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lectron transfer events are vital in biol-
ogy, playing a central role in processes
such as energy production and cata-
lysis. The primary role of the proteinaceous
component in these processes is thought to
be binding, organizing, and tuning redox-
active cofactors such as heme.! ™ Although
such proteins function at essentially the
single molecule level within the cell, most
experiments are performed on a molecular
ensemble, where variation in individual mo-
lecule/environment interactions and events
may be obscured.>® Hence there is strong
interest in developing methods to probe
protein-facilitated electron transport at the
single molecule level across a range of fields.”
Measurements of electron transport on sin-
gle molecules between two contacts'® "6
have been advanced by techniques includ-
ing electron beam lithography,'” mechan-
ical break junctions,'® and Au nanoparticle
sandwiches.'® Among these, scanning tun-
neling microscopy (STM)-based experi-
ments have allowed current—voltage (/I—-V)
and current—distance (/I—z) measurements
on single molecules and have been widely
used for investigating molecular conduc-
tance in a variety of systems. To date, these
approaches have been successfully applied
to small organic molecules (alkanedithiols,® 2
conjugated aryl dithiols,>2* porphyrins,*®
viologen?®) but not to more complex mol-
ecules such as proteins. Application of these
techniques to proteins has been severely
hampered by the inability to make direct
electrical contact to both electrodes while
maintaining the protein's native conforma-
tion. Scanning probe measurements have
been limited to /—V measurements where
there is no intimate contact between the
STM tip and the protein molecule or to
conducting AFM measurements where a
relatively large force, likely to drastically
distort the native conformation, is necessary
for good electrical contact.®®
Here, we overcome this limitation by
engineering thiol contact pairs, through
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The redox-active protein cytochrome bsg, has been engineered to introduce pairs of thiol
groups in the form of cysteine residues at specified sites. Successful STM imaging of the
molecules adsorbed on a gold surface indicated that one thiol group controls the orientation of
the molecule and that the protein maintains its native form under the experimental
conditions. Stable protein—gold STM tip electrical contact was directly observed to form
via the second free thiol group in current—voltage and current—distance measurements.
Proteins with thiol contacts positioned across the protein's short axis displayed a conductance
of (3.48 % 0.05) x 10> G,. However proteins with thiol groups placed along the long axis
reproducibly yielded two distinct values of (1.95 = 0.03) x 10> Gy and (3.57 = 0.11) x
107> Go, suggesting that the placement of the asymmetrically located haem within the
protein influences electron transfer. In contrast, the unengineered wild-type cytochrome bsg,
had conductance values at least 1 order of magnitude less. Here we show that an electron
transfer protein engineered to bind gold surfaces can be controllably oriented and electrically
contacted to metallic electrodes, a prerequisite for potential integration into electronic

circuits.
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nanobioelectronics - scanning tunneling microscopy - cytochrome bsg; - protein
engineering

the introduction of cysteine residues, at
selected sites on opposing ends of the
electron transfer protein cytochrome bse,
(cyt bsey) by site-directed mutagenesis. We
demonstrate that the introduced thiol
groups are essential for imparting strong
protein coupling to both a Au(111) surface
and to a gold STM tip electrodes. We also
show control of the molecular orientation
by preparing two variants with the cysteine
residues located at the two ends along the
long axis and across the short axis of the
ellipsoidally shaped cyt bsg, and detect

* Address correspondence to
martin.elliott@astro.cf.ac.uk,
jonesdd@cardiff.ac.uk.

and accepted November 16, 2011.

Published online N b
10.1021/nn2036818

©2011 American Chemical Society

VOL.6 = NO.1 = 355-361 =

Received for review September 26, 2011

16, 2011

2012 @%{g)

WWwWW.acsnano.org

355



~

Figure 1. Engineering and imaging of double cysteine mutants cyt bse,. The 3D structure of cyt bse, variant (a) SH-SA and
(b) SH-LA. The relative positions of the amino acid targeted for mutation ((a) Asp5 and Lys104 and (b) Asp21 and Asp50) are
highlighted as red spheres, and the heme center is shown in the stick representation and colored green. The gold surface is
indicated as yellow spheres. Three-dimensional representation of STM images of (c) SH-SA and (d) SH-LA immobilized
on Au(111) after the fifth scan of the same area. The images were acquired at constant / = 0.05 nA and V = —20 mV (size =
12 nm x 12 nm, z-range = 0—1.5 nm). The insets show the surface representations of the (c) side and (d) top views of cyt bse,

from the X-ray structure.

differences in molecular conductance by /—-V and |-z
experiments.

Cyt bsep a heme-binding helical bundle electron
transfer protein from Escherichia coli, has been shown
to be suitably robust for repeat STM scans and /—V mea-
surements without unduly influencing the protein's
structure and electronic properties.?’?® As cyt bsg,
does not contain any cysteine residues, thiol groups
can be introduced at required positions to define the
metal—protein interactions. Replacing residues Asp5
and Lys104 with cysteine residues at diametrically
opposite sites across the molecule's short axis gener-
ates the cyt bsg; SH-SA variant (Figure 1a); in this
configuration, the protein will have its long axis in
the surface plane with the uppermost thiol accessible
to the STM tip and its iron center symmetrically posi-
tioned ~1.2 nm from each sulfur atom. The thiol
contacts can also be positioned across the protein's
long axis by replacing residues Asp21 and Asp50 with
cysteine, generating cyt bse, SH-LA (Figure 1b). Molec-
ular modeling indicates that SH-LA can anchor metallic
surfaces with the iron site being ~2.0 or ~3.2 nm
distant from the electrodes, depending on which thiol
group is bound to the surface. Introduction of cysteines
in place of these residues has no effect on the native
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structure and on the functionality of cyt bsey; heme
binding and the redox characteristics of the protein are
preserved.?”?®

RESULTS AND DISCUSSION

Robust anchoring of the engineered cyt bsg, SH-SA
and SH-LA variants is demonstrated by the similarity
of successive STM images (Supporting Information
Figures 1 and 2); by comparison, wild-type cyt bse,
(containing no thiol groups) is swept away within a few
imaging cycles (Supporting Information Figure 3). The
observed shape of the cyt bse, variants in the STM
images was as expected given the overall structure of
the protein; cyt bsg, SH-LA was spherical with SH-SA
laterally elongated in comparison (Figure 1c,d). The
single cross section profiles were fitted to a Gaussian
function, and the measured full width at half-maxi-
mum of SH-SA and SH-LA was 5.0 + 0.6 and 2.3 +
0.6 nm, respectively, in good agreement with crystal-
lographic data.® These results indicate that the pro-
teins retain their native structure upon interaction with
the metal surface as unfolded protein will be unlikely
to display a defined compact shape on denaturation. It
also demonstrates that the introduction of the surface-
exposed cysteine plays a vital role for attachment of
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Figure 2. /—V measurements of cyt bse,. Plots of low bias conductance values against the number of the /- V curve recorded
for (a) SH-SA, (b,c) SH-LA, and (d) wild-type cyt bse,. The lines are the average of the experimental data (dots).

the molecule in an oriented manner via the gold—
sulfur bond.

To study the electron transfer properties of the
unengineered wild-type and the two cyt bse; variants
deposited on Au(111) surfaces in their different respec-
tive orientations, /—V measurements were performed.
Before and after measuring /—V curves, molecules were
imaged and checked for integrity comparing their
lateral dimensions with that of the known molecular
structure of cyt bse, (Supporting Information Figure 4).
Several hundred /—V curves were recorded in a low
bias range (—0.75 V, +-0.75 V) at a rate of 20 V/s without
re-establishing the feedback system and fitted to a
third-order polynomial function:

| = AV +BV3 M

where A is the low bias conductance (ie., the first
derivative of the current with respect to voltage near
0 (dli/dV\—p)) and B is a coefficient that describes the
nonlinearity of the /—V curve (second- and higher-
order polynomial coefficients were insignificant at the
small bias voltages used in the experiments). The
evaluated low bias conductance was plotted against
the number of the corresponding recorded curve to
display any changes in conductance, which may arise
due to changes in tunneling distance or tunneling
barrier.

With the system out of feedback, in most cases, just a
slow increase or decrease in conductance over time
was observed as the tip drifted either toward or away
from the sample (Supporting Information Figure 5).
However, sudden characteristic changes were observed
in 15—20% of the |-V traces when probing cyt bse;
SH-SA and SH-LA (Supporting Information Figure 6).
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These differences are revealed by jumps in low bias
conductance against scan number and are attributed
to the binding of the free thiol to the STM tip (Figure 2).
Conductance jumps for SH-SA (Figure 2a) and SH-LA
(Figure 2b,c) are ~(1—3) x 107> Gy (G = 77.4 uS).
Similar events have been reported in current measured
as a function of time (/—t) experiments conducted with
alkanedithiols®® and short DNA molecules functiona-
lized with two thiol groups.>® /—V curves were also
recorded for the wild-type cyt bss, (Supporting Infor-
mation Figure 6a). Although jumps in conductance
were observed (Figure 2d), they were an order of
magnitude lower (~2 x 107° Gy) than the engineered
cyt bse, variants, indicating that in the absence of thiol
groups the junction resistance increased and that only
poor non-optimal protein—electrode contact was pos-
sible. /—V control experiments were performed on bare
Au(111) electrodes (Supporting Information Figure 7).
These showed little variation in the observed conduc-
tance over time (Supporting Information Figure 7a);
the measured current was similar to the one recorded
when the proteins were adsorbed on the Au(111)
surface before a characteristic step-change in conduc-
tance. In a few instances (~10%), the measured current
saturated the amplifier, indicating that the tip was in
contact with the gold surface (Supporting Information
Figure 7b).

The low bias conductance values measured for SH-
SA ((3.48 £ 0.05) x 10> Gy, Figure 2b) were more
stable over time than SH-LA possibly because of more
robust binding of the protein sulfur group to the tip.
In addition, measurements with SH-LA (Figure 2c,d)
had two distinct conductance jumps ((1.95 & 0.03) x
107° Gpand (3.57 £0.11) x 10> Gp). The two observed
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Figure 3. Example of fitting curve (lines) of experimental
IV curves (dots) for (green) SH-SA, (red and blue) SH-LA,
and (black) wild-type cyt bse;, using eq 1 in the main text. For
clarity, only 1 from every 10 experimental data points of the
|-V curves observed after a jump in di/dV,._, value is
plotted. The STM feedback loop (set point bias voltage
0.1 V, tunneling current 50 pA) was disengaged, and the
IV characteristics were recorded.

values were reproducibly associated with distinct
SH-LA proteins adsorbed on the Au(111) surface. The
most likely explanation of the two observed conduc-
tance values is that they relate to two different orienta-
tions of the protein with respect to the gold surface,
resulting from immobilization via the thiol either at
residue 21 or at residue 50. The SH-LA protein binding
the Au surface through the cysteine at position 21 has
the metal center closer to the scanning tip (~2.0 nm)
than the protein binding through the cysteine at
position 50 (~3.2 nm) (Figure 1b). This asymmetry will
affect the relative coupling of the iron moiety to the
tip and metal surface. In turn, this will affect the
broadening of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) electronic levels of the molecule due to the
interaction of the redox center with the electrodes®’ as
a result of the different geometry of the Au tip and the
Au(111) substrate.>* 3> This is supported by experi-
ments and theoretical calculations performed with
alkanedithiols molecules, where it has been shown
that the electronic coupling between the molecules
and aflat Au(111) surface is different to that with a rough
gold surface>* 3% The asymmetry will also give rise to
different interface dipoles at the metal surface, which
could contribute to differences in the measured current
for the two molecular orientations.

Recording /—V curves repeatedly over time, as pre-
sented above, is an extension of /I—t experiments where
the current is simply recorded at a fixed bias as a function
of time.?® Our experimental setup enables us not only
to monitor jumps in current due to the contact be-
tween molecule and tip but also to analyze conduction
mechanisms through investigation of the /—V curves
(Figure 3). The third-order polynomial function (eq 1)
fits well to the experimental /—V curves over the full
bias range. The B parameter (eq 1), which determines
the curvature of the -V curves, can be interpreted in a
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tunneling barrier model in terms of the width and the
height of the tunneling barrier,” and its value suggests
that the effective barrier height (¢,) for the wild-type
protein is about two times larger than that for the
double cysteine mutants. This result supports our
hypothesis of a good thiol—Au contact for the proteins
containing the thiol moieties. Lack of knowledge of the
contact area for electronic transport between the
proteins and the electrodes (different from the nom-
inal geometric contact area) prevents extracting abso-
lute values for barrier height. An alternative, and
physically more accurate, treatment of molecular con-
duction in cyt bse; is to invoke the stronger coupling of
the tunneling pathway through the heme, mediated
by the covalent Au—thiol bond at each end.?®*'3? This
coupling would increase the conductance in either the
case of coherent molecular tunneling or the case of
Marcus-like electron transfer.

We have also performed /—z experiments that re-
quire the STM tip to be brought into contact with the
molecule and retracted at constant bias, while measur-
ing the current flow through the protein trapped in the
junction. For the /—z traces recorded with the STM tip
placed on the SH-SA (Figure 4a) or SH-LA molecules
(Figure 4b,c), exponential decay of current with dis-
tance was initially measured and then plateaus were
observed. The measured current remains fairly con-
stant, indicating that the Au—S bond is intact, but as
the tip is retracted to the point at which contact is
broken, the current suddenly drops.> 2° The plateaus
in the I—ztraces of SH-SA and SH-LA molecules suggest
conduction through a good electronic contact be-
tween the tip and the free thiol of the protein; in
contrast, a relatively rapid exponential decay of current
without plateaus within the stretched distance is ob-
served for wild-type cyt bse, (Figure 4d).

Low STM lateral drift (~3 pm/s) allowed stable and
reliable I—z measurements of single proteins. Measure-
ment of a large number of molecular junctions allowed
robust statistical analysis to be performed. Raw current
data of the curves displaying current plateaus were
divided by bias voltage (100 mV) and the calculated
conductance converted to histograms using 10 bins/nS
(Figure 4e—h). The conductance histograms for SH-SA
(Figure 4e) and SH-LA (Figure 4f,g) displayed several
distinct peaks, unlike the wild-type cyt bse, (Figure 4h).
The SH-SA variant was found to be more conductive
((6.5 £ 0.1) x 107 Go) than the SH-LA ((3.45 £ 0.05) x
107° Go and (5.20 £ 0.03) x 10> Gg), which may be
due to the different distance between the electrodes
and the heme redox center (Figure 1). As already noted
for the I-V experiments, the SH-LA have two different
conductance values that are related to two separate
classes of molecules (indicated with A and B in
Figure 4b,c). The calculated conductance values are
in good agreement with the low bias conductance
found in the earlier -V experiments involving a nominally
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Figure 4. |—zmeasurements of cyt bse,. (a—d) Conductance against distance curves of (a) SH-SA, (b,c) SH-LA, and (d) wild-type
for the specific molecules labeled with red and blue arrows in the insets. For clarity, the conductance traces are displaced
along the x axis. (e—h) Conductance histograms corresponding to (a—d). In (a) and (d), the displayed curves are typical of
those for all molecules studied. In contrast, the SH-LA molecules (b,c) showed two distinct behaviors: the molecules labeled A
repeatedly gave conductance curves similar to those in (b) and corresponding histograms as in (f), and those labeled B gave
curves as in (c) and histograms as in (g). The orientation of the SH-LA molecule cartoon in (f) and (g) is not representative of

their actual orientation.

static tip. All observations from the /—z experiments are
consistent with the /—V measurements and support our
contention that the surface-exposed cysteines represent
an ideal way for contacting the protein with metal
electrodes.

CONCLUSIONS

In summary, we report a detailed analysis of the
conductivity properties of two engineered cyt bsg,
variants adsorbed onto Au(111) by a combination of
STM, |-V, and |-z techniques. The two double cysteine

DELLA PIA ET AL.

cyt bse, variants present thiols at opposite ends of the
protein and allow stable binding to the gold surface in
defined orientations. While STM imaging revealed that
the presence of a thiol is vital for protein binding to
a metal electrode, the /—V and the /—z experiments
showed that a second free thiol provides a means
for enhancing electrical contacts with a second metal
surface. |-V curves recorded over time indicated that
both variants were coupled tightly to the electrodes
with conduction larger than the wild-type cyt bsg, that
lacks thiol groups. The /—z method has been applied
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for the first time to proteins and allows the study of
electronic properties of a single molecule while con-
trolling the tip—sample distance. The measured con-
ductivity was shown to depend on the orientation of
the proteins and the position of the heme relative to

EXPERIMENTAL SECTION

STM, I-V, and I—z experiments were performed in air at room
temperature using a home-built instrument. The system is
based on two small, concentric cylindrical piezotubes (7.0 mm
and 11.2 mm in diameter) that are used for the coarse approach
and to scan in the z-direction (external piezo) and for scanning
the sample in the x and y plane (internal piezo). The special
design makes the STM very stable in terms of lateral drift and
insensitive to mechanical vibration. The system is equipped
with an /—V converter with a sensitivity of 1 nA/V.

STM tips used throughout the experiments were mechani-
cally cut from Au(99.9%) 0.25 mm diameter wires (Goodfellow,
UK). Au(111) bead single crystal substrates were cleaned by
electropolishing in 1 M H,SO,4 and washed with 0.1 M HCl and
water. The samples were annealed for 8 h at 880 °C in order to
obtain recrystallized terraces. The samples were then incubated
with 5 «M protein solution (10 mM phosphate buffer pH 6.2 and
50 mM NaCl) at room temperature for 5 min. Samples were
rinsed with ultrapure water (resistivity 18.2 MQ-cm) to remove
the weakly bound proteins and the buffer excess, gently dried
with a flow of nitrogen and then imaged. Wild-type, SH-SA, and
SH-LA cyt bse, proteins used in the present experiments were
expressed, purified, and analyzed by UV—visible spectroscopy
as described in previous papers.?®

|-V and |-z measurements were performed in air after
scanning the substrate and checking for tip integrity. Once
single protein resolution was achieved and thermal drift had
stabilized (few pm/s), the gold tip was placed above a protein at
atunneling resistance of 2 GQ2 (50 pA, 0.1 V with the sample held
at a negative potential). In the /—V experiments, the feedback
loop was then disengaged and the current was recorded with
the voltage ramping between —0.75 and +-0.75 V for typically 20
s (10 curves measured per second). In the /—z experiments, the
tip was moved toward the sample by 2 nm. After disengaging
the feedback loop, the tip was moved away from the sample ata
rate of 20 nm/s and the current recorded as function of tip
distance. In order to be able to perform a meaningful statistical
analysis, the measurements were performed on a large number
of proteins deposited on different Au(111) surfaces with various
gold tips. The proteins were checked for integrity and stable
binding after collecting each set of data. Only /-V and I-z
curves where the proteins' dimensions were not modified by
the tip during the experiments were included in the analysis
(Supporting Information Figures 4 and 8).
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