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lectron transfer (ET) reactions are es-

sential in many chemical and biologi-

cal processes,' such as cellular respira-
tion and photosynthesis. The study of
ET is important not only to understand
how enzymes work? but to put forward
technological applications in biosensing®
and molecular electronics.*> Methods to
measure ET at the single-molecule level
are expected both to resolve temporal var-
iations in enzyme activity that can be corre-
lated with conformational changes® and to
allow the ultimate miniaturization of nano-
devices. The blue copper protein azurin (Az)
acts as a soluble electron carrier in the
respiratory chain of bacteria and constitutes
a convenient model system to investigate
ET that has been the object of many
studies.””® Pseudomonas aeruginosa Az is
a globular protein that contains a Cu ion
coordinated by protein residues, which
makes the protein capable of accepting
and transporting electrons by switching its
redox state (Cu""). The rate kgr of nonadia-
batic ET at a fixed distance between a donor
(A) and an acceptor (B) is described by
semiclassical Marcus theory using eq 1:"""°

_ A _(AGH+AY?
er = \/WHAB‘*XF’{ W}
(1)

where kgt depends on the driving force
(AG®) of the ET reaction, the reorganization
energy (), the temperature (7), and the
electronic coupling between A and B (Hag),
and the kg and h are the Boltzmann and
Planck constants, respectively. The coupling
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ABSTRACT We present a method to measure directly and at the single-molecule level the

distance decay constant that characterizes the rate of electron transfer (ET) in redox proteins. Using

an electrochemical tunneling microscope under bipotentiostatic control, we obtained current—dis-

tance spectroscopic recordings of individual redox proteins confined within a nanometric tunneling

gap at a well-defined molecular orientation. The tunneling current decays exponentially, and the

corresponding decay constant (/3) strongly supports a two-step tunneling ET mechanism. Statistical

analysis of decay constant measurements reveals differences between the reduced and oxidized

states that may be relevant to the control of ET rates in enzymes and biological electron transport

chains.
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Hag and thus the rate of ET are expected to
have an exponential dependence on the
donor—acceptor distance (dag). The key
parameter in this relationship is the distance
decay constant 3, which is characteristic of
the molecule involved in ET and the transfer
mechanism:

ket o< exp(— Bdag) (2)

It has long been discussed how the
rate of ET to and from a redox center is
influenced by the protein matrix surround-
ing it in redox proteins.'®'" Recent ad-
vances have demonstrated that amino
acids of the protein fine-tune its redox
potential’*'® and act as semiconductor
relay elements to facilitate the transfer,®
thus confirming the tunneling pathway
model predicted by calculations."* How-
ever, tunneling decay constants are
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Figure 1. Experimental setup for ECSTM imaging and cur-
rent—distance spectroscopy studies of azurin under bipo-
tentiostatic control. Azurin proteins are bound by means of
native cysteines to an atomically flat Au (111) surface, which
constitutes one of the working electrodes of the bipoten-
tiostatic control system (WE1, electrochemical potential of
the sample noted Us in the text). The ECSTM probe is a sharp
Pt—Ir needle coated with an electrical insulator (black) that
exposes only the tip apex and constitutes the second
working electrode (WE2, electrochemical potential noted Up
in the text). RE denotes the reference electrode in solution
and CE the auxiliary or counter electrode (see Methods for
details). Tunneling current measurements between WE1
and WE2 allow performing ECSTM imaging and current—
distance (/—z) spectroscopic measurements at single pro-
tein resolution.

usually obtained indirectly by the determination of
macroscopic rate constants from optical and infrared
spectroscopy, and then applying the semiclassical
Marcus theory1 in order to calculate the kinetic,
thermodynamic, and electronic parameters of the
process. Experimental determination of a distance
decay constant (f) in a protein was achieved by
measuring the ET rate between Cu"" center of the
blue copper protein azurin and redox probes (Ru"")
attached to histidine residues mutated at different
points on the surface of the protein. Rates were then
plotted in a logarithmic axis versus the linear distance
between the Cu center and each mutated residue.’
This method yielded a distance decay factor f = 11
nm~’, in agreement with calculations'* and electro-
chemical measurements.'>'® Together, these results
established superexchange tunneling as the mecha-
nism of intraprotein ET in azurin.'® Current—distance
recordings by ECTS can be compared to electrochem-
ical measurements with redox probes introduced at
different distances along a well-defined axis of the
protein. The tip of an electrochemical scanning tun-
neling microscope (ECSTM) constitutes an electro-
chemical probe whose Fermi energy can be adjusted
at any desired value within the solvent window and
whose position with respect to an individual protein
can be fixed or scanned along any direction with sub-
nanometer accuracy,'’ giving rise to single-molecule
measurements. Indeed, ET has been studied at the
single-molecule level by STM,'® ECSTM,"® by conductive
probe atomic force microscopy,'® and using molecular
junctions.?®?' It was first observed by ECSTM that
Fe-protoporphyrin  molecules on graphite display a
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resonant-like behavior of the tunneling ET,*? a feature
that has been later reported for other molecules, includ-
ing proteins.'>?

Here we report current—distance measurements
using an ECSTM under bipotentiostatic control in order
to determine directly and at single-molecule level the
current—distance decay constant (f3) for intermolecu-
lar ET with azurin at a fixed orientation and as a
function of its redox state. ECSTM probes were insu-
lated except at the apex in order to minimize faradaic
current,”* and individual proteins were further con-
fined within the tunneling gap between the probe
and an atomically flat gold surface (Figure 1). Our
measurements confirm the two-step ET tunneling
mechanism with values of 3 in agreement with
previous reports'>?® and with theoretical predictions
for multistep intermolecular ET.2® In addition, f is
found to depend significantly on the redox state of
the protein, which points out the key role of the Cu
redox center in the ET mechanism as previously
suggested.’>?? Similarly, the presence of oxidizable
residues along the ET pathway has been demonstrated
to directly participate in the ET process® At short
probe—protein distances, incomplete charge screen-
ing effects are also observed that affect imaging and
spectroscopic measurements.

RESULTS AND DISCUSSION

ECSTM Imaging. Imaging of azurin on gold by ECSTM
under bipotentiostatic control (see Figure 1 and Sup-
porting Information Figure S1) shows nanometric par-
ticles of uniform height evenly distributed on the
surface that correspond to individual proteins or
clusters.®® As in previous studies, we observed changes
in the apparent height of azurin with the electroche-
mical potentials of the substrate (Us) and ECSTM probe
(Up). The measured height of oxidized azurin (Us = 200
mV) is 0.29 4 0.01, 0.26 £ 0.005, and 0.22 4= 0.01 nm at
ECSTM probe potentials of Up = —100, 150, and
400 mV, respectively (N = 30) and can be compared
to the height of gold monatomic steps in the same
image, which does not change with potentials (0.23 +
0.01 nm) (see Supporting Information Figure S1). This
dependence is in agreement with previous reports'>2>
and is attributed to the redox activity of azurin because
this effect is not found in nonredox, Zn-substituted
azurin.?® High apparent heights are obtained when the
metal electrode and the redox level of the protein are
in resonance conditions."®

Electrochemical Current—Distance Spectroscopy. Since the
contribution of the redox properties of azurin to the
apparent topography of ECSTM images is expected to
be complex, we sought a measurement that could be
directly correlated to the ET properties of the protein.
We thus performed current—distance /(z) tunneling
spectroscopy'’*” of azurin on gold using again ECSTM
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under bipotentiostatic control. Semilogarithmic /(z)
plots of bare gold and azurin-coated gold are shown
in Figure 2a for two initial current set points (3.0 and 0.7
nA) in a 50 mM acetate solution. In bare gold surfaces
(blue plots in Figure 2a), an exponential current decay
is observed from the initial current set point (3.0 nA) up
to the onset of faradaic leakage current of the ECSTM
probe away from the surface (50 pA in Figure 2a). This
result is according to expectations on a metal surface,
and similar curves are obtained at lower set points (not
shown). Fitting the exponential region of the plot
yields = 11 £ 0.1 nm™" (N = 10, * > 0.99), in
agreement with other studies.” This value of f is in
the range of the distance decay constants reported for
coherent tunneling ET processes observed in a tunnel-
ing gap.?”*® In azurin-coated surfaces (green plots in
Figure 2a), the current decays linearly (r* > 0.99, see
inset) at short probe-to-sample distances, and below
~1 nA (corresponding to longer tunneling gap
distances), an exponential dependence is again found.
Starting from a lower set point (0.7 nA, black plots in
Figure 2a), I(z) plots of azurin display a simple expo-
nential decay with S =4.4 + 0.1 nm~ ' (N =10).In order
to test whether the linear proximity range observed at
3.0 nA set point is related to insufficient surface charge
screening,?® we increased the ionic strength to 1.0 M. In
these conditions, the linear range disappears and /(2)
plots are exponential even at high current set points
(Figure 2b). This result suggests that, at moderate
current set points (~1 nA) in 50 mM acetate (low ionic
strength), the Debye length (k~'(nm) = 0.304/+/Cejec-
(M)) is larger than the STM probe—azurin gap and the
probe might penetrate the ionic charge profile over
azurin at the imposed set point current (see Supporting
Information Figure S3). Thus, the actual electrochemi-
cal potential of the probe and azurin is lower than the
formal potential applied versus the reference electrode
in solution; that is, the gap is no longer under potentio-
static control. In this scenario, current decays at a lower
than exponential rate with the distance as the tip is
retracted from the electrode surface. When the pro-
be—azurin gap is larger than the Debye length, poten-
tiostatic control is recovered. Thus, true potentiostatic
control at the tip—sample gap requires current set
points in the exponential range.*°

Electrochemical State Dependence of Distance Decay Con-
stants. Having established suitable conditions for the
reliable determination of /3, we carried out further /(2)
measurements at different Us and Up. We initially chose
substrate potentials where azurin is reduced (Us =
—300 mV) and oxidized (Us = 200 mV) and ECSTM
probe potentials corresponding to a low, constant bias
of 200 mV (Up = —100 mV and Up = 400 mV,
respectively). After ECSTM imaging bare gold (Figure 3a)
and azurin on gold (Figure 3b) at these potentials, we
recorded sets of /(z) curves at random locations on
each surface. Red traces in Figure 3c,d correspond to
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Figure 2. (a) Semilogarithmic current—distance plots of
bare gold (in blue) and azurin-coated gold at 3 nA initial set
point (in green) and 0.7 nA initial set point (in black), in 50
mM ammonium acetate at Us = 200 mV, Up = 400 mV (bias
200 mV). Ten recordings are superimposed in each case to
show the experimental variability; averages are indicated
using thick traces. Inset: linear-scale zoom of the non-
exponential regime at low piezo retraction. (b) Semiloga-
rithmic current—distance plot of azurin-coated gold (3 nA
initial set point) in 1.0 M ammonium acetate at Us =200 mV,
Up = 400 mV (bias 200 mV). The average and SEM of 10
recordings are indicated in black and gray, respectively.

Us=—300 mV (reduced azurin) and black traces to Us =
200 mV (oxidized azurin). In bare gold, /(z) plots are
clustered (Figure 3c), and the histogram of  values
obtained after individually fitting each plot yields a
distribution with a unique maximum centered at
11 nm~" and independent of Up (Figure 3e). In azurin-
coated gold (Figure 3d), two populations of /(z) curves
occur with clearly differentiated current decay rates,
and the corresponding histograms of 5 values yield
two maxima (Figure 3f). The maximum at 11 nm™'
coincides with the value obtained in bare gold and is
again independent of Up. Thus, we interpret that the
population of /(z) curves displaying # ~ 11 nm™" is
acquired at bare gold regions on the azurin sample.
The maximum of the histogram at 5~ 5 nm™ ' does not
appear in gold samples and is therefore attributed to
azurin. Statistical analysis of the ECTS recordings yields
75% of the curves corresponding to azurin (Figure 3f)
and the remaining 25% are similar to curves obtained
on bare gold (11 nm™", Figure 3e). The value of 75% is
in agreement with the high azurin coverage observed
by ECSTM imaging (Figure3b). The distance decay
factor value for azurin is lower than that of bare gold
control samples, suggesting a different ET mechanism
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Figure 3. (a) ECSTM image and detail (lower right corner) of a bare gold sample (300 x 300 nm?and 80 x 80 nm?, vertical scale
2 nm). (b) ECSTM image and detail (lower right corner) of an azurin-coated gold sample (300 x 300 nm? and 80 x 80 nm?,
vertical scale 2 nm). (c) Ensemble of current—distance plots recorded on bare gold at Us = 200 mV (black traces) and Us = —300
mV (red traces) at constant bias of 200 mV. (d) Ensemble of current—distance plots recorded on azurin-coated gold at Us =200
mV (black traces, oxidized azurin) and Us = —300 mV (red traces, reduced azurin) at constant bias of 200 mV. (e) Histogram of
the distance decay factor quantified from individual traces in (c). (f) Histogram of the distance decay factor quantified from

individual traces in (d).

TABLE 1. Current—Distance Decay Factors () of Azurin,
Bare Gold and Nonredox Zn-Azurin at Different Sample
(Us) and STM Probe (Up) Potentials®

£ om™")

azurin bias bare
Us (V/SSC)  state  Up (V/SSC) Up—Us (V)  azurin gold In-azurin

0.2  oxidized 0.4 02 44401 11.2+03 38+02
—03  redued —0.1 02 54403 102+£02 42402
02 oxidized —0.1 —03  29£03 11.74£03 41+£02
—0.1  reduced 0.2 03 45403 101£02 41401

“Probe bias is Up—Us. Errors indicate standard error of the mean for N = 10
measurements.

from a single coherent tunneling step, and it matches
the distance decay factor previously predicted for a
multistep interprotein ET (5 nm~', calculated from
Figure 5in ref 11). Interestingly, this maximum occurs
at different values under reduced and oxidized con-
ditions (5.4 and 4.4 nm ™", respectively, for a constant
bias of 200 mV; see summary in Table 1). In order to
find out whether the change in f§ is due to the redox
state of the protein, we measured /(z) curves of
nonredox, Zn-substituted azurin as a control experi-
ment (see Supporting Information Figure S2). As
shown in Table 1, no significant dependence on
potentials was obtained in this case, confirming that
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Figure 4. Current—distance plots on bare gold (labeled
“Au”) averaged from Figure 3c at Us = 200 mV (black traces)
and Us = —300 mV (red traces) at constant bias of 200 mV.
Current—distance plots recorded on azurin-coated gold
(labeled “Az"), pooled, and averaged from Figure 3d ac-
cording to the histogram maxima in Figure 3f. Black
traces correspond to Us = 200 mV (oxidized azurin) and red
traces to Us = —300 mV (reduced azurin) at constant bias of
200 mV.

the differences found for azurin are due to its redox
properties. The /(z) curves of Figure 3d were further
pooled according to the histogram maxima
(Figure 3f), averaged, and represented in Figure 4 in
order to point out differences between the gold
substrate, reduced and oxidized azurin.

The exponential dependence found in /(z) plots of
azurin (Figure 4) is a signature of tunneling ET mecha-
nism through the protein structure,®' and the decay
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Figure 5. Energy diagram of ET processes in oxidized (Us =
200 mV, Up = —100 mV, black arrow) and reduced azurin
(Us=—100 mV, Up =200 mV, red arrow). The distance decay
constant /3 corresponding to each ET process is indicated.

constants obtained are in agreement with values
mentioned in previous ECSTM studies.?®> Decay con-
stants for ET in azurin have also been obtained from
bulk photolysis experiments”'® in which redox
probes are attached to the protein at different posi-
tions and orientations (histidine mutants) in separate
experiments; in comparison, each of our /(z) plots
provides a direct measurement of  at the single-
molecule level and along a well-defined orientation
of the protein. We obtain 5~ 5 nm™" for ET between
azurin and the ECSTM probe, a value lower than
obtained for intramolecular ET (8 ~ 10 nm™")”1914
but in very good agreement with the distance de-
pendence factor calculated for intermolecular two-
step tunneling."" Thus, our results confirm multistep
tunneling as a mechanism for intermolecular ET
involving azurin.

Significant differences in  were obtained between
the reduced and oxidized protein, whereas in the cases
of Zn-azurin or in the absence of protein, /(z) plots do
not change with potential. These results allow for the
first time to measure /3 as a function of the protein
redox state and provide access to a wide range of
electrochemical potentials of the probe, which is an
intrinsic advantage of ECSTM compared to redox
probes.'” In order to test the electrochemical condi-
tions where electrons are injected into oxidized azurin
and drawn from its reduced form, we set the potentials
at Us=200mV, Up=—100 mV and Us=—100 mV, Up =
200 mV, respectively, which correspond to a moderate,
opposite bias of £300 mV. The values of 5 obtained for
azurin, Zn-azurin, and bare gold are also outlined in
Table 1. At these potentials, the decay constants of
azurin and gold are again clearly different, and 3 of the
reduced protein (4.5 + 0.3 nm™") is also higher than
that of the oxidized form (2.9 &+ 0.3 nm™ '), in agree-
ment with the observations of Figure 3 for bias of 200 mV.
The lower values of 5 found for azurin at 300 mV bias
may be due to the increased bias and to a better
overlap of the probe potentials with the azurin redox
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level. Values of 3 in control experiments (nonredox
protein and bare gold) do not substantially change
with potential. These results are depicted in the energy
diagram of Figure 5, where the Fermi energies of the
gold substrate, ECSTM probe, and the redox level of
azurin®® are represented in the absolute energy scale
E(eV) = —e x U(V/SSC) — 4.6 eV.3*** When the probe
potential is set at Up = —100 mV, electrons are injected
into oxidized azurin (Us = 200 mV) with a decay
constant of 2.9 + 0.3 nm™ ' (black arrow in Figure 5),
and when Up = 200 mV, electrons are withdrawn from
reduced azurin (Us = —100 mV) with a decay constant
of 45 4 0.3 nm™" (red arrow in Figure 5). The latter
situation is formally described as injection of an elec-
tron vacancy or “hole”. The different f measured in
oxidized and reduced azurin indicates an asymmetry in
ET with the protein. According to the microreversibility
principle, the routes for the corresponding ET reactions
should be different. This finding may have implications
of biochemical relevance in the respiratory chain and
photosynthesis, where azurin is involved in intermole-
cular ET processes, transporting electrons between
partners consisting of membrane proteins. It is well-
established that many of the components in the
respiratory chains are found in isopotential groups in
a near-equilibrium situation,** and this defines a pro-
cess nearly without energy losses. We speculate that, in
this context, a protein with redox-dependent  could
allow controlling the ET rate or keep unidirectional ET
along the chain.

CONCLUSION

We have recorded for the first time current—dis-
tance I(z) curves on azurin bound to gold using ECSTM
under bipotentiostatic control. We compared azurin to
the bare gold surface and to a Zn-substituted azurin as
nonredox protein control. The electrochemical poten-
tials of the probe and gold substrate were adjusted
independently, and high ionic strength and low initial
current set point were required to guarantee good
charge screening at the electrodes during the record-
ings. I(z) curves display an exponential dependence
and yield a direct measurement of 3, which are char-
acteristic of a two-step tunneling ET process. Signifi-
cant differences in 3 between the reduced and
oxidized protein were obtained that may be relevant
to the control of ET rates in enzymes and biological
electron transport chains.

These decay constant measurements are obtained
at a well-defined protein orientation, which suggest
that by introducing cysteines at different surface loca-
tions on azurin and attaching the mutants on an Au/
SAM substrate®” it should be possible to systematically
investigate long-range ET along all protein axes, in
order to map the preferential ET pathways predicted
by simulations. Similarly, mutagenesis should allow
studying the role of “redox relay” residues in ET
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facilitation.® In addition, the method for determination
of 3 can be applied to match the properties of redox

METHODS

Sample Preparation. Reported protocols were used to prepare
atomically flat gold surfaces*” and to attach azurin on gold®*
through native cysteines C3 and C26, which results in a defined
orientation of the protein on the surface, while preserving its
native-like conformation® and electrochemical properties.?*3’
Azurin and all reagents were purchased from Sigma. Nonredox,
zinc-substituted azurin for control experiments was obtained as
described.?83°

Single-Molecule Electrochemical Recordings. ECSTM imaging and
spectroscopy experiments were performed with a PicoSPM
microscope head and a PicoStat bipotentiostat (Molecular
Imaging) controlled by Dulcinea electronics (Nanotec Electré-
nica). A homemade electrochemical cell was used in four-
electrode configuration, using a Pt:Ir (80:20) wire as counter
electrode and a miniaturized ultralow leakage membrane Ag/
AgCl (SSC) reference electrode filled with 3 M KCI. The potentials
of the gold electrode sample (Us) and ECSTM probe (Up) are
expressed against this reference. Prior to measurements, the
electrochemical cell and all of the glass material used for
preparation of solutions were cleaned with piranha solution
(7:3 H,S04/H,0, (30%) by volume). Caution: Piranha solution
should be handled with extreme caution. Deionized water (18
MQ cm " Milli-Q, Millipore) was used to prepare all solutions
and for rinsing samples and electrodes. Unless otherwise
specified, the recording solution was 50 mM ammonium acet-
ate buffer at pH 4.55. PtIr ECSTM probes were prepared as
described.?* Data were acquired using WSxM 4.0 software*® and
analyzed with Origin. Current—distance curves were recorded
at different Up and Us potentials, and an exponential function
I(2) = Ae ¥ was used to fit them (r* = 0.99) in order to obtain the
decay factor f3. Errors are indicated as standard error of the
mean, and N corresponds to the number of measurements.
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