preparation of the protein solutions, and monolayer
formation, used in this work are described in the Supporting
Information. We prepared the Dps proteinsi?*! (PDB ID 2BJY)
and loaded them with Fe-ions with established methods which
are described in Sections S1 and S2 (Supporting Information).
The Fe-ion content of the Dps in this study was =510 Fe ions
per cage as estimated from transmission electron micros-
copy (TEM). The corresponding TEM images are included in
Section S2 (Supporting Information). The preparation of
AfFtn-AA and E2-LFtn in solution and loading with iron, and
their surface immobilization and characterization, have been
reported before.'% In this work, we used similar methods
to form the Dps monolayers which are briefly discussed here
(see also Section S4, Supporting Information). The proteins
were immobilized on the Au electrode with a “linker” mono-
layer derived from HS(CH,)sCOOH and the carboxylic acid
groups were activated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide. These activated carboxylic acid groups then
react with the amines at the periphery of the proteins to form
amide bonds firmly anchoring the proteins to the Au electrode
(Section S3, Supporting Information).l! The ultra-smooth Au
electrodes were obtained by the standard template-stripping
method as previously reported (Section S4, Supporting Infor-
mation).’ The Dps monolayers were characterized with
atomic force microscopy (AFM; Section S5, Supporting Infor-
mation) and X-ray absorption spectroscopy (Section S6, Sup-
porting Information).

2.2. Characterization of the Dps Monolayers

We characterized the Dps monolayers with tapping-mode
AFM (Section S5, Supporting Information). Figure 2A shows
an AFM image of a bare Au surface with a root-mean-square
(rms) surface roughness of 0.45 nm over an area of 1 x 1 um?,
which is similar to previously reported values for template-
stripped Au surfaces.’3! Figure 2B shows that holo-Dps readily
forms a dense monolayer with a rms roughness of 1.44 nm over
a 1x 1 um? area. The corresponding rms surface roughness of

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. AFM images of A) a bare template-stripped Au substrate (scale bar: 200 nm), B) a dense holo-Dps monolayer (scale bar: 200 nm), and C) a
holo-Dps submonolayer (scale bar: 100 nm). D) Histograms of the holo- and apo-Dps height distributions (dpys arv) obtained from the height profiles;
solid lines represent Gaussian fits to these histograms. E) XAS spectrum of a Dps monolayer recorded at Fe L;,. The solid lines represent fits to the

simulated spectra of Fe!' and Fe''' in O, and Ty states.

the dense AfFtn-AAPY and E2-LFtnl! monolayers with max-
imum Fe-ion loadings of 4800Fe and 3000Fe, respectively, are
2.0 and 2.8 nm. The rms surface roughness increases with
protein size as expected considering the globular nature of
these proteins. To determine the height of immobilized Dps,
we diluted the monolayer by reducing the adsorption time to
30 s allowing us to record AFM images of individual protein.
Figure 2C shows an AFM image of a submonolayer where
individual holo-Dps protein can be seen. We used a similar
procedurel™!? to determine the Gaussian average height of
Dps from the AFM height profiles, dpps apm, of both holo-Dps
and apo-Dps of 5.0 £ 0.1 nm and 4.9 £ 0.2 nm, respectively
(Figure S2, Supporting Information). The comparable size sug-
gests that apo-Dps does not denature or flatten more on the
surface than holo-Dps. The value of dpyapy is significantly
lower than the 9 nm diameter determined by crystallographic

Table 1. Summary of the dagy, derys and the ratio of dagw/derys.

studies,”) dp,s ys, Which suggests that the Dps proteins flatten
to a certain extent upon immobilization regardless of the Fe-ion
loading. We attribute the difference in dpys apm and dpyg erys to
the loss of water molecules*>% (since our AFM measurements
were carried out in air) and possibly by AFM tip-induced pro-
tein compression. The ratio of dpps apm/dpps, for holo-Dps is
larger than the ratio for 500Fe AfFtn-AA or the ratio for S00Fe
E2-FLin (Table 1), which suggests that holo-Dps is less dynamic
and flexible than AfFtn-AA and E2-LFtn with a similar Fe ion
loading. A similar observation is made for the corresponding
apo-proteins (Table 1). Based on these results, we conclude that
Dps retains its spherical structure better on the surface than
ferritin AfFtn-AA and E2-LFtn. We note that the Dps protein
has a smaller cavity diameter (4.5 nm) than AfFtn-AA (8 nm)
and E2-LFtn (12 nm) which likely explains the different degree
of flattening.

2 500Fe Dps Apo-Dps Apo-AfFtn-AA 500Fe AfFtn-AA Apo-E2-LFtn 500Fe E2-LFtn
dapm® [nm) 50+0.1 49+0.2 3.6+0.2% 4.6+0.2 6.99+0.3 11.09+£0.3
eryse®) [N 9.00 9.00 12.09) 12.09) 24.0" 24.0M
dagmt/derys 0.56 0.54 0.33 0.29 0.46

AThe numbers in parentheses indicate the iron ions per cage of the respective holo-proteins; ®Taken from ref. [10]; 9Taken from ref. [1]; 9Height profile from AFM experi-
ments; ©)Protein diameter from crystallographic studies; I Taken from ref. [9]; ©Taken from ref. [37]; ") Taken from ref. [11].
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2.3. Characterization of the Iron Oxide NPs in Holo-Dps

For the sake of completion, we characterized the composition of
the holo-Dps immobilized on Au with X-ray absorption spectros-
copy (XAS) at the Fe L3, edge to resolve the ratio of Fe(II) and
Fe(III) ions and their respective symmetry states (Section S6,
Supporting Information). Figure 2E shows the XAS spectrum
and the peak at 7075 eV is attributed to Fe(II) and the peak at
=709.2 eV is assigned to Fe'! in both octahedral (Oy) and tetra-
hedral (1) symmetries. The ratio of Fe(II) to Fe(III) (R; = Fe(II)/
Fe(III)) was obtained by modeling the data with CTM4XAS soft-
warel®® and the modeling parameters were taken from litera-
turel3! (see Section S6, Table S1, Supporting Information). The
value of R; = 0.63 for Dps indicates that the iron oxide NPs in
the holo-Dps is dominated by Fe(III), which is similar to other
ferritins!*#l and the AfFtn-AA reported by us.*?! Unfortunately,
in the case of E2-LFtn with 500Fe, the signal is too small in
our XAS experiments likely because the NPs are encapsulated
by a 12 nm thick protein shell and low surface concentration
owing to the large size of the protein. We have reported the
spectra for higher loadings, but the iron oxide NPs present
in E2-LFtn is dominated by Fe(II) rather than Fe(III).l! These
observations suggest that iron oxide in the Dps and AfFtn-AA
cores have similar compositions, despite some differences in
structure and the ferroxidase center. In contrast, the structure
of the iron oxide in the E2-LFtn core is distinct from the Dps
and AfFtn-AA.

2.4. Comparison of CT Rates and the Mechanism of CT across
Fe-Binding Proteins

We followed previously reported procedures for the formation
of the junctions with GaO,/EGaln top electrode stabilized in
a through-hole connected to a microfluidic network in poly-
dimethylsilixane (PDMS), and the collection and analysis of
the current-voltage, J(V), data (Section S7, Supporting Infor-
mation)."3! We recorded 347 and 339 J(V) traces from junc-
tions with monolayers of both holo- and apo-Dps, respectively,
and plotted the logy|J| at each V in histograms that were
fitted to a Gaussian function to obtain the Gaussian average,
<logyg|J|>¢, and the log standard deviation, oj,g, of the cur-
rent density (Section S8, Supporting Information). Figure 3A
shows the <logy|/|>¢ plotted against the voltage for junctions
with apo-proteins, and Figure 3B shows that of junctions with
holo-proteins. The J(V) characteristics of the junctions with
AfFtn-AAI (also measured with EGaln stabilized in a through-
hole in PDMSH) and E2-LFtn!l (measured with cone-shaped
tips of EGaln*) have been reported; the corresponding results
are presented in Figure 3A,B (all with 500 Fe loading) to com-
pare the behavior of these junctions across the three different
types of proteins. The | is an extensive parameter since it
depends on the effective electrical contact area A.g (which may
be orders of magnitude smaller than the geometrical contact
area Ag,) of the junction. The effective contact area in junc-
tions with cone-shaped tips, however, is similar to junctions
with the EGaln stabilized in a through-hole.*3*! Therefore,
the results in Figures 3A-B can be directly compared. The con-
ductivity of the junctions with holo-Dps is 2 times larger than
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those junctions with apo-Dps. This observation is attributed
to the presence of the iron oxide NPs which provides acces-
sible energy states increasing the tunneling rates. We also note
that the presence of Fe-ions enhances the mechanical stability
of the protein!"*® and improves structural order which may
assist with CT by facilitating efficient intrachain pathways.
This result agrees with those from other studies where it has
been reported that the presence of metal oxide cores or cofac-
tors increase the CT rates, e.g., junctions with Az," halorho-
dopsin,l®) E2-LFtn and cytochrome-C."! Interestingly, the
values of | across the junctions with the proteins in this study
are remarkably similar, i.e., J across junctions with Dps (Jpps)
of E2-LFtn (Jgy.1rwm) iS comparable to J across the junctions of
E2-LFtn (Jgy.1pm) of AfFtn-AA (Jarm.aa)- This counter-intuitive
order of Jg 1pn = Jasrm-aa = Jpps (Which holds for holo- and apo-
proteins) is surprising as E2-LFtn forms much thicker mono-
layers (11 nm) than Dps (4.6 nm; Table 1). More specifically, in
the case of both coherent and incoherent tunneling, the value
of J decreases with increasing monolayer thickness and should
in principle follow the order Jpus > Jarn-aa > JEaLFm- The dif-
ferent types of proteins may respond differently to the pres-
sure applied by the top-electrode resulting in varying degrees
of the reduction of the tunneling distance defined by the mono-
layer. Following this line of thought, our results suggest that
the deformation (or flattening) of the proteins induced by the
EGaln top-electrode increases with protein size and is thus the
largest for E2-LFtn. It is to keep in mind that the mechanism of
CT may differ which could also explain the surprising trend in
current densities. Therefore, we carried out J(V) measurements
as a function of temperature to elucidate the CT mechanism.

2.5. The Mechanisms of Charge Transport

To conduct J(V,T) measurements, we formed Dps monolayers
on a patterned array of Au bottom electrodes (the Au elec-
trodes were fabricated using reported procedures ). We con-
tacted the monolayers with GaO,/EGaln stabilized in PDMS
microchannels which were aligned perpendicularly over the
Au electrodes. The fabrication and experimental procedures for
J(V,T) measurements are described in detail in Sections S9 and
S10 (Supporting Information). We restricted the maximum T
in our investigation to 320 K as Dps proteins reportedly start
to melt around T = 320 K./} Figure 3C shows the J(V,T) data
obtained from a junction with a monolayer of apo-Dps for T =
230-320 K and Figure 3D shows the same but for a junction
with holo-Dps for T = 175-320 K (additional data sets are given
in Section S10, Supporting Information). The corresponding
Arrhenius plots (Figure 3E-F) plotted at V = —0.5 V show that
the mechanism of CT across the apo-Dps and holo-Dps junc-
tions is activationless indicating that the mechanism of CT is
coherent tunneling. Although activationless CT across holo-
proteins has been reported before, > to the best of our
knowledge, this is the first time that activationless CT across
an apo-protein junction is found. We note that apo-Dps retains
its globular geometry better than apo-E2-LFtn and apo-AfFin-
AA, as discussed above (Table 1). Therefore, we suggest that
CT across apo-Dps can readily proceed along organized protein
segments and the CT rate is limited by intrachain tunneling

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. The <logy|/[>c versus V curves of Dps, AfFtn-AA (data taken from ref. [10]), and E2-LFtn (data taken from ref. [1]) recorded from junctions
with A) apo-proteins and B) holo-proteins, all with 500 Fe loading. The error bars represent the 95% confidence bands. The raw J(V,T) data for C) apo-
Dps and D) holo-Dps and the corresponding Arrhenius plots at V =—0.5V, in comparison of J for apo-proteins E) and holo-proteins F) with lowest
Fe ion loadings.

steps with small, if at all, energy barriers (to observe low CT pathway, CT proceeds via incoherent tunneling where
energy barriers, CT studies at much lower T would be needed  charges have to hop between different, disordered protein seg-
which are not feasible as unfortunately, the junctions shorted =~ ments.! This hypothesis explains why CT across apo-E2-LFtn
at T <150 K likely due to cold denaturation of Dps). In a pre- and apo-AfFtn-AA junctions is thermally activated as these
vious report, we suggested that in the absence of an organized  proteins form dense, disordered monolayers where charges are
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forced to hop across disordered protein segments separated by
relatively large energy barriers.

To address the question why apo-E2-LFtn is the most con-
ductive protein, we also plotted the previously reported Arrhe-
nius plots obtained from junctions with AfFtn-AA (taken from
ref. [10]) and E2-LFtn (taken from ref. [1]) in Figures 3EF. It
is important to note that E, is an intensive parameter that is
independent of the junction area and, consequently, it can be
directly compared across the different types of EGaln junctions.
In principle, the J in the Arrhenius plots in Figures 3E-F for the
three different proteins (which were all obtained with different
variations of the “EGaln-technique”), can be corrected with a
correction factor Af for the effective electrical contact area,
Ap = Aeg/Ageo, Dy accounting for the differences in surface
roughness of the electrodes as detailed in previous work. How-
ever, in the current study the large proteins (e.g., E2-LFtn)
themselves also modify the surface topography of the elec-
trodes and they may respond differently to the pressure applied
by the top electrode on the monolayer and therefore we refrain
ourselves from correcting the J in Figure 3E-F for A and we
focus the discussion solely on E, values.

The mechanism of CT across apo-E2-LFtn junctions is
incoherent tunneling with a large E, = 254 £ 34 meV for
T = 340-300 K, while AfFtn-AA junctions have a lower
E, =58 £ 7 meV for T = 340-240 K. Completely incoherent tun-
neling is only weakly dependent on d* and, consequently, the
differences in d are negated by this change in the mechanism
of CT. Incoherent tunneling offers high CT rates at high T due
to the availability of various high energy vibrational modes!*!
which dominate the current densities for junctions with apo-
E2-LFtn. This incoherent tunneling component is likely to be
smaller for apo-AfFtn-AA than that for E2-LFtn, and is neg-
ligible in apo-Dps, explaining why apo-E2-LFtn shows the
highest conductance. Thus, in essence, we observe a relation
between protein size after immobilization and the incoherent
tunneling component of CT across tunnel junctions with the
apo-proteins. It is interesting to note that the values of E, follow
the order of the dapy/dcys ratio (Table 1) which is a measure
of structural order as explained earlier: the ratio is the highest
for Dps where E, is negligible, and the ratio is the smallest for
E2-LFtn which has the highest value of E,. These results suggest
that the disorder in the protein monolayer is responsible for the
differences in the mechanism of CT and the observed J. We
would like to note that for junctions with apo-E2-LFtn, an inco-
herent tunneling regime is observed with a low E, = 23 + 5 meV
at low T < 290 K which likely represents intra-chain tunneling
as at these low temperatures the energy required to overcome
large energy barriers is not sufficient.

The behavior of the junctions with holo-proteins can be
explained as follows. Figure 3F shows the Arrhenius plots of
the junctions. The mechanism of CT is thermally activated with
E, =351 5meV the thickest junction (Table 1) with holo-E2-LFtn
which is a substantial reduction of the E, = 254 £ 34 meV for
the junctions with apo-E2-LFtn. In the case of the holo-AfFtn-
AA, the thermally activated component is absent and the CT
across holo-Dps is activationless. The metal oxide core provides
alternative tunneling sites which explains the 2-fold increase in
the tunneling rates in the case of the Dps junctions, and the
removal of the thermally activated component in the AfFtn-AA
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junctions. In contrast, CT across junctions of holo-E2-LFtn pro-
ceeds by incoherent tunneling, which can be explained by dis-
order in the protein monolayers: the new conduction channels
introduced by the metal oxide core cannot compensate enough
for structural disorder and the associated thermally activated
component.

3. Conclusions

We investigated CT across Fe-storing Dps protein-based
tunnel junctions. Our AFM data suggest that the Dps proteins
are more rigid than AfFtn-AA and E2-LFtn. Dps retains the
globular architecture upon immobilization on Au. In EGaln
junctions, the mechanism of CT is activationless for both
apo-Dps and holo-Dps, which suggests that the CT proceeds
by a coherent tunneling mechanism in both Dps proteins.
Although coherent tunneling across ordered apo-proteins has
been reported before, to the best of our knowledge, activation-
less CT suggesting coherent tunneling across an apo-protein
has not been previously reported. Coherent tunneling across
holo-Dps is expected because the presence of Fe ions increases
the CT rates by providing alternative energy states for coherent
tunneling. We suggest that the retention of the globular archi-
tecture in apo-Dps provides efficient conduction pathways that
allow for activationless CT across the protein backbone. This
hypothesis is reinforced by comparing temperature dependent
J(V) data obtained from junctions with apo-AfFtn-AA and apo-
E2-LFtn which suffer progressively from more disorder. Our
study reveals that the mechanism of the CT across these bio-
molecular junctions strongly relates to the degree to which a
protein immobilized on an electrode retains its natural qua-
ternary structure. The presence of the metal oxide cores or
cofactors, besides providing alternative electronic states for
tunneling, also plays an important role in the stabilization
of the quaternary structure of proteins. Our results provide
insights to improve the understanding of CT across biological
systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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