
Tunneling explains efficient electron transport via
protein junctions
Jerry A. Fereiroa, Xi Yua,1,2, Israel Pechtb,1, Mordechai Shevesc,1, Juan Carlos Cuevasd,e,1, and David Cahena,1

aDepartment of Materials and Interfaces, Weizmann Institute of Science, Rehovot 7610001, Israel; bDepartment of Immunology, Weizmann Institute
of Science, Rehovot 7610001, Israel; cDepartment of Organic Chemistry, Weizmann Institute of Science, Rehovot 7610001, Israel; dDepartamento de Física
Teórica de la Materia Condensada, Universidad Autónoma de Madrid, 28049 Madrid, Spain; and eCondensed Matter Physics Center (IFIMAC), Universidad
Autónoma de Madrid, 28049 Madrid, Spain

Edited by Harry B. Gray, California Institute of Technology, Pasadena, CA, and approved April 9, 2018 (received for review November 15, 2017)

Metalloproteins, proteins containing a transition metal ion co-
factor, are electron transfer agents that perform key functions in
cells. Inspired by this fact, electron transport across these proteins
has been widely studied in solid-state settings, triggering the
interest in examining potential use of proteins as building blocks in
bioelectronic devices. Here, we report results of low-temperature
(10 K) electron transport measurements via monolayer junctions
based on the blue copper protein azurin (Az), which strongly suggest
quantum tunneling of electrons as the dominant charge transport
mechanism. Specifically, we show that, weakening the protein–elec-
trode coupling by introducing a spacer, one can switch the electron
transport from off-resonant to resonant tunneling. This is a con-
sequence of reducing the electrode’s perturbation of the Cu(II)-
localized electronic state, a pattern that has not been observed
before in protein-based junctions. Moreover, we identify vibronic
features of the Cu(II) coordination sphere in transport characteris-
tics that show directly the active role of the metal ion in resonance
tunneling. Our results illustrate how quantum mechanical effects
may dominate electron transport via protein-based junctions.

bioelectronics | resonance tunneling | protein junctions |
temperature dependence | protein IETS

Proteins play a vital role in biological energy conversion pro-
cesses, notably electron transfer (ET), such as in photosyn-

thesis, respiration, and a wide range of enzymatic reactions (1,
2). Over the past decades, redox proteins with transition metal
ion centers with variable valence were integrated into solid-state
electronic junctions for electron transport (ETp) measurements
(3–6). Apart from the fundamental interest in understanding
solid-state ETp properties of proteins, their integration into
hybrid junctions might lead to devices with designed electronic
functions, a holy grail of bioelectronics (7, 8). Previous studies of
the blue copper protein azurin (Az) containing junctions, with
single, several (9–11), or multiple protein molecules (12), have
suggested that the efficiency of their ETp is comparable with that
via conjugated organic molecules as judged from the observed
current densities at low bias (100 mV) (4). The presence of Cu
was shown to increase the efficiency of transport across Az (13),
with clear differences between its two oxidation states, Cu(I) or
Cu(II) (14), involved in Az redox activity. ETp was found to be
temperature independent (12), as observed also in other proteins
(5, 6, 15–17), which can be interpreted as resulting from off-
resonance tunneling, a view supported by inelastic electron
tunneling spectroscopy (IETS) results (18).
ETp via redox proteins is characterized not only by the nature

of the proteins in the junction but also, by protein–electrode
interactions (19), the nature of the redox center (13), and their
orientation relative to the electrode (6, 20) as well as proteins’
structure (4, 13). Although there is no consensus on how exactly
these parameters affect the ETp, it is generally agreed that
protein–electrode coupling (16) plays a major role as in ETp via
nonbiological molecules (21). Previous reports from our group
and others have shown that, by varying the interaction between
the redox site and the electrode (14, 16), both charge transport

efficiency and its mechanism can be varied. For example, a
Cytochrome C mutant having its heme close to the electrode
exhibits less temperature dependence and higher conductance at
low temperature (30–400 K) than that with the heme distal from
the electrode (19), indicating that heme–electrode separation
affects the charge transport. However, a detailed understanding
of the role of electrode coupling to the proteins, especially with
the redox site of ET proteins, still needs to be further investigated.
Here, we report results of a systematic low-temperature cur-

rent–voltage (I-V) study of the mechanism of ETp across Az
junctions by incorporating a spacing layer (linker) between Az
and the electrode to alter redox site–electrode coupling. The I-V
characteristics determined using two different junction configu-
rations, Au-Az-Au (Fig. 1) and Au-Az/linker-Au (Fig. 2C, Inset),
at low temperatures (10 K) show a dramatic change from the
nearly linear shape observed without the linker to a step-like
behavior in the presence of the insulating linker. As discussed
below, these results together with the temperature dependence
of the differential conductance and the vibronic signatures of the
Cu(II) coordination sphere in the I-Vs provide strong evidence
that ETp via these junctions is dominated by resonant tunneling.
Specifically, we show that the step-like I-V patterns via the
junctions observed in the presence of the linker are a signature of
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coherent resonant tunneling involving the Cu(II) ion, a phe-
nomenon never reported before for protein junctions.

Junction Fabrication
Fig. 1 shows the schematic structure of the Au-Az-Au suspended
nanowire junction that was used in these experiments. This
configuration was found to be stable over a wide temperature
range, which allows I-V measurements and the collection of
results of the voltage dependence of dI/dV (conductance) and
d2I/dV2 (IETS) (22). Significantly, the latter probes the interaction
of the electronic current with the vibrational modes of the mole-
cules in the junction (22, 23).
Micrometer-sized Au electrodes were fabricated on an Si

wafer by photolithography, and full details of junction fabrica-
tion and monolayer formation are reported in SI Appendix.
Monolayer characterization using atomic force microscopy (AFM)
established that the proteins are densely packed, with no aggregates
over 25-μm2 areas (i.e., orders of magnitude larger than the area
between the contact and the Au nanowire). The protein mono-
layers were further characterized by ultraviolet-visible spectroscopy
and polarization–modulation infrared reflection–absorption
spectroscopy (SI Appendix, Figs. S2 and S5).
After characterization, the protein monolayers were contacted

with the Au nanowires using dielectrophoresis (24, 25), where
individual Au nanowires are electrostatically trapped between
two microelectrodes forming top electrodes, thereby producing a
junction between the Az monolayer on the lithographically
prepared Au electrodes and the electrostatically trapped single
Au nanowire (Fig. 1). The geometric junction area (26) was es-
timated to be ∼5,000 nm2 (i.e., formally up to maximally 2,000 Az
molecules could be involved in the junction).
For investigating the impact of adding a linker onto one

electrode, the Au nanowires (top gold electrodes) were first
modified with a monolayer of linker molecules by incubating Au
nanowires in either a mercaptopropionic acid (MPA) or a mer-
captohexanoic acid (MHA) solution (SI Appendix) before trap-
ping them dielectrophoretically to obtain the Au-Az/MPA-Au
(Fig. 2C) or Au-Az/MHA-Au configurations.

Experimental Comparison Between Two Configurations
In our experiments, the I-V, dI/dV (conductance), and d2I/dV2

(IETS) were obtained by simultaneously using direct source–
meter measurements and lock-in amplifier. The I-V curves,

obtained for Au-Az-Au junctions (i.e., bare gold electrodes) at
low temperature (10 K), are linear (red line in Fig. 2A). The
conductance curve was temperature independent (10–300 K) as
we have reported previously (18). The small kinks observed in
the conductance spectrum (dI/dV vs. V) (Fig. 2A, black line)
indicate the opening of inelastic conduction channels at voltages
corresponding to energies of vibrational modes, while the dip
near zero bias is attributed to the large number of low-energy
vibrations (27). The IETS peak around 3,000 cm−1 (Fig. 2B)
corresponds to the C-H stretching mode, and those at 1,640/
1,520 cm−1 correspond to the Amide I and Amide II bands,
respectively. Furthermore, as we have shown earlier, the line
shape obtained for the IETS spectra indicates the operation of
an off-resonance mechanism for the inelastic transport (18).
Fig. 2 C and D shows the results obtained using the Au-Az/

(linker)-Au configuration, where the gold nanowire was modi-
fied with a monolayer of MPA to reduce electrode/protein
coupling at one of the contacts. [Two different linkers, MPA and
MHA, were tested to show the reproducibility and reliability of
the experiment. The results obtained with the MHA linker are
given in SI Appendix (SI Appendix, Figs. S8 and S9).] In this
configuration [Au-Az/(linker)-Au], the I-V characteristic at 10 K
exhibit steps, and the conductance vs. applied voltage curve
shows a clear peak structure (Fig. 2C), suggesting that charge
transport is mediated through discrete energy levels in the pro-
tein that are accessible within the applied bias window. Fig. 2D
shows the d2I/dV2 results obtained from the [Au-Az/(linker)-Au]
junction, which can be compared with those obtained without the
linker (Au-Az-Au) (Fig. 2B). The observed dI/dV–V behavior of
the [Au-Az/(linker)-Au] junction may be interpreted by either a
change in tunneling regime from off-resonant to resonant or the
occurrence of Coulomb blockade (21, 28–30). As we show below,
our analysis of the temperature dependence of the transport
properties favors the former interpretation, and thus, in what

Au Substrate

Nanowire

Counter electrode
Nanowire

Working electrode

MET-121
HIS-116

HIS-46
GLY-45

CIS-112

A

B

Fig. 1. (A) Schematic illustration of the solid-state protein junction pre-
pared by trapping nanowires to produce contacts for electrical transport
measurements. Left Inset shows the structure of Az (Protein Data Bank ID
code 1azu), where violet denotes the disulfide bridge of the two cysteine
residues and red denotes the Cu redox center along with its coordination
sphere given in orange (enlarged in Right Inset). B shows a semitransparent
view of the surface of Az indicating the imidazole residue of His-116, which
is part of the Cu(II) coordination sphere (as shown also in A, Right Inset),
exposed on the surface (shown in orange).
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Fig. 2. (A) I-V (red) and conductance voltage (dI/dV–V; black) plots of the Az
junction between −0.5 and +0.5 V. (B) IETS (d2I/dV2

–V) of the same junction.
(C) I-V plots (blue) of Az with (MPA) linker and conductance (dI/dV–V; black).
(D) IETS (d2I/dV2

–V) of the same junction with MPA linker. All data are for
experiments at 10 K. The wavenumber 1/λ (centimeters−1), where λ is the
wavelength of the radiation (centimeters), is related to the applied bias, V,
by E = qV = hc/λ (q is the electron charge, h is Planck’s constant, and c is the
speed of light), where E is the energy of the vibration mode.
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follows, we shall interpret our data in terms of resonant tunneling
(SI Appendix).
The results obtained using MPA-modified Au electrodes [Au-

Az/(linker)-Au] (shown in Fig. 2C) are stable (as evidenced by
being able to cycle the voltage without any change of features)
and reproducible over time (SI Appendix). No significant charge
transport occurs at low bias (Fig. 2C), which we interpret as the
absence of significant electrode–protein energy-level overlap.
We stress that the I-V plot near zero bias in Fig. 2C is linear. As
this is difficult to see in Fig. 2C because of the low current due to
the weak coupling, a magnified view of the I-V plot near zero
bias is shown in SI Appendix, Fig. S15. Clear evidence for the
linear behavior can be seen in the constant nonzero differential
conductance (black solid line in Fig. 2C) close to zero bias. On
raising the bias beyond the threshold, the current rises sharply,
which suggests that a protein’s energy level is brought into res-
onance with the chemical potential of one of the electrodes. The
consequence is a step-like increase of the current with voltage or
correspondingly, a peak in the differential conductance, dI/dV.
As we shall suggest below, the relevant energy levels giving rise
to these current steps most likely involve the Cu(II) coordination
sphere of Az. While this type of step-like I-Vs has been reported
in the context of single-molecule measurements in the weak and
intermediate coupling regimes (31–34), it is observed here in
protein-based junctions as a result of modulating redox site–
electrode interactions.
We propose that the observed difference in conduction be-

havior of the Az junction in the presence and absence of the
linker layer is due to the different coupling between the Cu(II)
coordination sphere in Az and the top Au electrode surface. It is
well-known in the context of molecular electronics that the de-
gree of coupling to the leads determines not only the broadening
but also, the position of the molecular energy levels (21). Fig. 1B
shows that the Cu coordination sphere (of N and S atoms from
surrounding amino acids) is partially exposed on the protein
surface. Therefore, in the absence of a linker as a spacer between
the protein and the electrode, the Cu(II) coordination sphere is
practically in contact with the Au nanowire electrode, increasing
the probability of wave function overlap between its orbitals and
the latter electrode. We suggest that this strong coupling be-
tween the protein and the nanowire results in the broadening of
relevant energy levels (closest to the EF of the electrodes) of
Cu(II), including its coordination shell. The linear I-V plots shown
in red in Fig. 2A are consistent with the charge transport taking
place through the tails of those energy levels that are outside of the
transport window defined by the bias (see Fig. 6 and SI Appendix).
Such a scenario for charge transport is also consistent with our
finding that the I-V plots in this case are temperature independent
(18). Similar behavior has been observed in other molecular sys-
tems (28, 35). In contrast, when the Cu(II) coordination sphere is
shielded from direct interaction with the Au nanowire electrode by
the linker molecule (MPA), the I-V curve shows current steps (Fig.
2C). The linker, in addition to the effect of its length, also conducts
poorly, as it is a saturated hydrocarbon. In this weaker coupling
situation, the electronic structure at the interface can be inter-
preted based on the native electronic state of the Cu(II) center and
the Au wire electrode. The redox potential of the Cu(II) center
of Az is around 4.75 eV vs. vacuum (36), which is close to the
work function that we measured for the gold substrate modified
with MPA. Thus, the relevant energy levels are now accessible
for resonant transport with a moderate bias. It is important to
note that the proteins are coupled asymmetrically in the Au-Az/
linker-Au configuration via the linker to one electrode and by a
direct Au-S bond to the other, creating an asymmetric voltage
drop at the protein interfaces.

Examining Stability and Reproducibility
The stability and reproducibility of these results were established
by using several different Az samples and on several different
junctions prepared from each sample (Fig. 3). Fig. 3 shows the
dI/dV results obtained using three different junctions (using
three different protein samples, measurements were carried out
on different days with identical experimental procedure) at 10 K.
They all show that the peak-like behavior in the differential
conductance plots is reproducible. While the position of the peak
in the exact bias voltages varied, such peak structures were seen
in 24 (∼65%) of the 36 junctions that gave reliable measure-
ments of 121 junctions. Approximately 35% (42) of 121 junctions
were too unstable to measure in our probe station at low tem-
peratures and shorted during the measurement, which takes ∼2 h
on each junction; for ∼20% (24), contact was lost during the
measurement, resulting in only background current (<3 pA). The
remaining 19 junctions gave already from the start high currents
(more than 10 nA at 0.5 V) and were not considered further. For
the 24 junctions that gave peak structures, in most cases, clear,
well-separated peaks were seen in the conductance (SI Appendix,
Fig. S7 shows the statistics on peak position and for the number
of peaks observed within the given bias range).
The observation of conductance peaks for different samples at

different voltages (Figs. 2C and 3) and with varying intensities
likely reflects differences in the electrostatic landscape. Hence,
the exact peak shape depends on the electronic structure of the
protein, the protein–electrode interactions (Au-protein/linker-
Au junctions), and the orientation of proteins with respect to
each of the electrodes as already observed previously for mo-
lecular junctions (37, 38). Slight changes in orientation of pro-
teins can translate into significant changes in distance and
electrostatic potential between the active centers and the gold,
resulting in different interaction between its Cu(II) coordination
sphere and the contacted linker molecule(s). Similar shifts in
conductance peak with varying peak position and peak amplitudes
have been observed using scanning tunneling microscopy (STM)
measurements via C60 molecules (39, 40), indicating the importance
of the conducting molecule’s spatial location within the junction.
The actual number of molecules that are responsible for the

measured ETp via a monolayer will be much smaller than that
estimated from the geometric area (41). It depends on many
parameters, including the roughness of both the substrate and
the top contact, the density of proteins in the monolayer, and
again, their orientation relative to the electrodes. This, in turn,

Fig. 3. (A–C) dI/dV vs. V plots of Au-Az/MPA-Au junction at 10 K carried out
on different batches on different days.
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will depend on how the proteins are bound to the Au surface
(especially their orientation, as this can affect the roughness and
the asperities in the monolayer) and how far adsorption of one
protein affects that of others. For junctions with a geometric
area of hundreds of micrometers squared, it has been estimated
that only approximately ≤0.1% of the molecules dominate the
transport process (42). This, for our junctions, would mean in-
volvement of a few dozen Azs. In SI Appendix (SI Appendix,
Table S2), we compare the current magnitudes that we measured
with those of other reported Az (both single and monolayer)
junction measurements, indicating that, in the junctions reported
here, we measure the charge transport process through only
a few proteins.
The significant difference observed in I-V characteristics of

the protein junction caused by introducing the linker at the
protein–electrode interface (Fig. 2 A and C) reveals the key role
of protein–electrode coupling in ETp. Considering the similarity
in the quantum tunneling nature between ET rates and elec-
tronic conductance [the analog being donor (acceptor)–protein
coupling in ET], different models comparing them have been
mentioned (43–46). Recent research has underlined the complex
relation between them in molecular organic and biomolecular
systems (47) and the differences between them (48) (SI Appendix
has additional detailed discussion).

Role of Copper(II) Ions
To establish the involvement of the Cu(II) ions in the observed
conductance behavior, we prepared junctions with Az depleted
of its Cu ions (Apo-Az) (compare with SI Appendix). The optical
absorption data (SI Appendix) show that the characteristic
625-nm absorption band associated with Cu(II) disappears in the
Apo-Az. Fig. 4A shows the I-V and conductance results obtained
with Au-(Apo-Az)/MPA-Au junctions. No steps are observed in
the I-V, and no peaks of the conductance plots are seen (Fig. 4A,
black), indicating that, without the metal ion, transport is again
by off-resonance tunneling. In addition, the IETS spectra of Au-
(Apo-Az)/linker-Au (Fig. 4B) junctions resemble those obtained
for Au-Az-Au (Fig. 2B) junctions, with the C-H stretching peak
at around 3,000 cm−1 and the peaks at 1,640/1,520 cm−1 that
correspond to the amide bands (Fig. 3B).
We note that the current observed for Apo-Az is similar to

that of Az (with linker). This seems odd, since transport across
Apo-Az is off-resonance, which is supposed to be less conducting
than resonance tunneling through Az (with linker). We account
for this by the different tunneling distances in Az and Apo-Az.
The monolayer thicknesses of Apo-Az and Az are 2.6 and
1.8 nm, respectively, as confirmed by ellipsometry and AFM. The
exponential dependence of the tunneling current with respect to

thickness amounts to a decrease in current of 20–100 times for Az
(assuming distance decay coefficients of 0.6–1.0/Å) (4) compared
with that of Apo-Az. Therefore, this difference in tunneling dis-
tance (∼0.8-nm difference) along with the additional thickness of
the linker molecule could explain the similar currents observed for
the Az (with linker) and Apo-Az systems.

Temperature Dependence of the Conductance (dI/dV) Peaks
To discriminate between two possible causes for the conductance
peaks, namely resonant tunneling and Coulomb blockade, we
measured the temperature dependence of both I-V and (dI/dV)-
V for the Au-Az/linker-Au junctions. Temperature-dependent
measurements were carried out using both MPA (presented in
Fig. 5) and MHA (SI Appendix) linkers, which differ in length.
Fig. 5 A–C shows the I-V and the dI/dV determined for Au-

Az/MPA-Au junctions at different temperatures. On increasing
the temperature, the steps in the I-Vs are progressively washed
out, the conductance peaks are broadened, and their heights
decrease. Fig. 5D shows all of the conductance peaks observed at
different temperatures from 10 to 60 K. Fig. 5E is a zoomed in
view of the conductance peaks at positive bias at varying tem-
perature, showing how the height of the conductance peak de-
creases and broadens with increasing temperature. Thermal
fluctuations can cause small variation in the interaction between
the linker and the Cu(II) site, leading to a random shift in the
peak position during the conductance measurement at different
temperatures as observed in Fig. 5E.
At first glance, this temperature dependence resembles that

observed in the Coulomb blockade regime in weakly coupled
molecular junctions (Γ << kBT) (49), where Γ defines the cou-
pling parameter, kB is Boltzmann constant, and T is temperature.
However, closer inspection shows that the broadening of the
dI/dV peaks is larger than that caused by the thermal energy kBT
(Γ >> kBT). Thus, the temperature dependence observed here
rules out Coulomb blockade as a dominant cause for the ob-
served peaks (additional details are in SI Appendix). As we show
below, the thermal broadening is more likely to be the result of
the temperature dependence of the Fermi electronic occupa-
tional distribution in the leads (50).
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Fig. 5. A–C show the temperature dependence of the I-V and conductance
(dI/dV) plots via the Au-Az/MPA-Au junctions (10, 40, and 80 K, respectively).
D shows the conductance curves at different temperatures ranging from
10 to 60 K. E shows a zoomed in view of one of the conductance peaks from
D at different temperatures.
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Theoretical Modeling
To examine the notion that the redox active orbital of the Cu(II)
ion in Az is responsible for the observed current steps, we
modeled the I-V behavior of the junction by a single-level model
that is widely used in the context of molecular electronics (29, 51,
52) (SI Appendix has more details). In this model, transport
through a single-molecule junction is assumed to be dominated
by elastic tunneling of electrons through a single molecular level
of energy e0 coupled to the left (L) and right (R) electrodes with
a strength ΓL,R. The I-V relation in this model is obtained by
using the Landauer formula with the single-level transmission
function, and the temperature dependence is incorporated in the
Fermi distribution function of the electrodes. We used this
model to reproduce the observed temperature dependence of
individual conductance peaks in our experimental results. In Fig.
6A, we show an example of the temperature dependence of the

differential conductance predicted by this model. In this case, the
total broadening is Γ = 10 meV (kBT at 10 K is ∼0.9 meV), e0 was
chosen to reproduce the experimental peak position, and we
assumed a very asymmetric situation ΓL >> ΓR to mimic our
protein junctions, which are bound covalently via an Au-S bond
to only one of the electrodes. As one can see, the results nicely
reproduce the observed bias and temperature dependence of the
differential conductance patterns (Fig. 5E). It is noteworthy that
this model is meant to describe a single-molecule junction.
Hence, one has to be cautious with the values of the tunneling
rates used here (Fig. 6A). However, it is very encouraging to see
that this simple model can even reproduce the order of magni-
tude of the dI/dV. This suggests that the observed individual
conductance peaks are related to the transport through a single
or a few protein molecules. Overall, these results strongly sup-
port the idea that the observed step-like I-Vs patterns are a
signature of resonant tunneling through discrete electronic levels
(Fig. 6D). This single-level model can also reproduce the fea-
tures of the off-resonance tunneling via the junction without
linker molecule (Fig. 6C), such as their I-V shape and temper-
ature dependence (detailed in SI Appendix). Thus, it may be
considered to function as a unified theory.
An obvious question arises from our above analysis regarding

the origin of the multiple peaks that we observe in the conduc-
tance spectra. These generally indicate multiple electronic states
accessible for resonance in the Az junction with linkers. The
Cu(II) center of Az has only one redox active molecular orbital
energy level [i.e., the molecular orbitals formed on hybridization
of the Cu(II) 3dx2-y2 orbital and the S p orbital of Cys-84, which
is close in energy to the work function of the Au electrode and is
accessible in our bias window] (53). At the same time, the
spacing that we observe experimentally between peaks is far too
small to correspond to other electronic energy levels of Cu(II).
Therefore, it is not obvious why we see several conductance
peaks. Our hypothesis is that the different conductance peaks
originate from varied energy levels of the Cu(II) sites due to its
different coordination environment. It is well-known that the
electronic structure and the available active electronic states of
the Cu(II) ion can vary depending on the nature of the metal ion
ligands and their geometric configuration (53–55). In our junc-
tion, the Cu(II) coordination sphere exposed to the surface of Az
and contacting the Au nanowire electrode interacts differently
with the linkers that are covalently attached to the Au nanowire.
These interactions, in turn, change the energy levels of the
Cu(II) coordination sphere for the given linker-Az system ([i.e.,
slight differences in orientations (Fig. 6B) of the Az (and the Cu
coordination sphere) with respect to the linker molecules closest
to it will result in an ensemble of relatively closely spaced fron-
tier energy levels in the junctions]. Because practically, it is likely
that most of the current flows through only a few of the proteins
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(42), we get, at low enough temperatures, distinct peaks. This
scenario explains the observation of multiple peaks in our
junctions with slight variations in their position from junction to
junction. Fig. 6 E–G expresses this view schematically, illustrat-
ing the situation when a bias is applied to the bottom Au elec-
trode, spans a range of energy levels (horizontal red bars in Fig. 6
E–G), and gives rise to multiple peaks in the conductance
measurements within the applied bias range (±0.5 eV) (Figs. 2
and 3). It is also important to mention that the multiple satellite
peaks at the tail of the main resonance peaks in dI/dV seem to be
replicas of each other (Fig. 2C, black curve), which hint at the
possibility that several proteins with slightly different configu-
rations with respect to the electrodes contribute to the conduc-
tance (see below).

Vibronic States of Copper Active Site
We further consider the vibronic states of the Cu(II) center to be
due to the interaction between the electron and vibrational
motion in the Cu(II) coordination sphere. The vibronic states in
the conductance spectrum of a junction should be present as
progression peaks in the dI/dV–V plot (56). The randomly dis-
tributed resonance peaks can, therefore, be easily ruled out as
vibronic states. However, the shoulder peaks at the tail of the
main resonance peaks that we observed reproducibly in the Au-
Az/MPA-Au junction (Figs. 2C and 3) do indeed fit the pro-
gression pattern of vibronic states. We note that, even when the
position of the main peak is shifted in terms of bias in different
junctions, the satellite peaks were always positioned at ∼50 mV
above the main peak (Fig. 7A). Such satellite peak fits a well-
known resonant IETS vibrational signal (29), and its origin can
be understood as follows. At sufficiently high bias, some of the
electrons tunnel inelastically by exciting a vibrational mode of
the protein, and after losing part of their energy, they proceed
resonantly through Cu(II) center (Fig. 7 A and C). This explains
the appearance of a satellite conductance peak next to the main
elastic peak. The difference between main and satellite peaks
corresponds to the energy of the vibrational mode associated
with the resonant state, similar to the significance of resonant
Raman spectroscopy (29, 56). We assign the satellite peak to the

Cu-S stretch, specifically the motion of the cysteine sulfur atom
(57), which is one of the Cu(II) ligands. All reported dominant
Cu-S stretching vibrations, ν (Cu-S), fall around 400 cm−1, con-
sistent with the 50-meV spacing that we observed (58–60).
Therefore, these satellite peaks provide direct evidence for the
involvement of Cu(II) with its coordination sphere in the reso-
nant state in tunneling charge transport in a working Az mo-
lecular junction. Moreover, the fact that the satellite peaks
always appear at approximately the same energy difference from
the main peaks in a given conductance spectrum (Fig. 7A) sup-
ports our idea that the conductance peaks actually originate from
the transport through distinct proteins.

Conclusions
Our results provide experimental evidence that ETp through Az
can be fully coherent. The results obtained by altering the Az–
electrode interaction, namely modulating the interaction with
one of the electrodes, are consistent with resonant tunneling
across Az (i.e., coherent ETp). The vibrational signature of the
Cu(II) coordination site provides direct evidence for the role of
the Cu(II) site in charge transport across Az. The approach of
modifying protein–electrode coupling to study transport mech-
anism(s) and protein junction characteristics presents a general
strategy for investigating protein electronics. As an experimental
approach, it can be extended to any redox active or even redox
inactive biomolecule.
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