¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Electron transport via tyrosine-doped
oligo-alanine peptide junctions: role of charges
and hydrogen bondingf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 28878

" Tatyana Bendikov,©
¢and

°9 Satyajit Gupta,
9 Israel Pecht, (2 ¢ Mordechai Sheves

Cunlan Guo, @2 *3 Yylian Gavrilov,
Yaakov Levy, (2° Ayelet Vilan,
David Cahen(2?

A way of modulating the solid-state electron transport (ETp) properties of oligopeptide junctions is
presented by charges and internal hydrogen bonding, which affect this process markedly. The ETp
properties of a series of tyrosine (Tyr)-containing hexa-alanine peptides, self-assembled in monolayers
and sandwiched between gold electrodes, are investigated in response to their protonation state.
Inserting a Tyr residue into these peptides enhances the ETp carried via their junctions. Deprotonation
of the Tyr-containing peptides causes a further increase of ETp efficiency that depends on this residue’s
position. Combined results of molecular dynamics simulations and spectroscopic experiments suggest
that the increased conductance upon deprotonation is mainly a result of enhanced coupling between
the charged C-terminus carboxylate group and the adjacent Au electrode. Moreover, intra-peptide
hydrogen bonding of the Tyr hydroxyl to the C-terminus carboxylate reduces this coupling. Hence, the
extent of such a conductance change depends on the Tyr-carboxylate distance in the peptide's
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Introduction

Electron transfer (ET) via proteins is a key element in biological
energy conversion and enzymatic catalysis."”> The structural
and chemical properties of a protein’s polypeptide matrix play
critical roles in electron transfer within as well as between
proteins, and in regulating protein functions. The amino acid
composition and sequence, length and secondary structure of
peptides may all contribute to the their capacity of electron
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transfer in solution and the electron transport (ETp) presently
observed in the solid-state under high vacuum, conditions
remote from those of the former®® though some disagreements
still exist between certain theoretical calculations and experi-
mental measurements.’ > The composition and sequence of
amino acids in a peptide determine its frontier orbitals energy
levels and molecular dipole, and hence also affect the ETp it
carries."*** Amino acid compositions of peptides have been
investigated for their roles in ETp. Homopeptides, composed of
charged lysine (Lys) and glutamic acid (Glu) residues or contain-
ing aromatic ones, like tryptophan (Trp), were found to have
higher conductance than e.g., oligo-alanine of similar length."*
The sequence of hetero-peptides has also been found to affect
their conductance; for example, replacing one alanine (Ala) in a
hepta-Ala junction by a Trp was found to enhance the ETp, and
its extent depended on its sequence position, increasing as the
Trp was closer to one of the electrodes.” Besides that, non-
covalent interactions between and within the peptides, respond-
ing to the surrounding environments, can also modulate charge
transport, which may well be relevant for the protein functions
but has not been explored till now.

Tyrosine (Tyr) is an aromatic amino acid with a relatively
small HOMO-LUMO gap'® and a correspondingly low HOMO
(with respect to vacuum).'®"” Like Trp, Tyr participates in
diverse catalytic functions of proteins'®?" also acting as an
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electron donor,”** due to its possible redox activity’® and
lower ionization potential than that of non-aromatic amino
acids. Like other amino acid residues, Tyr function is also
influenced by its surrounding environment and can, accord-
ingly, influence the function of a protein.>® In the present
study, we employed a series of hetero-hepta-peptides where a
Tyr residue was inserted at different sequence positions
between the C and the N termini, to investigate the role of this
residue in ETp in different environments. The fact that both the
peptide C-terminus carboxyl and the Tyr phenol can bind or
donate a proton in a pH-dependent manner, enabled investiga-
tion of the ETp via these peptides as a function of their degree
of protonation. Solid-state junctions of such hetero-
oligopeptide monolayers were constructed between two gold
electrodes and studied under neutral or alkaline conditions.
Their conductance characteristics were studied in dry condition
under vacuum from room down to cryogenic temperatures.
Molecular dynamics (MD) simulations, angle-resolved X-ray
photoelectron spectroscopy (ARXPS) and UV photoelectron
spectroscopy (UPS) provided detailed structural information
of the monolayers, and enabled analysis of their frontier orbital
energy level changes under different conditions. Polarization
modulation-infrared reflection-absorption spectroscopy (PM-
IRRAS) gave insight into changes in chemical bonds, expressed
in changes in ETp upon peptide (de)protonation. The Tyr
phenol residue was shown to significantly modulate the effect
of the terminal carboxylate on the peptide’s ETp, significantly
depending on the Tyr position in the sequence. The combined
effects of the carboxylate charge and the Tyr phenol residue on
the peptide conductance provide a new strategy of peptide
design for the modulation of its electrical properties.

Results and discussion
Peptide and monolayer characterization

Characterization of the peptides and their monolayers is pre-
sented first in order to provide the necessary background for
rationalizing the following ETp results. Linear heptapeptides
were employed, composed of six Ala and one Tyr inserted at
different sequence positions, to study the roles played by the
aromatic residue and the state of peptide’s protonation in ETp
via its monolayers. The peptides are named Y-1, Y-4, and Y-7,
according to the Tyr position away from the N-terminus of the
heptapeptide. To produce uniform and oriented monolayers of
the above peptides, 3-mercaptopropionic acid (MPA) was
covalently added to the peptides’ N-terminus, allowing its
binding to an Au electrode surface by an Au-S bond (Fig. 1A).

MD served to simulate the conformation of peptide mono-
layers by constructing 3 x 3 brushes with the S atom of the MPA
fixed in the XY plane (Fig. 1B-D). The MD simulations indi-
cated that the peptides are oriented in the monolayers with
small tilt angles and adopt a partial B-sheet structure.
The thickness of brushes varied slightly among the three
peptides (Table S1, ESIt), where the Tyr sequence position
affects the Tyr orientation, peptides’ length, tilt angle, and
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Y-4 brush

Y-7 brush

Fig. 1 Peptide structures in different monolayers as evaluated by MD
simulations of the 3 x 3 peptide brushes in vacuum. (A) Structure of
peptides: Y-1: MPA-YAAAAAA; Y-4: MPA-AAAYAAA; Y-7: MPA-AAAAAAY
(A = alanine, Y= tyrosine). 3-Mercapto-propionic acid (MPA) was attached
by an amide bond to the N terminus of the peptides. (B)-(D) Peptide
brushes of Y-1, Y-4, and Y-7 with only sulfur atoms fixed in one plane.
Sulfur atoms are illustrated by the yellow balls, and one peptide backbone
is marked in red as an illustration.

B-sheet-like content in the monolayer. For example, the Tyr
phenol ring of Y-7 is almost perpendicular to the peptide’s
backbone and close to the carboxyl of the adjacent C-terminus.

The thicknesses of the Y-peptide monolayers (except Y-1),
deduced from ellipsometry, are similar to those of MPA-7Ala
(7A) and Trp-doped oligo-alanine (W-peptide) monolayers.’ The
measured thickness is also nearly consistent with the MD
results except for that of peptide Y-1 (Table S1, ESIf). The
measured thickness of Y-1 is about two thirds of the calculated
peptide length. We ascribe this discrepancy to the phenol ring
being close to, and possibly interacting with the Au substrate,
which interferes with the Au-S bonding-driven peptide assem-
bly and is not accounted for in the MD simulations. The
peptides are more stretched and perpendicular to the Au
substrate as the Tyr is farther away from the Au substrate,
resulting in a larger thickness. This behavior is similar to that
of the molecular monolayers formed by Trp-doped hepta-Ala
peptides® and ferrocene-containing alkylthiols due to the steric
hindrance caused by buried substituents forcing a more
crumpled conformation.*”

To investigate the impact of deprotonation on the peptides’
monolayer properties and the ETp they carry, the freshly-
prepared peptide monolayers were treated by a KOH solution
as detailed in the Experimental Section. This treatment caused
the monolayer thickness to increase by 5-10 A, i.e., by 15-50%
as detailed in Table S1 (ESIt).

The structural changes of peptide monolayers caused by
alkaline deprotonation of Tyr phenol and C-terminus carboxyl
were also characterized by PM-IRRAS (Fig. 2 and Fig. S1, ESIT).
The neutral peptide monolayers of Y-1, Y-4, and Y-7 displayed
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Fig. 2 PM-IRRAS of the peptide monolayers before and after alkaline treatment: 7A, Y-1, Y-4, and Y-7 bound to the Au substrate in the range of (A) 1475—

1630 cm™%; (B) 1350-1440 cm™%; (C) 1710-1820 cm ™.

the amide I and II peaks at 1667-1668 and 1541-1548 cm
which are similar to the positions of these peaks for 7A
(Table S2, ESIt). The amide I mode mainly originates from
the C=O0 stretching vibration and the amide II is mainly due to
the N-H in-plane bending and C-N stretching vibrations, which
are sensitive to the conformation of the peptide backbone.?®
The amide I/II ratios of Y-4 and Y-7 are similar to that of 7A,
which indicates similar conformation of these peptide mono-
layers, while for Y-1, this ratio is substantially higher, indicat-
ing a different conformation. Moreover, a shoulder at
1517 cm™" was observed for all the Tyr-contained peptides,
and is assigned to the {C—=C) of the Tyr phenol ring.**

Upon deprotonation, the amide I and II peak positions did
not exhibit clear shifts, but the amide I/II intensity ratios of all
the peptide monolayers did change. This ratio increased in the
order Y-1 > Y-4 > 7A > Y-7, with the increase for Y-7 being
substantially lower than that of the others (Fig. S1 and Table S2,
ESIt), indicating different extents of conformational changes
upon deprotonation. In addition to the amide bonds, the
v(C=C) band intensity of the Tyr phenol ring at 1517 cm™*
has also diminished for Y-7, but essentially persisted in Y-1 and
Y-4, suggesting the loss of proton from the phenol hydroxyl in
Y-7, but not for Y-1 and Y-4 (Fig. 2A).>° The vibrations at
~1400 cm ™' (band of the carboxylate group) were enhanced
and those at ~1740 cm™ " (feature of the carboxylic group) were
attenuated for Y-1, Y-4, and 7A, implying the generation of
carboxylate and decrease of carboxylic acid group by deproto-
nation (Fig. 2B and C). However, for Y-7, such a behavior was
not obvious in these two IR ranges.

Taken together, the changes in these three IR ranges reflect
the conversion by alkaline treatment of the carboxylic acid
groups to carboxylates in peptides having their Tyr relatively
distant from the C-terminus (Y-1 and Y-4), and the phenol ring
remaining essentially unaffected within these monolayers.
When the Tyr residue is close to the C-terminus, as in Y-7,
the distinct spectroscopic behavior of the carboxylic and phenol
groups suggests that a strong phenolate-carboxyl hydrogen
bond is formed, rather than a charged carboxylate group.

28880 | Phys. Chem. Chem. Phys., 2022, 24, 28878-28885

The proton of the phenol which is shared with the carboxylate
and wagging in between,* causes the decrease of the tyrosine
phenol ring ©(C—C) band amplitude and the persistence of the
weak carboxyl group in the PM-IRRAS spectrum following the
alkaline treatment.

ARXPS measurements were also carried out following the
alkaline treatment and showed similar K/N ratios at different
tilt angles (Table S3, ESIt). This established that the potassium
ions are uniformly distributed within and above the deproto-
nated peptide monolayers for balancing their charges. The
ratios of K/peptide are about 3 for all the KOH treated
Y-peptides and about 2 for the 7A (Fig. S2 and Table S3, ESIt).
These values exceed the ratio of K ions to the number of
negatively charged residues of carboxylate and phenolate
groups per peptide molecule, which may be due to the excess
KOH employed in the alkaline treatment, probably yielding
potassium carbonate.

Electron transport measurements

The Au-peptide-Au junctions were formed by connecting the
peptide monolayers with the bottom microscopic Au electrode
and the top tapped gold nanowire (NW), as described in detail
previously.”'"*! Current-voltage plots of the peptide junctions
were measured by applying bias to these junctions. The con-
ductance values of the different peptide monolayers were first
measured via the neutral ones and found to increase in the
order: Y-1 > Y-4 > Y-7 =~ 7A (Fig. 3A). Taking into considera-
tion the different thickness values of Tyr-doped peptide mono-
layers, we try to relate the thickness with their observed
conductance (Fig. S3, ESIt). Furthermore, we made a length
(thickness) normalization of the current values at a given
voltage for both the data obtained for the Tyr and the Trp’
containing peptides (Fig. 3B and Fig. S4, ESIt). The effect of the
Tyr sequence position on the conductance was smaller than
that observed for the Trp-doped oligo-alanine peptides.’

The thickness of the Y-7 monolayer is ~7.7 A larger than
that of the 7A one, but their conductance is similar (Fig. S3,
ESIT). In line with these results, the ETp across the three

This journal is © the Owner Societies 2022
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Fig. 3 (A): Semi-log plots of current—voltage characteristics of Au-peptide-Au junctions of neutral Y-1, Y-4, Y-7, and 7A monolayers at 300 K. Each plot

is the average of ~20 curves. Inset: Temperature (T)-dependence of In(current) at 50 mV, plotted as function of 1000/T (T in Kelvin), for Y-1, Y-4, and Y-7
junctions; (B) comparison of currents (at —0.3 V) between Y- (purple with right -axis) and W-peptides (orange with left -axis).

Tyr-doped peptide junctions is higher than that via the 7A
peptide one. Still, though the Tyr doping increases the currents
relative to that via 7A junctions (Fig. 3B, purple with right
perpendicular-axis) except for Y-7, where the effect is smaller
than that via the analogous W-doped peptides (Fig. 3B, orange
with left Y-axis). For example, the conductance of a Y-4 mono-
layer is about an order of magnitude lower than that via the W-
4,° though Y-4 and W-4 differ in thickness by <1 A (i.e. <4%).

The currents via all neutral Tyr peptides at 50 mV showed no
temperature dependence in the examined range from 80 K to
300 K (inset of Fig. 3A), which, at the <3.0 nm inter-electrodes’
separation distance set by these peptide monolayers, is consis-
tent with electron transport by quantum-mechanical tunneling
via all of them. Other models for transport can, under specific
confluence of circumstances (e.g:, in the inverted region of the
Marcus model, a model that relies on changes of nuclear
coordinates®>*?), yield lack of significant temperature depen-
dence of current through (bio)molecules. However, none of
these models that allow for temperature-independent transport
have been tested as thoroughly as the tunneling one (e.g., for
small proteins by us®*’). still, true quantum mechanical
tunneling requires coherence, and, till now there is only one
very recent report®® with experimental evidence for coherent
transport across molecular assemblies.

With tunneling it is plausible that the difference in con-
ductance between Y- and W-doped peptides is due to the lower
energy barrier that electrons encounter for ETp across Trp-
containing peptide junctions than the Tyr-containing ones.
This is in line with the smaller HOMO-LUMO gap™ and the
expected smaller |[HOMO — Eg| barrier (i.e. eyps, the energy
barrier between the peptide’s HOMO and the Au Fermi level,
determined by UPS, Fig. S5, ESIt) for the W-peptides than for
Y-peptides.

We avoid fitting the I-V traces to standard tunneling
models*® because the measured I-V curves are nearly linear
within the limited voltage range (£0.3 V) due to peptide
stability (Fig. S7, ESIt). Such linearity implies a single fitting
parameter (the slope or conductance) in contrast to two or more
free-fitting parameters by various models. Such linearity is

This journal is © the Owner Societies 2022

possible for e.g., tunneling with energy barrier much larger
than maximal applied voltage. Nevertheless, without character-
istics trace-features, fitting would be misleading.

The deprotonation of the Tyr-containing peptides was found
to cause a significant increase of ETp efficiency that also
depended on the Tyr sequence position in the oligopeptide
(Fig. 4 and Fig. S3, ESIt). For example, the conductance via the
deprotonated Y-1 monolayer is 35 times higher than via the
corresponding protonated Y-1 monolayer. Similarly, the con-
ductance via the deprotonated Y-4 monolayer is 18 times higher
than via the corresponding protonated Y-4 monolayer. Overall,
the conductance values after deprotonation followed: Y-1 >
Y-4 ~ 7A > Y-7 (Fig. 4A), which is slightly different from that
via the protonated peptide junctions which is in the order of
Y-1 > Y-4 > Y-7 ~ 7A (Fig. 3). Interestingly, the ratio of ETp
enhancement via deprotonated/protonated peptides monotoni-
cally increases as the Tyr position is farther away from the
C-terminus: Y-1 > Y-4 > Y-7 (Fig. 4B).

Significantly, the ETp via the deprotonated peptide mono-
layers was also found to be temperature independent over the
80-300 K range; hence, the ETp mechanism taking place via the
deprotonated peptides’ monolayers is also consistent with
tunneling (Fig. 4A inset).

The impact of deprotonation on the peptide monolayers’
energy barrier, gyps, and thereby on their ETp was extracted
from the UPS measurements (Fig. 5A). The eyps values exhibited
small changes upon deprotonation and displayed a qualitative
correlation with the current via the junctions. The largest Aeyps
caused by deprotonation was —0.3 eV for 7A, and the largest
current enhancement (Alog|I|) at —0.3 V caused by deprotona-
tion is more than 1.5 orders of magnitude for 7A, as well. Over-
all, the gyps changes caused by deprotonation showed a kind of
zigzag trend as the Tyr is closer to the C-terminus, which does
not really follow the trend of current enhancement (Fig. 5B).
The variations in eyps caused by deprotonation could be mainly
due to the carboxyl conversion to carboxylate. Indeed, a rela-
tively large effect is observed for 7A, whereas none is observed
for Y-7. This is consistent with the IR results indicating no
deprotonation of the Y-7 carboxyl upon alkaline treatment. The

Phys. Chem. Chem. Phys., 2022, 24, 28878-28885 | 28881
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treatment, /(+KOH)/I, measured at —0.3 V as function of the Tyr sequence position.

different effects of carboxyl deprotonation of the Y-peptides on
the electronic properties of and transport via the monolayers
may be due to the hydrogen bonding impact of the tyrosyl
hydroxyl. Clearly, this hydrogen bonding capacity is tyrosyl-
carboxyl sequence position distance dependent.

Values of the work function (Wg) of the neutral peptide
monolayers fluctuated with the Y position in peptide
(Fig. S6A, ESIf). This could be due to the peptide dipole
moment apart from the Au-S bond, surface polarization
effects and/or dipole interactions between peptides.’®™** Depro-
tonation of Tyr-containing peptide monolayers caused a
0.25-0.55 eV decrease in absolute Wy value (Fig. S6B, ESIT).
This could be due to the negative charges of the carboxylate
group pairing with the potassium counterions and possible
peptide dipole moment variations in the monolayer following
the alkaline treatment.

Thus, while Fig. 5A shows a rough correlation between
energy barriers and conductance, additional interactions,

A

——&yps --O-- gypg (+KOH)
—& log|l[at-03V - log ||| at 0.3V (+KOH)

2.1

O

&yps (€V)

091+

7A

Y-1

Y-4

Y-7

including those between the peptide monolayer and the Au
NW top electrode also contribute to the ETp, limiting the ability
to discern more detailed correlations.

Conductance changes caused by the alkaline treatment also
depended on the Tyr position in the peptide sequence. Peptide
Y-7 exhibits a distinct behavior as the treatment did hardly
affect its conductance. As noted above, the PM-IRRAS data
suggest that when the Tyr is proximal to the C-terminus, as
in Y-7, a phenolate-carboxyl hydrogen bond is present, compet-
ing with the formation of a carboxylate ion. Further comparison
of the above spectroscopic data with the conductance results,
clearly suggests that the current increase caused by deprotona-
tion is related to the formation of the carboxylate group in the
other peptides. In STM-based break-junction measurements of
peptides, which require in particular a sufficiently strong
molecule-electrode interaction to produce effective Au-
peptide-Au junctions, it has been observed that in addition to
the electrode-bonding thiol group, only neutral amine and

og

TA Y-1 Y-4 Y-7

Fig. 5 The energy barriers of peptide monolayers on Au surface compared with the currents they carry. The current via the junctions was extracted from
the current—voltage curves at —0.3 V. (A) The measured energy barriers (green with left -axis) of the different peptides having distinct Tyr sequence
positions, compared with their corresponding current values (orange with the right -axis). The solid and hollow dots are results obtained before and after
alkaline treatment, respectively. (B) The differences in energy barriers of the different peptides caused by alkaline treatment (green with the left -axis)
compared with the respective current increases (orange with the right -axis). Aeyps = eups(+KOH) — eyps, and Alog]|/| = log|/|(+KOH) — log]/| at —0.3 V.

28882 | Phys. Chem. Chem. Phys., 2022, 24, 28878-28885 This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp02807g

Published on 18 November 2022. Downloaded by Weizmann Institute of Science Library on 12/28/2022 12:20:42 PM.

Paper

negatively charged carboxylate groups can help performing
valid peptide break-junction measurements.”® This suggests
that an enhanced interaction exists between the peptides’
C-terminus carboxylate and the top Au electrode, which can
increase the peptide-top Au electrode coupling and enhance the
ETp. Since the phenol of Tyr of Y-7 can inhibit deprotonation of
the carboxyl group by a hydrogen bond forming with it,
coupling to the top electrode is reduced and a lower current
is observed. Our finding agrees with a proposal that in a non-
polar environment (of the peptide monolayer),®® it is the
carboxylate of the Tyr phenol-carboxyl pair that is protonated
and the Tyr phenol is deprotonated, forming a hydrogen bond.
For the other two peptides (Y-4, Y-1), where the carboxyl group
distance from the Tyr increases, phenol-carboxyl hydrogen
bond formation is not plausible. Hence, the carboxyl group is
more easily deprotonated, enhancing the coupling with the top
electrode. Therefore, these peptides display a conductance
increase following deprotonation in the sequence of 7A >
Y-1 > Y-4 > Y-7. However, the monolayer thickness order is
also affected by deprotonation, as follows: Y-7 ~ Y-4 ~ 7A >
Y-1 (Table S1 and Fig. S3, ESIt). On the other side, the similar
conductance via Y-4 and 7A following the deprotonation sug-
gests that the presence of Tyr is not the main factor for
conductance change (Fig. 5). Combined with the absence of
the deprotonation effect on the conduction via Y-7 (Fig. 5), it
suggests that the dominant parameter determining the con-
ductance is the carboxylate-electrode coupling (Fig. S3, ESIt).

A detailed recent study carried out measurements of intrin-
sic electronic conductivity of individual amyloid protein crys-
tals as a model system using a four-electrode approach, which
allowed to eliminate contact resistance effects. It has shown an
additional, different role of hydrogen bonds in ETp, namely the
importance of proton-coupled electron transfer, specifically the
role of a proton acceptor, a glutamine, forming a hydrogen
bond with a proximal tyrosine in the process.>

Experimental
Chemicals

All peptides with a 3-mercaptopropionic acid (MPA) attached at
their C-terminus were supplied by GL Biochem Ltd and Hylabs
Ltd with purity >95% (HPLC) and were used without further
purification. Peptides Y-1, Y-4, and Y-7 were dissolved in
acetonitrile water mixture in a 1:3 ratio and 7A in the ratio
of 3:1. The peptides’ solution concentration employed for
monolayers preparation was ~0.25 mM.

Preparation of peptide monolayers

Au substrates (50 nm in thickness) were treated by plasma for
5 min under the 1:1 Ar and O, flow after sonication in water
and ethanol for 5 min, respectively. The Au substrates were
then treated by hot ethanol for ~20 min. After another O;/UV
treatment for 10 min, the Au substrates were immediately
incubated in the peptide solution for 48 h. Afterwards, the Au
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substrates were rinsed with acetonitrile : H,O (1 : 3) mixture and
ethanol followed by dry nitrogen.

Alkaline treatment of the peptide monolayers took place
after producing the neutral peptide monolayers by 48 h incuba-
tion of the Au substrates in the peptides’ solution. Then, a
required volume of 1 M KOH aqueous solution was added to
the neutral peptide solution in order to adjust it into a 10 mM
KOH. The Au substrates were still kept in this alkaline peptide
solution for another 1 h incubation. The Au substrates carrying
the bound peptide monolayers were then washed with a 10 mM
KOH in acetonitrile: H,O (1:3) mixture and dried by flowing
nitrogen for 1-2 minutes.

Ellipsometry measurements

A multiple-wavelength ellipsometer (Woollam M-2000 V) was
employed at an angle of incidence of 70° to measure the
ellipsometry of the peptide monolayers on Au substrate. The
Cauchy model was used to evaluate the thickness of the peptide
monolayers on the Au substrate.

Molecular dynamics (MD) simulations

The all-atom MD simulations using the GROMACS package
Version 4.5.4* and the CHARMM force field** were used to
study the conformation of the peptide monolayers. A 3 x 3
array with only the sulfur atom fixed in the XY plane was
constructed to simulate the monolayer. The simulations were
set in vacuum to mimic the dry environment of peptide
monolayer. All the peptides were simulated for 100 ns in order
to ensure achieving equilibration.

Au-peptide-Au junction construction

The junctions were prepared as previously reported.>! Peptide
monolayers were first assembled on the microscopic electrodes.
Then, using dielectrophoresis, the Au NWs were trapped
between two microscopic electrodes at an AC voltage of 1.5 V,
1 MHz for 5 min. The formed junctions were then rinsed by
ethanol and dried by nitrogen. Optical microscopy was used to
inspect the trapped NWs. Usually, only one NW bridged the two
electrodes, and only those with clear NW bridges were selected
for measurements. The nature of the dielectrophoretic trapping
process is such that one of the two contacts, likely the one on
which the NW “lands” first, is nearly always shorted so that
only a single junction remains for ETp measurement.""*!

Current-voltage characterization

For ETp measurements, a DC bias was applied between the two
microscopic electrodes, with the substrate as ground. For
statistics, more than 100 junctions were recorded on 2 to 4
different microscopic-electrode chips.

Temperature dependence of the current-voltage

For each studied peptide, ~20 junctions of the chip, at the
center of the distribution, were selected for measurements of
the current-temperature dependence. The sample’s tempera-
ture was controlled in high vacuum, using a TTPX cryogenic
electrical measurement system (Lakeshore). The samples were
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measured at the set temperature when the sample and probes
reached the corresponding thermal equilibrium. The accuracy
for temperature control and measurement was 0.2 K.

Ultraviolet photoemission spectroscopy (UPS)

A Kratos AXIS ULTRA system with a concentric hemispherical
electron energy analyzer for photo-emitted electron detection
was employed to collect UPS data of the peptide monolayers.
The source was a He discharge lamp, using He I (21.22 eV)
radiation lines. The energy resolution was better than 100 meV,
as determined by the Fermi edge of an Au reference sample. We
used the logarithmic intensity scale to determine the HOMO
edge by extrapolation to the background signal level. The
results, obtained in this way, were not significantly different
from those obtained using extrapolation on a linear
intensity scale.

Angle-resolved X-ray photoelectron spectroscopy (ARXPS)

The same system employed for UPS measurements, using a
monochromatized Al Ko X-ray source at 75 W, was used for the
XPS data collection. Three take-off angles of 0°, 45°, and 65°,
which are the angles between the axis of the analyzer and the
normal to the substrate surface, were set to examine the
distribution of the K' ions in the deprotonated peptide
monolayers.

Polarization modulation-infrared reflection-absorption
spectroscopy (PM-IRRAS)

A Nicolet 6700 FTIR spectrometer coupled with a PEM-90
photoelastic modulator (Hinds Instruments, Hillsboro, OR)
was used to collect PM-IRRAS data of the peptide monolayers
on the Au with an incident angle of 80° and a resolution of
2 cm™ ' The IR signal was recorded with an MCT-A detector.

Conclusions

In summary, the impact of replacing an Ala residue in a hepta-
Ala peptide by a Tyr on the ETp via junctions of these peptides’
monolayers has been investigated. Temperature independence
of the conductance via these junctions is consistent with
electron transport by super-exchange-mediated quantum tun-
neling. The inserted Tyr was found to enhance ETp compared
to that via 7A monolayers, but less than does Trp insertion. This
can be rationalized by the larger delocalized n-m orbitals of the
Trp indole side chain than that of the phenol in Tyr. Increased
aromaticity will decrease the HOMO-LUMO gap. Given that the
electrode Fermi level will be within that gap, higher aromaticity
will lower the barrier to current flow via the peptide, which is
determined by the smallest of the energy differences between
electrode Fermi level and HOMO or LUMO. Furthermore, the
state of protonation of the Tyr-containing peptides was found
to affect the electrical conductance of their junctions. The
influence of alkaline treatment on ETp via the Tyr-doped
peptide junctions depended on the Tyr sequence position.
Upon deprotonation, the coupling with the Au electrode is
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markedly enhanced for most of the Tyr-containing peptides,
probably by the enhanced interaction of the charged C-terminal
carboxylate with the top Au electrode. We explain the excep-
tional behavior of the Y-7 peptide by the formation of a phenol-
carboxyl hydrogen bond enabled by their proximity, which
competes with the carboxylate-Au interaction. Thus, hydrogen
bonding through intra-peptide side chain interaction can reg-
ulate the electrical transport properties of the monolayers. This
result represents a hitherto unexplored way of employing
hetero-oligopeptides’ structure for controlling electronic trans-
port properties of biomolecular junctions.
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