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ABSTRACT: Multiple experiments on the electron transport through solid-state
junctions based on different proteins have suggested that the dominant transport
mechanism is quantum tunneling (or coherent transport). This is extremely surprising
given the length of these molecules (2−7 nm) and their electronic structure (mainly
comprising very localized molecular orbitals). Overall, this is probably the single most
important puzzle in the field of biomolecular electronics and calls for rigorous
calculations of the tunneling probability in protein-based junctions. Motivated by these
experiments, we tackle here this problem and report a comprehensive theoretical study of
the coherent electron transport in metal−protein−metal junctions based on the blue-copper azurin from Pseudomonas aeruginosa,
which is the workhorse in protein electronics. More precisely, we focus on single-molecule junctions realized in STM-based
experiments and analyze a wide variety of contact scenarios. Our calculations are based on a combination of molecular dynamics
simulations and ab initio transport calculations. Our results unambiguously show that when azurin is not deformed and retains its
pristine structure, the end-to-end tunneling probability is exceedingly small and does not give rise to any measurable electrical
current. On the other hand, we find that much higher tunneling probabilities are possible when either the STM tip (indented from
the top) substantially compresses the protein or the protein is contacted sideways, significantly reducing the effective junction length.
We also show that in certain configurations, the presence of surrounding water can also increase the conductance but it cannot
explain the high conductance values reported experimentally. In all cases, the current is found to flow through the Cu atom of this
metalloprotein, although the role of several other levels close to the Fermi energy cannot be ruled out. We remark that we only
evaluate the efficiency of coherent transport and the analysis of the relevance of other potential charge-transport mechanisms is out
of the scope of our work.

■ INTRODUCTION

The advance in experimental techniques, which enable the
fabrication of metal−protein−metal junctions, has opened up
new avenues in the field of nanotechnology.1 Proteins present
unique properties in terms of chemical recognition, self-
assembly, and optoelectronics.2,3 Thus, the foreseen possibility
of exploiting such properties in electrical devices such as field-
effect transistors, sensors, solar cells, and biocompatible flexible
implants has attracted enormous interest and prompted
numerous studies.4−8 By now, the electron transport through
proteins incorporated in solid-state junctions has been widely
explored using a variety of experimental techniques. For
instance, protein monolayers have been investigated with Si
platforms,9,10 suspended-wire techniques,11−13 or employing
EGaIn top electrodes.14,15 These techniques have the
advantage of producing very stable contacts that enable
temperature-dependent measurements that are important for
elucidating the transport mechanism. Electron transport
through individual proteins (or at least a small number of
them) has also become possible, thanks to the use of scanning
tunneling microscopy (STM)16−18 and conductive-probe
atomic force microscopy (CP-AFM).8,19−22 Many experiments

have been carried out with these techniques to study different
proteins and reported temperature-independent electron
transport,10,13,14,21,23−27 which has been interpreted as
evidence that (coherent) tunneling is the dominant transport
mechanism in these junctions. This is certainly striking taking
into account the size of these molecules (2−7 nm) and their
chemical composition (with amino acid residues that are
poorly conductive). In principle, tunneling is not the only
mechanism that can lead to a temperature-independent
electron transport. For instance, hopping conduction can also
be temperature-independent but it requires very special
conditions such as on-resonant transport and very low
activation energies.28,29 Moreover, tunneling is the only
mechanism that can consistently explain other important
facts such as the observation of (i) inelastic electron
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tunneling,11,27 (ii) resonant-like behavior,27 or (iii) temper-
ature-independent electron transport all the way to 4 K.21 So, it
is difficult to ignore the overwhelming evidence in favor of
tunneling in these junctions but its occurrence continues to be
extremely puzzling and, currently, the issue on how it is
possible at all to have quantum tunneling through individual
proteins is one of the most pressing open questions for the
theory in the field of biomolecular electronics.
This problem is very difficult to tackle due to, among other

things, the large size of proteins (with thousands of atoms), the
variety of possibilities to contact a protein,2 and the crucial role
played by fluctuations,30 either thermal or induced by the
presence of a solvent. Despite the enormous progress made in
modeling tunneling events within proteins,31,32 the same does
not apply to the computational description of electron
tunneling in metal−protein−metal junctions. Indeed, the
issues listed above have thus far hindered the use of the
standard ab initio transport approaches, mainly based on
density functional theory (DFT), that are regularly employed
to describe the coherent transport in molecular junctions made
of small organic molecules.33 In fact, the theoretical study of
electron transport in protein junctions has been mainly carried
out with the help of simple phenomenological models, often
borrowed from the field of electron transfer;34,35 see, e.g., ref
29 and references therein. Fortunately, the recent progress in
large-scale DFT calculations has paved the way for the analysis
of the electronic structure of entire proteins36 and protein-
based molecular junctions.13,37 In this work, we extend those
ab initio approaches to describe the coherent transport
through single-protein junctions. To be precise, we focus on
the case of azurin from Pseudomonas aeruginosa whose electron
transport properties have been studied quite exten-
sively.2,6,9−13,16−18,21,27 This protein belongs to the class of
redox metalloproteins and is crucial in the bacterial energy
conversion system.38 Consequently, their electron properties
have been analyzed by numerous studies.39−43 In particular,
different experiments with azurin monolayers have shown
temperature-independent electron transport,10,11,21,27 inter-
preted as a sign of tunneling, and single-azurin experiments
have reported remarkably high conductance values of up to
10−5 G0,

16,18 where G0 = 2e2/h is the quantum of conductance
(∼(12.9 kΩ)−1). This fact means that, if the transport was
coherent, the tunneling probability would be as high as 10−5,
which is comparable to the values found in molecular junctions
based on small organic molecules (<1 nm).33 It is important to
highlight that the electrical current measured in an STM-based
single-protein junction is fundamentally different from the
photoinduced experiments performed in the past,44 where the
former characterizes an actual hybrid nanobioelectronic device.
In this work, we report the first electron transport calculations
for azurin-based junctions based on fully ab initio calculations.
To this aim, we combined molecular dynamics simulations
with DFT calculations. The former was employed to obtain the
geometries of the junctions, while the latter was used to
compute their electronic structures. We then focused on the
coherent component of the electron transport, evaluating the
electrical conductance within the Landauer formalism and with
the help of rigorous nonequilibrium Green’s function (NEGF)
techniques. Previous literature has raised concerns about the
validity of this approach in the case of systems for which
sequential tunneling becomes relevant.45,46 However, the main
purpose of our work is to verify whether fully coherent
transport is plausible at all and thus we will adopt the Landauer

approach as it is the most suitable for such a case. Very
importantly, ref 45 explained the caveats, which ensure the
validity of the Landauer model by comparing the results
obtained with this method with those obtained by time-
dependent NEGF. There, it was shown that Landauer can be
applied when (i) the fluctuations do not affect the degree of
localization of the molecular orbitals responsible for transport
and (ii) the tunneling time is shorter than the molecular
correlation time. In our work, by focusing on coherent
transport only, we have thus assumed that these conditions are
met. We also note that the second requirement would probably
be satisfied in experiments carried out at low temperatures like,
for instance, in those reported in ref 27. Among the possible
experimental scenarios, we chose to focus on single-protein
junctions mimicking those obtained with STM-based techni-
ques. In these experiments, trapping proteins between gold
electrodes can be achieved by either break-junction dynamic
tapping or blinking techniques.18 In the former, the tip is
brought into close proximity with the surface until the point it
makes contact. Subsequent fast pulling of the tip can
occasionally cause a protein (previously deposited on the
surface) to bridge the tip−surface gap. In the latter instead, the
tip is placed at a close distance from the protein, avoiding
physical contact. However, because of its thermal fluctuations,
the protein spontaneously attaches and detaches from the tip.
When a chemical bond is established, jumps in the current
signal are detected. This technique had already been used with
various types of smaller molecules.47−50 It was also introduced
in protein-based experiments to avoid possible deformations
that the abrupt and continuous indentation and fast pulling of
the tip in the break-junction method might induce in the
protein folding. In our study, we considered a large variety of
junctions, which can be formed with these two techniques. Our
results show that as long as azurin is gently contacted and its
structure is not substantially altered, the tunneling probability
is exceedingly small and the corresponding coherent
conductance is simply not measurable. However, we also
show that the coherent conductance can be greatly enhanced,
and it may eventually become measurable, by indenting the
STM tip from the top and partially squeezing the protein or by
laterally contacting the protein with the tip, which in practice
corresponds to a situation with a reduced effective length of
the junction. To complete our study, we also explored the role
of the water molecules surrounding the junctions in the
transport properties of the different types of contact geo-
metries.

■ METHODS
Molecular Dynamics Simulations. All of the simulations

were performed using the AMBER14 software suite51 with
NVIDIA GPU acceleration.52−54 The ff14SB force field55 was
used to describe all standard amino acids present in the azurin.
The interatomic potentials of the copper atom and its
corresponding five ligands were described using a quantum
mechanically derived force field.56 This force field includes
both bonded and nonbonded terms between the Cu2+ atom
and its five ligands and has been widely used to model the
blue-copper azurin protein.5,18,57−60 The X-ray crystallographic
structure of azurin was obtained from the protein data bank61

with the PDB code 4AZU.62 Protons were added to the
protein structure according to the calculated ionization states63

of its titratable groups at a pH of 4.5, which corresponds to
that used in the experiments of ref 18. The protonation state of

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09364
J. Phys. Chem. C 2021, 125, 1693−1702

1694

pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09364?ref=pdf


the protein corresponds to a pH of 4.5. Details about this were
reported in the SI of ref 36. The net charge of the resulting
azurin structure was zero. In all our simulations, the gold−
azurin−gold junction consisted of a Au(111) surface where the
protein was initially adsorbed (see the SI and ref 37 for further
details) and a Au(111) tip with a 2 nm radius that interacts
with the adsorbed protein. The Au surface was modeled by an
8 × 8 nm2 slab and was composed of three atomic layer-thick
slabs. The positions of the atoms in the lowest layer were fixed
during the MD runs with a harmonic restraint of 5 kcal/mol
Å2. In this work, we assume that the S−S bridge between C3
and C26 is not broken upon adsorption. As a result, no S−Au
bonds are allowed to form between these cysteines and the
surface. At this point, neither single-molecule experiments18

nor simulations allow us to ascertain the presence/lack of such
bonds. However, considering the large energy required to
enable the formation of S−Aufirst, by breaking the S−S
bridge and then by reorganizing the surrounding amino acids
so S may approach the surfacethis assumption seems a
sensible one. Moreover, we have tested the influence that
breaking the S−S bridge (and consequently increasing the S−
Au) would have upon the adsorption and protein con-
formation. The results (Figure S1) show that both the
structure and adsorption configuration (including the relative
distance of S−Au) are preserved regardless. The surface/tip
gold atoms were described using CHARMM-METAL,64,65

which is thermodynamically consistent with the force field
used to describe the protein, and it has been successfully

Figure 1. (a) Selected junction geometries obtained in the MD simulations of the blinking process. The leftmost geometry corresponds to the
initial configuration, while the other three, indicated with the simulation time, correspond to geometries subsequent to the formation of the
protein−tip bond. The aspartic acid 69 has been marked in green as one of the main anchoring groups. (b−d) Transmission as a function of energy
(measured with respect to the Fermi energy EF) for three of the geometries shown in panel (a). As a guide to the eye, the red vertical lines indicate
the position of the Fermi level. (e) Transmission at the Fermi energy for 23 representative geometries in the blinking process, marked with the
simulation time.
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employed to study similar inorganic−biomolecular interfa-
ces.65 Additionally, recent cryoforce spectroscopy66 and
noncontact AFM67 experiments demonstrate the suitability
of this force field to describe both the mechanical properties of
Au−molecule−Au contacts as well as molecular diffusion
coefficients. The junction is fully embedded in a water medium
in all of the simulations. The water is described using the
explicit TIP3P model.68 We used, in all of the cases, periodic
boundary conditions with a rectangular box and particle mesh
Ewald to account for long-range electrostatic interactions. Van
der Waals contacts were truncated at a real-space cutoff of 10
Å. SHAKE algorithm was used to constrain bonds containing
hydrogen, thus allowing us to use an integration step of 2 fs.
Coordinates were saved every 1000 steps. The MD protocols
followed for describing the indentation and blinking scenarios
were thoroughly explained in refs 18 and 37, respectively. The
details about the lateral indentation MD protocol are reported
in Section S2 of the Supporting Information (SI).
Density Functional Theory. We have carried out density

functional theory (DFT) calculations on input geometries,
which were extracted from the MD simulations described
above. To this aim, we have used the OpenMX code, which is
based on highly optimized numerical pseudoatomic orbitals
(PAOs).69,70 A similar approach was already used for our
previous work on gas-phase azurins,36 azurin-based junctions,37

and cytochrome c.13 When importing the MD geometries into
the DFT calculations, the outermost layers of the tip and the
surface (those that are farthest from the protein) were
removed for computational reasons. As a result, the substrate
included in these ab initio calculations consisted of a three-
layer slab of 54.6 × 42.3 Å2 and 969 atoms, while the tip
consisted of 252 atoms. More details about this choice are
reported in Section S5. In all cases, the water molecules
surrounding the junction were initially removed. For selected
structures in each of the three sets, water molecules within a
distance of 3 Å from the protein were included, with the aim of
investigating the role of water in the electron transport. We
have used the Perdew−Burke−Ernzerhof (PBE) exchange and
correlation functional71 and norm-conserving pseudopoten-
tials.72 Single-ζ basis sets were used for all species involved in
the calculations (including the gold tip and substrate) except
for the Cu center. In this latter case, a double-ζ basis set was
employed. A comparison between the electronic structure
obtained with this choice and with a fully double-ζ basis set for
the isolated protein can be found in the SI of ref 36, showing
no relevant changes, which could affect the transport
properties. The cutoff radii of the PAOs were carefully
selected, namely, 8 Bohr (Cu), 7 Bohr (S), and 5 Bohr (C, N,
O, and H). As the cutoff radius of the basis set can be crucial in
the tunneling regime,73 a compromise between computational
cost and accuracy was achieved by using a cutoff radius of 7
Bohr for the Au atoms belonging to the regions of the tip and
the substrate farthest from the protein, while a cutoff of 9 Bohr
was adopted for the atoms closest to it. Increasing the cutoff
radii of the other species is not expected to affect the
conductance significantly, as a comparison between the spatial
localization of the frontier orbitals with cutoff radii of 5 and 7
Bohr only showed minimal changes. The electronic self-
consistency is achieved by a Pulay mixing scheme based on the
residual minimization method in the direct inversion iterative
subspace (RMM-DIIS)74 with a Kerker metric,75 using an
energy cutoff of 10−8 Ha as a convergence criterion. More
details about the strategies adopted to achieve the self-

consistent-cycle convergence can be found in refs 36 and 37.
The zero-bias transmission as a function of energy was finally
computed in the spirit of the Landauer formalism and making
use of NEGF techniques (see Section S1 in the SI for further
details).

■ RESULTS AND DISCUSSION
Molecular Dynamics Simulations. We have carried out

molecular dynamics simulations (MD) to obtain a large set of
geometrical structures of gold−azurin−gold junctions, which
are likely to be formed in STM-based experiments. The
complexity of the processes occurring in the aforementioned
experiments prevents us from describing them in full detail
since our simulations are very computationally demanding. We
have, therefore, focused on three possible scenarios, which will
be henceforth referred to as blinking, top indentation, and
lateral indentation, respectively, which globally embrace a wide
variety of key plausible structures. The blinking simulation
(Figure 1a) describes quite well the junction formation taking
place during an experiment based on the blinking technique
described above. All of the details about this simulation have
already been thoroughly described in ref 37, and the junction
evolution can be summarized as follows: while the tip is kept at
a fixed distance from the surface and the β-barrel of the protein
lies flat on the surface, the α-helix is initially involved in an up/
down motion. This leads it to bind to the gold tip initially via
residue 76 only and, in a later stage, via both residues 76 and
69. The end of the blinking event (corresponding to the
current drop) is not described for the reasons explained above.
In the indentation simulation, instead, a tip is brought close to
the protein from above in a stepwise manner until contact is
formed (Figure 2a).18 The tip movement in this case resembles
that occurring during a break-junction experiment. However,
as our simulations are very computationally demanding, we do
not describe the tip crashing on the surface and its subsequent
fast pulling but instead limit our study to a simplified case as
that described above. Finally, the lateral indentation refers to a
tip approaching the protein sideways (Figure 3a). The
resulting structures could actually correspond to some of
those formed in the experiments within both blinking and
break-junction techniques. In this type of simulation, binding
to the tip takes place through two well-differentiated azurin
regions, i.e., the α-helix arm and the azurin hydrophobic
patch,5 D69, L68, A65, G67, and N42 being the amino acids
involved in the anchoring (see the SI for further details). The
structures ensuing from the lateral indentation are clearly
different from the other two cases because of the shorter tip−
surface distance and the different geometrical surface−
protein−tip alignment. Even though they are the ones that
better simultaneously preserve the azurin tertiary and
secondary structures (see the SI for further details). As for
the indentation and blinking, although one might naively
expect their respective final geometries being very similar, there
is a main difference between the two sets: it lies in the kinds of
deformations induced in the protein tertiary and secondary
structures.18,37 In the indentation, the impact of the tip can
cause a slight compression of the protein although it was
shown18 that the folding/secondary structure is preserved up
to a distance of 2.5 Å from the surface (see the α-helix content
evolution in Figure S4). Conversely, in the blinking technique,
the spontaneous attachment does not substantially change the
protein secondary structure (see Figure S4) but can cause a
separation between the α-helix and the β-barrel (as shown in
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ref 37), which can be seen, globally, as an expansion of the
overall structure. Nevertheless, it is worth noting that the
electrical conductance of the blue-copper azurin measured by
both blinking and break-junction techniques18 showed actually
low discrepancy in the results (conductance values between
10−6 G0 and 10−5 G0). We will come back to this issue further
below.

DFT-Based Electron Transport Calculations. We
choose to start our study by analyzing the conductive
properties of the junctions obtained via the blinking method
as their electronic structure was already analyzed in detail in ref
37. Figure 1a shows four representative geometries formed
during the time trajectory; the transmission as a function of
energy for the last three structures (subsequent to the
formation of protein−gold contact) is shown in panels b−d
of the same figure. Let us recall that within the Landauer
formalism for coherent transport, the zero-bias conductance
(at low temperatures) is determined by the transmission
function, τ(E), evaluated at the Fermi energy, E = EF, i.e., G =
G0τ(EF). We observe that all transmission resonances are
extremely narrow, indicating a very weak coupling of the
corresponding orbitals with the metal leads. This is not
surprising as all orbitals are highly localized in space.36

Consequently, the conductance is extremely low. In Figure 1e,
the transmission at the Fermi energy for the geometries
obtained at 23 different MD time frames is reported. They
fluctuate within the range of 10−16−10−20, which means that in
practice the corresponding conductance values are many
orders of magnitude below what is possible to measure in a
single-protein junction (currently the highest current amplifi-
cations enable us to measure a conductance as low as 10−8−
10−9 G0). The highest value observed at 200 ns stems from the
highest occupied peak getting closer to the Fermi level than in
the other frames. It is important to bear in mind that current
DFT-based transport methods, like the one employed here,
tend to overestimate the conductance values due to the well-
known HOMO−LUMO gap inaccuracies in DFT with existing
functionals.76−78 Thus, the transmission values reported here
can be considered as upper limits for the true values, which
simply means that tunneling through these junction geometries
is extremely unlikely. Notice also that, despite the structural
fluctuations, the overall profile of the three transmission curves
is rather similar. This is explained by the fact that, as already
pointed out in ref 37, changes in the electronic structure
through time mostly affect residues either involved in the
metal−protein binding or located at the interface between the
β-barrel and the α-helix.
Common wisdom suggests that the electron transport

through blue-copper azurin takes place mainly through the
Cu ion. To corroborate this, we have plotted the projected
density of states on the Cu ion and compared its energy
dependence with the corresponding transmission curve (see
the SI). The comparison reveals that the Cu ion certainly plays
an important role as it seems to contribute to the resonance
closer to the Fermi energy in the occupied range. Nevertheless,
the involvement of other residues (aspartic and glutamic acids,
localized on the peripheral region of the protein) cannot be
ruled out as they also contribute to states aligned at the same
HOMO energy as the Cu ion (see the SI). Furthermore, we
observe that, in panels c and d of Figure 1, the Fermi level is at
an equal distance from the HOMO and LUMO peaks, which
indicates that the involvement of the LUMO (localized on
H35) should not be ruled out either.

Figure 2. (a−c) Three of the junction geometries obtained during the
simulations of an STM tip indentation. They are labeled according to
the tip−surface distances (dt−s). dt−s is defined as the difference
between the z coordinate of the bottom-most tip layer geometric
center and the uppermost surface layer geometric center (see the
schematic representation in panel (a)). (d) Transmission at the Fermi
energy as a function of the tip−sample distance (filled circles) for a
series of geometries obtained in the simulations of the tip indentation.
The different dashed lines correspond to an exponential decay, as
indicated in the legend, for different values of the attenuation factor β.
The parameter values are τ0 = 2.89 × 10−10 and d0 = 2.17 nm.

Figure 3. (a−c) Three representative junction geometries obtained
during the MD simulations of the lateral indentation of the STM tip.
The geometries are labeled according to the distance between the Cu
atom in azurin and the central atom in the lowest tip layer, dt−Cu (see
more details in the SI). (d) Transmission as a function of energy for
different geometries obtained in the lateral indentation simulations.
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We now turn to the analysis of the results obtained with the
second contact approach described in the Introduction section,
namely, from the simulation of the STM tip indentation (from
the top). Figure 2a shows three representative geometries,
corresponding to different tip−surface distances. The trans-
mission values at the Fermi level obtained throughout the
whole time trajectory as a function of such a distance are
reported in panel d of the same figure. Despite fluctuations, it
is possible to identify a clear trend, which indicates an
exponential dependence with the tip−sample distance, with an
attenuation factor of about 10−14 nm−1 (see the different
dotted-dashed lines in panel d). These values for the
attenuation factor are somewhat similar to those found in
the analysis of the length dependence of the conductance in
molecular junctions made of aromatic compounds and are
clearly larger than those for conjugated molecules.33

The general shape of the transmission curves is similar to
that obtained by the blinking process (see the SI). The
transmission values achieved at the largest tip−surface distance
are similar to those obtained in the blinking process. This is to
be expected since in the blinking simulation the tip is kept at
about the same distance from the surface (3.76 nm) as in the
initial geometry used in the indentation process (3.79 nm).
More importantly, at the smallest tip−surface distance, the
transmission values are more than 6 orders of magnitude
higher than the average value resulting from the blinking and,
in some cases, those values are within the experimentally
accessible range. This is particularly apparent in the geometry
for a tip−surface distance of 2.54 nm in which the transmission
at the Fermi energy is around 10−7. As we show in the SI, this
resonant behavior is due to the fact that the highest occupied
orbital of the Cu ion lies in this case very close to the Fermi
level of the junction. In general, the much higher transmission
values in the indentation process are due to the reduction of
the junction length due to the partial deformation of the
protein and to an increase in the hybridization (or coupling)
between the molecular states and metallic states of the leads.
Although the transmission values found in the indentation

process are much higher than in the blinking, they still tend to
be lower than that reported in single-protein STM-based
experiments.16,18 It has been hypothesized that the high
conductance values reported in some of those experiments
might be due to the fact that the protein is actually not
contacted from the top but rather sideways. Naively, this would
lead to junctions with a smaller effective length and, in turn,
higher conductance values. To test this idea, we now turn to
analyze the transmission as a function of energy for the
geometries obtained by simulating a lateral indentation of the
tip (Figure 3). In this example, we set the tip−surface distance
to about 2 nm and move laterally the tip to contact the protein
(see the SI for further details). As one can see in Figure 3d, all
transmission resonances appear to be quite sharp as in the
previous cases. As for the transmission at the Fermi level, the
higher values are obviously obtained for the shorter protein−
tip distance and are, in general, even higher than those
obtained in the last steps of the top indentation. It can also be
noticed that the LUMO-related peak is slightly broader than
that corresponding to the HOMO, suggesting a better coupling
to the leads and non-negligible contribution to the transport.
Overall, these results suggest that the lateral indentation is a
plausible scenario that could explain the observation of high
conductance values in single-azurin experiments.

Influence of Water Molecules on the Electron
Transport. To complete our systematic study, we would
like to address an issue that is often debated, namely, the role
in the electron transport of the water surrounding the junction
but for which there is no rigorous theoretical analysis in the
context of electron transport in protein junctions. Obviously,
the presence of water affects the dynamics of the protein, and
therefore, it is indirectly reflected in the transport properties
via the geometry of the junction. However, it is by no means
clear whether water molecules can alter the metal−protein
coupling or even create direct pathways for the electron
transport. The theoretical analysis of the role of water
molecules on different types of systems has led to conflicting
results in the literature. On the one hand, it has been suggested
that water molecules can improve the electron-transfer rate in
protein dimers79−81 and can increase tunneling conductance
by shifting molecular levels toward the Fermi energy82 or
introducing new levels at the lead−molecule interface.83 On
the other hand, the same were claimed to have a detrimental
effect on the conductance by either reducing the metal−
molecule coupling or modifying the level alignment.84−87

To resolve this issue in the context of metal−protein−metal
junctions, we have performed some test calculations on our
system by including some of the water molecules, which were
initially present in the MD simulations. More specifically, we
have included the first hydration layer (i.e., all water molecules
within 3 Å from the protein), as depicted in Figure 4, and

consider examples for the three contact approaches or
configurations discussed above. In particular, the results for
the transmission curves for two geometries obtained in the top
indentation, a geometry corresponding to the lateral
indentation, and another one for the blinking process are
shown in Figure 5. For each case, a comparison with the
corresponding geometry in the absence of water is also shown.
While no significant changes are observed for the two kinds of
indentation, a conductance increase of around 2 orders of

Figure 4. Junction geometries for which the role of the water
molecules has been investigated: (a) tip indentation, (b) lateral
indentation, and (c) blinking process.
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magnitude is observed for the blinking. In the latter, an analysis
of the projected density of states on each residue (not shown
here) did not reveal a definitive global trend in the energy shift
as the upward shift of some residue levels is compensated by
the downward shifts of some others. Hence, energy shifts of
molecular levels do not seem to be the origin of the
conductance increase. Moreover, a calculation carried out on
the same junction comprising only the water molecules (i.e.,
deprived of the protein) showed a transmission value at the
Fermi level lower than 10−25, indicating that they do not
contribute to active channels for the conductance. Therefore,
we ascribe the water-induced conductance increase observed in
the blinking to an increase in the metal−protein coupling.
Indeed, the transmission curve for the water-surrounded
protein contains additional peaks with respect to the pristine
case, in which, instead, they are too narrow to be shown with
the energy resolution adopted in the calculation. This effect is
probably more dramatic in the case of the blinking method
than in the other cases because of the higher amount of water
molecules included between the protein and tip.

■ CONCLUSIONS

In summary, we have studied the coherent component of the
electron transport through junctions comprising a single blue-
copper azurin from P. aeruginosa. Overall, our calculations

strongly suggest that when the protein is gently contacted
(from end to end), the tunneling probability is extremely small
and the corresponding conductance is simply not measurable.
However, we have also shown that a wide range of
conductance values can be found, depending on the specific
way the tip−protein contact is created, which in turn affects
the metal−metal distance and the protein structural
deformation. In particular, we have shown that scenarios like
the lateral indentation can provide a plausible explanation for
the strikingly high conductance values reported in some single-
azurin STM experiments. We emphasize once more that in this
work we focus on the analysis of the probability of coherent
tunneling in azurin junctions and we have no claims or
predictions about the efficiency of incoherent charge-transport
mechanisms, whose rigorous analysis goes beyond the scope of
this work. The methodology here employed allows us, in
principle, to investigate whether the main conclusions drawn in
this work also apply to other solid-state protein junctions, like,
e.g., those based on cytochrome c.13 Furthermore, it remains to
be understood whether the coherent transport in junctions
based on protein monolayers15 is fundamentally different from
that in the single-protein junctions discussed in this work.

Figure 5. (a−d) Transmission as a function of energy for the four molecular junctions shown in Figure 4. The black solid lines correspond to the
structures of Figure 4 deprived of the surrounding water molecules, whereas the blue dashed lines correspond to calculations in which the water
molecules appearing in the same figure were explicitly taken into account. In all panels, the red dashed vertical lines indicate the position of the
Fermi level.
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(49) Díez-Peŕez, I.; Hihath, J.; Lee, Y.; Yu, L.; Adamska, L.;
Kozhushner, M. A.; Oleynik, I. I.; Tao, N. Rectification and Stability
of a Single Molecular Diode with Controlled Orientation. Nat. Chem.
2009, 1, 635.
(50) Aragones̀, A. C.; Darwish, N.; Ciampi, S.; Sanz, F.; Gooding, J.
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