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Electronic coupling to electrodes, I, as well as that across the
examined molecules, H, is critical for solid-state electron transport
(ETp) across proteins. Assessing the importance of each of these
couplings helps to understand the mechanism of electron flow
across molecules. We provide here experimental evidence for the
importance of both couplings for solid-state ETp across the elec-
tron-mediating protein cytochrome c (CytC), measured in a mono-
layer configuration. Currents via CytC are temperature-independent
between 30 and ~130 K, consistent with tunneling by superex-
change, and thermally activated at higher temperatures, ascribed
to steady-state hopping. Covalent protein-electrode binding sig-
nificantly increases T, as currents across CytC mutants, bound co-
valently to the electrode via a cysteine thiolate, are higher than
those through electrostatically adsorbed CytC. Covalent binding
also reduces the thermal activation energy, E,, of the ETp by more
than a factor of two. The importance of H was examined by using
a series of seven CytC mutants with cysteine residues at different
surface positions, yielding distinct electrode-protein(-heme) orienta-
tions and separation distances. We find that, in general, mutants with
electrode-proximal heme have lower E, values (from high-temperature
data) and higher conductance at low temperatures (in the temperature-
independent regime) than those with a distal heme. We conclude that
ETp across these mutants depends on the distance between the heme
group and the top or bottom electrode, rather than on the total sepa-
ration distance between electrodes (protein width).
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he functional versatility that evolution imparted on proteins

rationalizes the interest in their electronic charge-carrying
properties for biomolecular electronics. Monolayers on con-
ducting substrates are an appealing way to integrate proteins into
possible future biomolecular electronic devices. Such devices will
gain in flexibility if some proteins have current-carrying functions,
explaining interest, beyond fundamental science, in understanding
solid-state electron transport (ETp) characteristics of proteins. To
study such ETp characteristics, the protein is sandwiched between
and contacted by two electronically conducting, ion-blocking elec-
trodes. The protein’s contacts to the electrodes and its orientation
relative to them are important issues. Here we present experi-
mental results that show how ETp via a given protein depends on
its binding mode and orientation relative to the electrodes.

The examined protein is horse heart cytochrome c¢ (CytC).
Previous studies of intramolecular electron transfer (ET) in CytC
used both spectroscopic (1-6) and electrochemical measure-
ments (7-20). In the latter studies, where the rate of ET between
the intrinsic redox site and a working electrode has been probed,
the CytC was usually attached (covalently or electrostatically)
to one electrode via a linker molecule to form a monolayer.
Whereas ET processes were studied in aqueous medium, ETp via
CytC was investigated in the solid state, using nanometer-scale
methods such as scanning tunneling microscopy (STM) (21, 22)
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or conductive-probe atomic force microscopy (23). Here we used
macroscopic-scale electrodes, which allow both characterizing
the protein monolayer by a variety of spectroscopic methods and
ETp measurements down to low temperatures.

The main goal of this study was to shed further light on the
role of the protein’s coupling mode to the electrodes’ surface (I')
and of the orientation of the bound protein, with respect to the
electrodes, to the currents that flow across it. The orientation’s
role was examined by using seven different mutants of CytC,
where a cysteine (Cys) residue was incorporated at different loci
on the protein’s surface. These mutants were bound covalently to
the electrode, forming seven different orientations of CytC. By
comparing ETp via these mutants with that via WT CytC, which
is electrostatically adsorbed on the electrode, the importance of
the protein-contact coupling was also investigated.

Results

Earlier studies resolved a large (1-1.5 orders of magnitude)
difference in ETp via a given molecule with a single covalent
bond compared with having only mechanical contacts with the
electrodes as well as between having a single and two covalent
bonds (cf. review in ref. 24). The latter difference was also shown
recently to hold for ETp via a protein (25). Thus, to probe the
contribution of the electronic coupling between the protein and
the electrode, T, to the ETp process via the protein, we first
compared ETp via an electrostatically adsorbed protein layer
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with that via a covalently bound one. A widely used method to
produce a monolayer of CytC is based on using its positive sur-
face charges at neutral pH (isoelectric point ~10.0) (26) to
electrostatically adsorb it onto a carboxylate-terminated linker
that, in turn, is bound covalently to the electrode (9, 14-20). For
measuring the ETp via adsorbed CytC, we functionalized the
surface of high-doped Si with a carboxylate (see Experimental
Procedures for further details). The successful formation of the
CytC monolayers on the carboxylate-carrying surface was con-
firmed by ellipsometry (from which an optical thickness of 17-18
A is deduced, comparable to that found for monolayers of other
proteins of this size) (27-29), and by atomic force microscopy.
The electronic conductance via the protein at room temperature
(RT) was measured with an Hg drop as the top electrode, with
an ~400-pm diameter contact area, yielding rather symmetric
current-voltage (I-V) curves (Fig. 14). The order of magnitude
of the measured currents (at RT) is similar (although several-
fold lower at negative bias) to what we measured via azurin (Az),
a Cu-containing electron-mediating protein with a molecular
weight similar to that of CytC, which forms monolayers with
similar density (27, 29).

To gain insight into the mechanism(s) of ETp, current densi-
ties at a low bias of 50 mV were measured as a function of
temperature (Fig. 1B). For the electrostatically adsorbed CytC
monolayer two distinct regimes were observed, a temperature-
independent (T < 165 K) regime and a thermally activated one
(T > 165 K). Analysis of the Arrhenius plot of the latter in-
dicated an activation energy, E,, of 105 meV (Fig. 1B, Inset).
A similar temperature dependence was found for CytC mono-
layers, formed directly on the Si-H surface (30), yet with much
higher current densities due to the absence of both a separating
oxide layer and linker in the latter configuration (Fig. S1).

Covalent electrode-bound CytC monolayers were prepared by
using mutants with a surface-exposed Cys residue, known to have
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no effect on the protein’s structure. These were bound covalently
to one electrode via a thiolate-terminated linker, a procedure that
we used earlier to form monolayers of Az (27, 29). It has been
argued that the electrostatically bound CytC monolayer has
a preferred orientation, where the heme of the CytC is located
proximal (<1 nm) to the carboxylate-terminated surface (15-18).
Accordingly, and to focus on the effect of the covalent electrode
binding on the ETp process, we first chose a CytC mutant (A15C)
that binds with an orientation that can be assumed to be similar to
that of the electrostatically bound CytC. The currents through
such a monolayer were measured as a function of temperature at
50-mV bias and compared with those of the electrostatically
bound protein. As seen in Fig. 1C, the covalent bond of the
protein to the surface increases the current density, J, especially
in the temperature-independent regime, and also decreases the
thermal activation energy in the high-temperature regime.

The results obtained from the measurements using the CytC
Cys mutants also allow a better comparison between the be-
havior of CytC and Az (Fig. 14). The intrinsic Cys residues of Az
allow forming monolayers by covalent binding to the surface of
an Au electrode (S-Au bond) (31) or via a thiolate-carrying
linker (S-S bond) (27, 29). In the produced orientation, the Az
redox center, the Cu ion is very close (~0.7-0.8 nm) to the top
electrode. Thus, to compare between Az and CytC, we used
a CytC mutant (E104C) that binds covalently to one (bottom)
electrode in such a way that its heme is proximal to the top
electrode (0.8-0.9 nm between the Fe ion and the physical top
contact; 0.4 nm from the nearest heme edge to this contact). As
can be seen in Fig. 1C, the current through this CytC mutant is
nearly temperature-independent over the whole examined range,
closely resembling the complete temperature-independent cur-
rents via Az and clearly distinct from what we observed using
electrostatically bound CytC.
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Fig. 1.

ETp via electrostatically or covalently bound CytC monolayers. (A) I-V at RT of monolayers of electrostatically bound CytC, covalently bound CytC (of

the A15C and E104C mutants), along with that of WT Az. (B) Current density (measured at 0.05 V, plotted on an In scale) as a function of inverse temperature
(T) of electrostatically bound CytC. (Inset) Fit of the thermally activated regime to J «xexp(—E,/kgT), yielding an activation energy of 105 meV. (C) Comparison
between the temperature dependence of the electrostatically and covalently bound CytC monolayers (of the A15C, A51C, and E104C mutants), along with

that of (covalently bound) WT Az.
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To further explore the impact of the separation between the
electrodes dictated by the protein and the orientation of the
protein relative to the electrodes on the ETp, five additional
CytC mutants were used. All of the mutants used, seven in total,
differ from each other only in the surface location of the in-
troduced Cys residue. The ETp measurements of the mutants
and their temperature dependencies (Fig. S2) show several dif-
ferences in current density and in the activation energy in the
thermally activated regime (Table 1). Comparison of the ETp via
all of the mutants with that via the electrostatically adsorbed
protein (Table 1) shows that covalent binding increases the
current density via all of the mutants in the low temperature-
independent regime and significantly lowers the activation en-
ergy in the thermally activated one.

In an electrochemical study, Bortolotti et al. (8) have shown
that different orientations of three horse heart CytC mutants
yield different ET rate constants, kgr. In their measurements,
the ET process from the heme (donor; D) to the electrode
(which acts as the acceptor; A) was monitored. Their working
hypothesis was that the different D-A distances, set by the dif-
ferent binding orientations of the protein, will affect the kgr.
They found a good correlation between the measured kgt and
the D-A separation distance of their three mutants (8). In-
terestingly, and in contrast to these electrochemical results, the
present results show no correlation between the measured cur-
rents and the separation distance of the electrodes, either at RT
or at 30 K (Fig. 2).

Discussion

The use of macroscopic electrodes used here allows probing the
difference in the ETp via proteins with one covalently bonded
protein—electrode contact from that with no covalent contact,
even at very low temperatures. The importance of this approach
can be appreciated when comparing the marked impact on the
ETp via cytochrome bsq, (Cyt bssp) achieved by STM measure-
ments having one or both electrodes covalently bonded to the
protein. Bonds to the different Cys residues in the Cyt bsg,
mutants produced distinct protein orientations with respect to
the electrodes (25, 32), as the anisotropic structure of Cyt bse,
allowed probing ETp via its long (5.2 nm) and short axis (2.4 nm).
Bonding was made via Cys residues to the Au tip and/or Au
substrate. Although the electrodes’ separation using the long-axis
configuration is more than twice that of the short one, with two
covalently bonded contacts, only a small difference in conductance
was observed between the two configurations. However, no cur-
rent could be measured if, for the long-axis configuration, one of
the covalent bonds was removed, and one can only estimate, based

on the experimental noise level, an upper bound to the current
with one covalently bound contact. According to our estimates
there is at least a 10- to 30-fold decrease in current, similar to the
change in ETp across alkyl thiols and dithiols (one vs. two co-
valently bound contacts) (24). (Taking together the results of Cyt
bse> and the ones in the current study, how the protein contacts
the electrode in biomolecular electronics is of prime importance,
especially in protein layers, which exhibit an ill-defined surface
structure and relatively poor surface coverage.) The Cyt bss,
results emphasize the low current detection limits of STM-based
measurements caused by their nanometer-sized contact area, es-
pecially at the low-bias voltages, required for having the system
close to equilibrium.

Activation Energies and |-V Asymmetry. As seen in Table 1, the
calculated activation energies, E,, of all of the covalently bound
CytC mutants are significantly lower than that of the electro-
statically adsorbed WT CytC (cf. also Fig. 1C and Fig. S2). A
plausible explanation is that the covalent bond to the electrode
lowers the ETp barrier between the protein and the contact. This
is consistent with the higher currents observed via the covalently
bound CytC mutants (except for G23C and A15C at RT) than
via the electrostatically adsorbed one (Table 1). It is essential to
note that the barrier for ETp across WT CytC is influenced and
possibly dominated by the protein’s contact to the electrode, and
as such it is distinct from the E, of ET reactions between a donor
and acceptor (usually determined by the driving force and re-
organization energy), as treated by Marcus theory. In this con-
text, it is important to note that we have previously shown that in
contrast to an electrochemical process, ETp across a protein
does not require a redox process (33).

Based on the E, values calculated from our results, the mu-
tants can be roughly divided into two groups. The first, A15C,
G37C, E104C, and V11C, comprises those with very low E,
values (E, < 16 meV), and the other, A51C, G23C, and G56C,
includes those with ~30-50 meV values. The differences in E,
between the two groups are rather small (only a factor of 2-3), as
may be expected from ETp measurements via the same protein,
differing only in orientation relative to the electrodes. These
variations in E, can be rationalized primarily by the distance and
orientation of their heme groups with respect to the electrodes
(Table 1 and Table S1). These distances are illustrated in Fig. 3,
showing the molecular schemes of the mutants along with the
calculated distances between the heme and the electrodes.
Grosso modo, in the low-E, group, the heme is located closer
to either the top or the bottom electrode, whereas in the higher-E,

Table 1. Location of the heme cofactor with respect to the electrodes, the current densities at RT and 30 K, and the
activation energy in the high-temperature range of the mutants and WT

Distance Distance Fe-top Current at 297K, Current at 30 K,
Mutant Cys—Fe, A electrode, A* Alem?t Alem?’ E, meV¥
WT <118 ~195 2.1x 1078 1.6 x 1077 105
A51C 14.8 18.8 3.2x 107 8.8 x 1077 46
G23C 19.5 14.8 1.2%x 107 3.2x 1077 37
G56C 18.2 15.1 3.1x 107 1.6 x 107 34
A15C 10.9 15.6 22x10° 1.3x 107 16
G37C 19.6 9.2 3.9x 107 1.9%x107° 16
V11C 12.5 15.9 2.6 x107° 1.6 x 107 15
E104C 19.1 8.7 49 x10°° 3.9 x 107 10

*The distance was calculated as the average between the Fe ion and those amino acids that are most likely contacting the top

electrode.
TCurrents were measured at 0.05 V.
*The SD for the calculated E, is +6 meV.

5The distance between the Fe ion and the carboxylated surface (not the Cys one) of the WT protein was taken from refs. 14-17, and the
distance between the Fe and the top electrode was calculated accordingly.
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Fig. 2. Current density (measured at 0.05 V) as a function of the length of
the protein, separating the electrodes (sum of bottom electrode-Fe and Fe-top
electrode distances), at RT and 30 K (Upper and Lower, respectively). The over-
lapping entries in the upper part of the figure are those of A51C and G56C.

group it is situated approximately midway between them (cf. also
Table 1).

An additional indication for the importance of the heme lo-
cation for the ETp via the protein is given by the direction and
magnitude of current rectification. Fig. S3 shows that the nor-
malized I-V characteristics (the absolute currents were divided
by the highest one for each characteristic) of the mutants are
slightly rectifying, with higher currents at negative biases when
the heme is closer to the top electrode (E104C and G37C; Fig.
S34). The opposite effect is seen for the mutants where the
heme is closer to the bottom electrode (A15C and V11C; Fig.
S3B). For the mutants where the heme is roughly midway be-
tween the two electrodes (A51C, G23C, and G56C), more sym-
metric I-V curves are observed (Fig. S3C).

Role of Heme-Electrode Proximity. As noted above, ETp via Az,
which is covalently bound to the electrode by its Cys thiolates,
has been found to be temperature-independent (E, = 0). In this
configuration, the Cu ion is very close (~0.7-0.8 nm) to the top
electrode (Fig. 3). Among all of the CytC mutants studied,
E104C shows the lowest temperature ETp dependence (cf. Fig.
1C and Fig. S2) and, hence, the lowest E, (Table 1). Signifi-
cantly, E104C is one of the two CytC mutants (the other is
G37C) that has its heme closest to the top electrode (~0.8-0.9 nm
from the Fe; cf. Table 1; ~0.4 nm from the closest heme edge; cf.
Table S1). It is also the one most similar to Az in terms of recti-
fication (Fig. S3D). This similarity suggests that temperature de-
pendence (and currents at negative bias; cf. Fig. 14) reflects
a difference in electrode—ofactor coupling when the protein’s
other end is covalently bound to the electrode. Because the con-
tacts of both Az and E104C to the electrode, proximal to the
cofactor, are not covalent but rather physical, these similarities
underscore the importance of electrode—cofactor proximity for
efficient ETp via proteins.

Current Dependence on Electrodes’ Separation Distance. Assuming
that the conjugated heme serves as the main charge mediator
within the protein, we consider the electrodes’ separation dis-
tance as the sum of the distances between the Cys mutation and
the Fe ion and the averaged distance between the Fe ion and the
surface amino acid residues that are most likely to contact the
top electrode (Fig. 3, Table 1, and Table S1). (We use these

Amdursky et al.

distances as a first approximation only, because what matters,
apart from the net distance, is electronic overlap, in terms of
energies and symmetries.) It was shown previously that due to
the high surface tension of liquid Hg serving as the top electrode,
the real contact area between Hg and a surface is limited to
asperities, namely only a small fraction of the geometrical con-
tact area (34). Thus, it is very likely that the Hg drop contacts in
each case only the most exposed amino acids. The lack of cor-
relation between the measured current densities and the calcu-
lated electrode separation distances (protein monolayer widths)
is in contrast to results obtained from ETp studies via peptides
(35-37) and peptide nucleic acids (38). However, none of the
latter molecules contain an internal cofactor, like CytC and Az
do. We also do not find a clear correlation when the distances
from/to the electrodes and of the closest heme edge to the
electrode are considered (see further discussion in SI Discussion,
Fig. S4 and Table S1).

The ETp process can be divided into two parts, assuming the
heme plays a key role in the process: from the bottom electrode,
which is covalently bound to the protein via the Cys thiolate to
the heme, and from the heme to the top electrode. In this case,
one could argue that the rate-determining step would be the one
across the longest distance. However, also in this case, no cor-
relation was found between the measured current density and
the net distance over which transport occurs (Fig. S5). A likely
physical interpretation of these observations is discussed below.

Current Magnitudes. The lack of correlation between the mea-
sured currents and the total width of the protein monolayer in
the junction holds for currents both at RT and at low temper-
atures (<170 K). This is important because the RT ETp process
is thermally activated, likely because transport is by a hopping
mechanism, whereas at <170 K the temperature-independent
currents suggest that ETp is by superexchange (Fig. 2). This lack
of correlation between ETp and protein monolayer width (elec-
trode separation) underscores that different orientations of the
same protein can present distinct charge transport media between
the two electrodes. This can also be related to the cofactor posi-
tion with respect to the electrodes because, as we have shown
previously, cofactors are crucial mediators in ETp, even though, in
contrast to ET, they do not need to be redox-active to achieve
efficient ETp (28, 33).

However, unlike the effect of the heme location on the mea-
sured E, (as discussed above in terms of two groups of mutants),
it is less straightforward to classify the mutants in terms of the

Fig. 3. Molecular schemes of the different CytC mutants and WT Az, bound
to the bottom electrode. The calculated distances between the point of the
Cys thiolate bound to the bottom electrode and the heme cofactor, and
from the heme cofactor to the upper end of the protein (in contact with the
top electrode), are shown. For Az the distances are those between the Cu(ll)
center and the thiolate (Cys3-Cys26) (bottom electrode) or to the uppermost
part of the protein.
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current magnitudes they carry. In general, our results show that
in addition to the importance of coupling to the electrodes, set
by the presence/absence of chemical bonding between protein
and substrate, the closer the cofactor (either the Fe or the heme
edge) is to one of the electrodes, the more efficient is the ETp
via the protein (Fig. S6). Nevertheless, it seems that parameters
beyond simple geometric ones dictate the ETp dependence on
orientation. The two observations that support this conclusion
are as follows.

i) The linear correlation between conductance and length of the
separating protein is observed only when the heme is rela-
tively distal from the electrode, and only at low temperature
(Fig. 2), for example, when ETp is likely by superexchange (as
can be observed also in Fig. S4, where the heme edges were
used for the distance calculations).

ii) The fact that the currents via E104C at 30 K and at RT (and
also of G37C at RT) are higher than those via the other
mutants, which may well be related not only to the proximity
but also to the orientation of the heme group relative to the
noncovalently bound electrode (Table 1 and Table S1).

We can now speculate on how proximity (and, so one assumes,
electronic coupling) between the heme and one of the electrodes
diminishes the contribution of the remainder of the transport
path, because the longer heme-electrode distance does not seem
to dictate ETp efficiency in the mutants of the first group.

A possible explanation can be that when tunneling from one of
the contacts to the heme group is very efficient, compared with
the ETp from the heme to the other contact, the heme does not
have time to relax electronically to the energy state (energy well),
expected for steady-state carrier hopping (39), known from solid-
state electronics (40). Then, as only close electrode-heme prox-
imity, combined with good electronic coupling, allows efficient
tunneling, this step will affect the second one, because the heme
state, associated with transient hopping, will have a higher elec-
tronic energy than that of its relaxed state, associated with steady-
state hopping (39). This speculation is supported by the results of
Albrecht et al. (41) using electrochemical STM, and might be
relevant for other molecular electronic results (42, 43).

Conclusions

The temperature dependence of solid-state ETp via CytC,
measured as covalently bound or electrostatically adsorbed to
the surface of one of the two electrodes, exhibits two regimes.
One is a thermally activated one (at T > 185 K for the covalent
and T > 165 K for the electrostatically adsorbed proteins), which
can be ascribed to steady-state hopping ETp. The second is
temperature-independent at lower temperatures, consistent with
tunneling by superexchange. Binding the protein covalently to
one electrode increases the current density in the temperature-
independent regime and lowers the activation energy of the
thermally activated one, showing the importance of the coupling
between the protein and electrodes. To examine ETp across the
protein and the role of the heme in the process, a series of seven
different CytC mutants with surface Cys residues was used,
providing distinct electrode—protein(-heme) orientations. These
mutants were found to exhibit different ETp patterns in terms
of current densities and activation energies. Surprisingly, no
general correlation was observed between the measured currents
via the mutants and their monolayer width, namely the electro-
des’ separation distance, dictated for each mutant by its unique
Cys—electrode attachment point, which also determines its ori-
entation relative to the electrodes. Also, no simple correlation is
seen between currents and the electrode-heme separation dis-
tance although, in general, ETp is more efficient for mutants
having the heme closest to an electrode. This suggests that
cofactor—electrode proximity (and, likely, cofactor—electrode
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coupling, which can also occur without a covalent bond) is im-
portant for determining solid-state ETp efficiency via the protein
junction. The importance of the latter notion was illustrated by
the fact that the mutant that has its cofactor closest to an elec-
trode has the lowest temperature dependence of the ETp, in
analogy to Az, which has its Cu site <1 nm from one of the
electrodes and shows temperature-independent ETp.

Experimental Procedures

Preparation of CytC Mutants. The horse heart genes for the CytC mutants were
engineered using site-specific mutagenesis. The QuikChange Site-Directed
Mutagenesis Kit (Stratagene) was used for the experiments. The mutagen-
esis procedure included synthesis of the full-length single-stranded DNA
plasmid by means of the thermostable DNA polymerase Pfu, using two
complementary primers (~30-35 nt) that contained the necessary sub-
stitutions. The substitutions were localized in the middle part of the se-
quence, flanked by ~15 nt. All of the mutant genes were sequenced to
confirm their primary structure. The mutated genes were cloned into ex-
pression system pBP(CYC1) (44) for yeast CytC and modified for horse CytC
(45). The system includes coexpression of the CytC gene and the yeast heme
lyase gene. The mutant CytC expression vectors were expressed in Escher-
ichia coli strain JM 109 for 20-22 h at 37 °C in rich super broth media. The
mutant proteins were purified from the supernatant obtained after cell dis-
ruption by a French press and centrifugation (100,000 x g for 20 min at 4 °C)
using two steps of liquid chromatography: cation exchange on a Mono-S
column and adsorption on a hydroxyapatite column (45). Final purity of the
obtained cytochrome ¢ mutants was >95% according to SDS/PAGE. The ex-
pression efficiency of the CytC reached up to 20 mg of the heme-containing
cytochrome c per L of culture.

Before the deposition on the surface, and to reduce the exposed Cys
residue, 15 pL of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) from
a stock solution of 1 M TCEP (pH 7.5), was added to ~1.5 mL of the CytC
mutant. Following ~20 min of incubation, the excess TCEP was removed by
eluting the protein with a Sephadex G-50 column by using 0.05 M phosphate
buffer (pH 8). The final concentration of the CytC mutant was ~1 mg/mL.

CytC Monolayers on Si. The highly doped (<0.001 ©Q-cm) <100> oriented p-type
Si surface was cleaned by bath sonication by placing the Si surface in a vial
containing ethyl acetate/acetone/ethanol (2 min in each), followed by 30 min
of piranha treatment [7/3 (vol/ivol) H,SO4/H,0,] at 80 °C. The Si surface
was then thoroughly rinsed in Milli-Q (18 MQ) water (Millipore) and dipped
in 2% (vol/vol) HF solution for 90 s to etch the Si surface (leaving an Si-H
surface). For controlled growth of a thin oxide layer (9-10 A), the etched Si
surface was put in a fresh piranha solution for 4-5 s and then immediately
rinsed thoroughly with Milli-Q water and dried under a nitrogen stream. For
preparation of the electrostatically adsorbed CytC monolayers, a monolayer
of 3-aminopropyl trimethoxysilane (3-APTMS; NH,-terminated linker, 97%;
Sigma-Aldrich) was prepared by immersing the above SiO; substrate for ~4 h
in a 10% 3-APTMS in methanol solution, followed by 3 min of bath soni-
cation in methanol, yielding a monolayer thickness of ~5-6 A. The 3-APTMS
decorations were extended to exhibit a carboxylate-terminated surface by
placing the surfaces in saturated succinic anhydride (>99%; Sigma-Aldrich)
in dimethylformamide (DMF) containing 1 mg/mL of triethylamine for 2 h
followed by 3 min of bath sonication in DMF, yielding an overall monolayer
thickness of 8-9 A. The latter surfaces were immersed in a sealed vial con-
taining ~1 mg/mL wild-type horse heart CytC in 0.05 M phosphate buffer
(pH 8). For preparation of the covalently bound CytC surfaces, a monolayer
of 3-mercaptopropyl trimethoxysilane (3-MPTMS; SH-terminated linker, 95%;
Sigma-Aldrich) was prepared by immersing the SiO, substrate in 10 mM 3-MPTMS
in bicyclohexyl for 1 h, followed by 3 min of bath sonication in acetone and
10 s in hot ethanol, yielding a monolayer thickness of ~7 A. The latter surfaces
were immersed in a sealed vial containing ~1 mg/mL reduced CytC mutant.

Ellipsometry Measurements. Ellipsometry measurements were performed
with a Woollam M-2000 V multiple-wavelength ellipsometer at an angle of
incidence of 70°. The Cauchy model was used to estimate the thickness of the
organic layers (the linker and the protein).

Current-Voltage Measurements. The top contact was made by placing
a drop of Hg by capillary on top of the protein monolayer. InGa was used
as a back contact by scratching the back side of the Si surface and rubbing
an InGa eutectic paste onto it. The top Hg contact was biased, and the
back contact was grounded. For temperature-controlled measurements,
the sample was placed in a low-vacuum (0.1 mbar) chamber in a TTPX

Amdursky et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319351111/-/DCSupplemental/pnas.201319351SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319351111/-/DCSupplemental/pnas.201319351SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319351111/-/DCSupplemental/pnas.201319351SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1319351111

cryogenic four-probe electrical measurement system (Lake Shore), and
both sample holder and probes were cooled. The temperature was
monitored and controlled +0.2 K.
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