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Abstract

The coiled coil is a widespread protein motif responsible for directing the assembly of a wide
range of protein complexes. To date, research has focused largely on the solution phase assembly
of coiled-coil complexes. Here, we describe an investigation into coiled-coil heterodimer assembly
where one of the peptides is immobilized directly onto a gold electrode. Immaobilization is
achieved by the introduction of a unique cysteine residue at the C terminus, allowing for covalent
and orientated attachment to a thiol-reactive surface, here the gold electrode. We show an
electrochemical impedance of the resulting self-assembled polypeptide monolayer around |Z| = 4
x 104 2 cm? at 100 mHz with a minimum phase angle of —84°, consistent with the formation of a
densely packed, insulating layer. The thickness of the peptide monolayer, as measured using
ellipsometry, is around 3 nm, close to that expected for a self-assembled monolayer assembled
from helical peptides. Crucially, we find that the efficiency of dimerization between a peptide in
solution and its coiled-coil partner peptide immobilized on a surface is strongly dependent upon
the density of the immobilized peptide layer, with dimer assembly being strongly suppressed by
high-density peptide monolayers. We thus develop an approach for controlling the density of the
immobilized peptide by diluting the monolayer with a thiolated, random-coil peptide to modulate
dimerization efficiency and demonstrate electrochemical detection of highly specific, coiled-coil
heterodimer on-surface assembly.
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INTRODUCTION

The binding of biological, molecular, and nanoscale components from solution onto surface-
immobilized probe molecules is a process of fundamental importance across the clinical,
biological, chemical, and nanosciences. For example, the molecular specificity between
cDNA strands allows for the identification of unknown nucleic acid targets for genotyping
and gene expression.12 Similarly, the high specificity of antibodies3-> and aptamers®7 for
discriminating between proteins and protein conformations can be used to understand,
diagnose, and treat chronic illnesses better. Molecular specificity is also being explored
increasingly as a route for directing the assembly of nanoscale objects, for example, carbon
nanotubes,® quantum dots,? and nanowires, 19 into complex, integrated devices that are
interfaced to the outside world.

In nature, the directed assembly of many macromolecular complexes is achieved via a
number of distinct peptide motifs that regulate non-covalent protein—protein interactions. A
notable example, the a-helical coiled coil, is an oligomerization motif thought to be present
in 3-5% of all proteins! and involved in the assembly of a wide range of protein complexes,
including many eukaryotic transcription factors. a-Helical coiled coils are formed by the
association of two or more a-helical peptides into a stable, supercoiled complex.12
Hydrophobic interactions between a-helical peptides (arising from hydrophobic residues at
positions a and d of the helix heptad repeat sequence shown in Figure 1) produce most of the
binding energy and provide stability to the coiled-coil complex. Stability is also regulated by
electrostatic interactions between charged residues adjacent to the hydrophobic core at
positions e and g. Critically, these electrostatic interactions also confer specificity and
selectivity to the coil—coil interaction. For example, preferential pairing of the Fos and Jun
leucine zipper is a result of repulsive, interhelical electrostatic interactions that effectively
destablize the Fos homodimer in favor of heterodimer assembly.13:14 This idea was explored
further by O’Shea et al., who designed a synthetic coiled-coil complex that showed a greater
than 10°-fold preference for heterodimer over homodimer assembly.1® Today, there exists a
family of synthetic coiled-coil peptides that exhibit well-defined, heterospecific interactions
with one another and that can be used as versatile, modular components for molecular
engineering.16-18
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Despite the prevalence of this biologically important motif, the generation of functional,
peptide-derivatized surfaces and their use in organizing and directing the self-assembly of
supramolecular structures has been largely neglected. Indeed, apart from a few notable
examples,19-21 the self-assembly of peptide-based materials on a surface has received very
little attention, with investigations focusing instead on peptide folding in the solution phase.
Here, for the first time, we use electrochemical impedance spectroscopy to evaluate the
assembly, specificity, and affinity of coiled-coil heterodimers on the surface, where one of
the peptides is first immobilized directly onto a gold electrode.

EXPERIMENTAL SECTION

Materials

All peptides were synthesized by PPR, Ltd. (Fareham, U.K.) at a purity >50% as determined
by reversed-phase high-performance liquid chromatography (RP-HPLC) and stored
lyophilized in a desiccator. Stock solutions of each peptide were made to a concentration of
1 mg/mL in 100 mM phosphate buffer at pH 7 and stored at 4 °C. Sequences of the peptides
used in this study are BASE-C,
AQLKKKLQANKKKLAQLKWKLQALKKKLAQGGGSC; ACID,
AQLEKELQALEKELAQLEWENQALEKELAQ; BLK-C, SLDTLAEQLDPSANNVLSC;
and Jun-C, IARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVVMNHGGGSC.

Ethanol (99%) and isopropanol (99%) from Fisher (Loughborough, U.K.), acetone (98%),
monosodium phosphate, monohydrate, disodium phosphate, heptahydrate, (3-
mercaptopropyl)-trimethoxysilane, copper(ll) perchlorate, sulfuric acid, and hydrogen
peroxide from Sigma (Gillingham, U.K.), and r-doped silicon (100) capped with a 300 nm
thick thermal oxide from Compart Technology (Peterborough, U.K.) were used as received.

Electrochemical Impedance Spectroscopy

Peptide layers were immobilized on a polycrystalline Au surface, and the electrochemical
impedance was recorded with a Bio Logic VSP potentiostat using a conventional three-
electrode cell with a Pt counter electrode and Ag/AgCl (saturated KCI) reference electrode.
Impedance was measured at 0 V versus Ag/AgClI with a sinusoidal potential modulation of
+5 mV. The amplitude and phase shift of the resulting current were recorded over a
frequency range spanning 6 decades (from 0.1 Hz to 100 kHz).

A combination of mechanical and electrochemical polishing was used to prepare the
polycrystalline gold rod electrode surfaces for peptide functionalization. The rod electrodes
(3 mm in diameter; BASI, Kenilworth, U.K.) were first polished mechanically using a range
of alumina slurries of decreasing particle size (from 1.0 to 0.05 gm). The electrodes were
then sonicated in acetone and ultrapure water (18.2 MQ cm; Milli-Q systems) for 10 min
each to remove residual alumina particles. Electrochemical polishing was performed in 0.1
M H,S0, aqueous solution from —0.2 to +1.5 V versus Ag/AgCl at a scan rate of 0.1 V s71.
The voltage scan was repeated until the cyclic voltammograms became stable and
reproducible (typically 25 cycles). Finally, the electrodes were immersed in ultrapure water
and absolute ethanol and sonicated for 10 min in each prior to incubation in peptide solution.
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Ellipsometry

Peptide layers were immobilized on Au-coated glass slides, and the layer thickness was
recorded using a Beaglehole Instruments picometer phase-modulated spectroscopic
ellipsometer (Wellington, New Zealand). Measurements were taken at an angle of 70° and
over a wavelength range of 300-800 nm with a measurement step size of 1 nm. Gold
surfaces were fabricated by electron-beam evaporation to deposit a 20 nm thick titanium
adhesion layer followed by a 150 nm thick gold layer under vacuum at a base pressure of
10~" mbar onto standard microscope slides. Substrates were cleaned prior to metal
deposition by immersion in Piranha solution (70% H»SO4 and 30% H,05) for 10 min before
sonicating in ultrapure water, ethanol, and isopropy! alcohol (IPA) for 10 min each. The
freshly prepared substrates were placed into the peptide solution immediately following
removal from the deposition chamber. The peptide functionalized substrates were dried
under nitrogen gas prior to measurement. Measurements were performed on three different
areas of the functionalized surface and repeated 3 times.

Circular Dichroism (CD)

CD measurements were carried out using a Chirascan CD spectrophotometer
(AppliedPhotophysics, Leatherhead, Surrey, U.K.). Measurements were performed over a
wavelength range of 180-280 nm with a measurement step size of 1 nm. The spectra of each
sample was measured 20 times successively and averaged. All measurements were
performed in 0.1 M phosphate buffer at pH 7 using a standard quartz cuvette (Hellma,
Southend on Sea, U.K.).

RESULTS AND DISCUSSION

Peptide Immobilization

We investigated the on-surface assembly of the antiparallel ACID:BASE coiled-coil
heterodimer developed by Oakley et al.22 and based on the heterodimer design of O’Shea et
al.15 This synthetic coiled coil is based on the naturally occurring GCN4 leucine zipper but
modified to include charged amino acids at positions e and g (glutamic acid in ACID and
lysine in BASE) introduced to destabilize homodimer assembly at neutral pH. We further
modified the BASE peptide to introduce a cysteine residue at the C terminus. This is the
only cysteine in the peptide and allows for oriented, specific, and covalent attachment to a
thiol-reactive surface. A flexible linker sequence (GGGS) commonly used in phage
display?3 was also included between the unmodified BASE peptide and the cysteine. This
provides the immobilized peptide greater flexibility and distances the coil—coil interaction
region away from the surface. The modified BASE peptide, containing both the cysteine and
flexible linker, is referred to as BASE-C. The results of a CD solution phase study into the
formation of the BASE-C:ACID heterodimer at pH 7 are shown in Figure 1b. A pronounced
helical structure was observed upon mixing of the BASE-C and ACID peptides as inidicated
by CD minima at 222 and 208 nm. This is typical of the formation of a stable coiled-coil
heterodimer. In contrast, CD spectra of the isolated ACID and BASE-C peptides show little
evidence for helical content. These results compare well to previous CD experiments of
coiled-coil heterodimers'® and confirm that the cysteine and linker modifications have little
or no negative impact on the assembly of the BASE-C:ACID heterodimer.
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Having demonstrated stable heterodimer assembly in solution, we next used electrochemical
impedance spectroscopy to investigate immobilization of the cysteine-modified peptide
BASE-C onto the surface of an Au electrode. Typical impedance spectra of the cleaned Au
surface before and after functionalization with BASE-C are shown in Figure 2. The electrode
was functionalized by immersion in a 1 mg/mL solution of BASE-C for 18 h followed by
rinsing in 100 mM phosphate buffer at pH 7. The impedance spectra were acquired ex situin
10 mM phosphate buffer at pH 7. Critically, we see the magnitude of the electrochemical
impedance, |Z|, increase by almost 2 orders of magnitude at 1200 mHz following
functionalization. This is consistent with the deposition of an ionic insulating layer on the
Au surface. We also observe the phase angle, ¢(2), of the derivatized electrode approach
-90°, corresponding to an increase in capacitance, again supporting functionalization of the
surface with an insulating layer. Despite impedance spectra characteristic of a functionalized
surface, no significant changes in |Z| or ¢(2) were observed after exposing the derivatized
electrode to a solution of the ACID peptide, as shown in Figure 2. Indeed, no measurable
shifts in electrochemical impedance were observed even after extending the incubation time
to 18 h or after increasing the concentration of the ACID peptide solution to 1 mM.

The apparent suppression of BASE-C:ACID heterodimer on-surface assembly may be
understood by a more detailed analysis of the electrochemical impedance spectra. Bode plots
of the BASE-C functionalized surface (Figure 2a) indicate typical values of |Z| = 4 x 10* Q
cm? at 100 mHz. Although smaller than that observed for a pristine and defect-free self-
assembled monolayer (|Z| up to 10° © cm? observed for an alkanethiol monolayer formed
on Au),?4 the significant increase in |Z| is commensurate with the formation of a molecular
layer in which the peptides are immobilized at high grafting densities. This is further
confirmed by the gradient of the Bode plot, which is calculated to be —0.9 for frequencies
<50 Hz, close to the theoretical value of —1 expected for an electrode coated with a purely
capacitive layer. Similarly, the minimum phase angle was found to be —84°, close to the
theoretical limit of —90° for a Helmholtz ideal capacitor.25:26

Using a basic Randles circuit to simulate the impedance characteristics of Figure 2, we
estimate the capacitance of the BASE-C peptide monolayer to be 1.3 zF cm™2. This is
comparable to the capacitance of an alkanthiol monolayer assembled on a polycrystalline Au
surface.24 Assuming that the dielectric constant for the peptide layer is around 3,27:28
comparable to a monolayer of alkanethiols on gold, we thus calculate a BASE-C monolayer
thickness of approximately 20 A. We also used ellipsometry to measure more accurately the
thickness of BASE-C assembled on an Au-coated glass slide. We found an average
monolayer thickness of 29 A. We note that the length of a 31 amino acid peptide folded into
a a-helical conformation is expected to be 43 A.29:30 This measurement coupled with the
frequency dependencies of |Z| and ¢(2) suggests the formation of a peptide monolayer that
has self-assembled with high packing density onto the Au surface.

On-Surface Assembly of the Coiled-Coil Heterodimer

The efficiency of hybridization between a DNA target in solution and a complementary
probe immobilized on a surface is strongly dependent upon the density of the immobilized
DNA layer.31:32 |n particular, hybridization has been shown to be strongly suppressed by
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electrostatic interactions and steric crowding that occur at high grafting densities.33
Similarly, given the capacity of BASE-C to self-assemble into a densely packed peptide
monolayer, we expect the efficiency of coiled-coil heterodimer assembly to be influenced by
the density of the immobilized peptide.34-36 We thus developed an approach for regulating
the density of the immobilized BASE-C peptide by diluting the peptide monolayer with the
19 amino acid blocking peptide BLK-C.

Figure 3a shows the on-surface assembly of the BASE-C:ACID heterodimer monitored
using electrochemical impedance spectroscopy. Here, the BASE-C layer was assembled onto
the freshly prepared electrode surface from a 50%:50% solution of BASE-C:BLK-C. In
contrast to the uniform 100% BASE-C functionalized surface, we now observe stable shifts
in the electrochemical impedance following the addition of ACID and, in particular, a shift
in the electrochemical phase, ¢(2). Furthermore, we see that the magnitude of the shift in
¢(2) is dependent upon the concentration of ACID and causes ¢(2) to move toward —90° at
frequencies <100 Hz, suggesting an increasingly capacitive layer.

This change in electrochemical impedance is more obvious when plotting the difference in
phase, A¢(2), before and after exposure to ACID. This is shown in Figure 3b for electrode
surfaces functionalized from a 50%:50% solution of BASE-C:BLK-C solution following
incubation with a 280 M solution of ACID. Figure 3b also shows repeats of this experiment
performed on three independent and identically functionalized electrodes. From these repeat
measurements, we calculate a standard deviation, measured at 100 mHz of 0.18°. This is
shown in the error bars of Figure 3c (black curve). Furthermore, Figure 3c clearly
demonstrates that the change in ¢(2) can be ascribed specifically and unambiguously to the
formation of the BASE-C:ACID heterodimer. We observe stable shifts in the
electrochemical phase angle only when a surface functionalized using a solution containing
50%:50% BASE-C:BLK-C is incubated with the specific coiled-coil partner, ACID. A¢(2)
remains close to zero for all other control experiments involving non-specific peptide
interactions. The observed A¢(2) is thus a measure of specific heterodimer assembly rather
than a non-specific peptide interaction or nonspecific adsorption on the surface. We note that
¢(2) remains constant [A¢(2) ~ 0] following incubation of a surface functionalized with a
second cysteine-modified peptide, Jun-C, with ACID, where Jun is known to form a stable
heterodimer with the coiled-coil partner Fos. This suggests that no formation of the Jun-
C:ACID heterodimer occurs and is consistent with CD measurements on solutions of Jun-C
and ACID, shown in Figure 1c. Our electrochemical results of Figure 3 demonstrate
conclusively that the specificity and selectivity associated with coiled-coil heterodimers is
preserved even when assembly occurs on surface.

The data presented in Figure 3 is for a surface derivatized by incubation in a 50%:50%
mixture of BASE-C:BLK-C. We also investigated heterodimer on-surface assembly for
surfaces functionalized with different concentrations of BASE-C, as shown in Figure 4. At
low concentrations (£20% BASE-C in solution), any change in the electrochemical
impedance of the layer is below the sensitivity of the measurement system, and we thus
observe no shift in ¢(2). Similarly, ¢(2) remains constant at concentrations =70%, where
electrostatic interactions and steric crowding in the self-assembled peptide monolayer inhibit
dimer assembly. For our measurement system, we observe maximum sensitivity to BASE-
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C:ACID heterodimer assembly for surfaces functionalized with BASE-C around 50% in
solution.

CONCLUSION

We have demonstrated, for the first time, the use of electrochemical impedance spectroscopy
to monitor the on-surface assembly of a de novo coiled-coil heterodimer. Immobilization is
achieved via the introduction of a single cysteine residue at the C terminus of one peptide.
While this ensures covalent, oriented, and stable attachment to the surface of an Au
electrode, the high efficiency of the energetically favorable Au-S bond results in the
immobilization of peptides at high grafting densities. Crucially, we show that the efficiency
of dimerization between an a-helical peptide in solution and its complementary peptide
immobilized on a surface is strongly dependent upon the density of the immobilized peptide
layer. In particular, heterodimer assembly was found to be strongly suppressed with high-
density peptide monolayers, likely because of steric crowding within the immobilized
molecular layer. We thus demonstrate an approach for regulating the density of the
immobilized BASE-C peptide by diluting the monolayer with a thiolated, random-coil
peptide and demonstrate electrochemical detection of coiled-coil heterodimer on-surface
assembly and with high specificity and, thus, pave the way for the use of synthetic peptides
as versatile, modular components for molecular and bioelectronic engineering.
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{ BASE-C—e—1

Jun-C:ACID —e—1
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Figure 1.

(a) Helical wheel representation of the heptad repeat associated with a coiled-coil dimer.
Dimer stability and specificity is regulated by a combination of hydrophobic interactions
that occur between residues a and d and electrostatic interactions between amino acids at
positions g and e. (b) Circular dichroism (CD) spectra for the individual peptides BASE-C
and ACID and for the BASE-C:ACID heterodimer. (c) CD spectra for the random-coil
peptide BLK-C and for solutions of BLK-C mixed with ACID and Jun-C mixed with ACID.
For all CD measurements, peptides were dissolved in 0.1 M sodium phosphate at pH 7 at
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0.25 mg/mL. For experiments involving mixed peptide solutions (i.e., BASE-C:ACID, BLK-
C:ACID, and Jun-C:ACID), the solutions were allowed to incubate for 30 min at room
temperature before the measurement was performed.
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Figure 2.

Tygpical (a) Bode plot (log|Z| versus log /) and (b) Bode phase plot [¢(2) versus log #] of an
Au electrode before and after functionalization with BASE-C and following incubation with
a 200 ¢M solution of ACID for 60 min. All measurements were performed in 10 mM
phosphate buffer at pH 7.
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Figure 3.

(a)gFrequency dependence of the phase of the electrochemical impedance for a surface
functionalized using a solution containing 50%:50% BASE-C:BLK-C before and after
incubation with increasing concentrations of ACID. (b) Frequency dependence of the
difference in phase, A¢(2), for a surface functionalized using a solution 50%:50% BASE-
C:BLK-C as in panel a before and after incubation with 280 ¢M ACID. The three curves
represent three independent measurements on three different surfaces. (¢) Ag¢(2) before and
after incubation of functionalized surfaces with different peptides for (1) BASE-C:BLK-C +
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ACID, incubation of a surface functionalized using a solution of 50%:50% BASE-C:BLK-C
with 280 xM ACID; (2) BASE-C:BLK-C + BLK, incubation of a surface functionalized
using a solution of 50%:50% BASE-C:BLK-C with 280 /M BLK; (3) Jun-C:BLK-C +
ACID, incubation of a surface functionalized using a solution of 50%:50% Jun-C:BLK-C
with 280 xM ACID; and (4) BLK-C + ACID, incubation of a surface functionalized with
BLK-C with 280 xM ACID. Error bars show one standard deviation calculated from the
multiple measurements shown in panel b.
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Figure 4.

Shgiﬁ in the phase of electrochemical impedance, A¢(2), as a function of the percentage of
BASE-C peptide used in solution to functionalize the surface. Errors are calculated from
three independent repeats of experiments performed using surfaces functionalized from
solutions containing 0, 50, and 95% BASE-C.
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