KCTCCA, a peptide-based facilitator for bioelectrochemistry
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Electrochemical and scanning tunnelling microscopy (STM) studies have been carried out to investigate the suit-
ability of the hexapeptide KCTCCA as a facilitator for bioelectrochemistry. The stable, quasi-reversible electro-
chemical response of cytochrome bsg, on a KCTCCA modified gold electrode and the high degree of surface
coverage of KCTCCA on gold (111), as observed by STM, indicate applicability of the molecule as an electro-

chemical facilitator.
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1. Introduction

Facilitators (earlier called promoters) (Eddowes and Hill
1977; Allen et al 1984) are small organic/biological mole-
cules that are used to modify an electrode surface to gene-
rate a sterically and electrostatically compatible surface
for bioelectrochemistry. Irreversible degradation due to
direct adsorption of the protein molecules onto an elec-
trode surface can be avoided, and the distance between
electrode surface and the protein molecules can be redu-
ced by means of electrostatic attraction leading to fast
and detectable electron transfer between protein mole-
cules and the facilitator modified electrode. The use of
cysteing, its synthetic derivatives and small peptides as
electrochemical facilitators (Di Gleria et al 1986; Barker
et al 1990; Cooper et al 1993) adds a new dimension to
the study of bioelectrochemistry. These molecules are
biological in nature, can form a dynamic, conformatio-
nally flexible and versatile adlayer, and therefore, facili-
tate accommodation of many different protein orientations
a the electrode surface. KCTCCA (Lys-Cys-Thr-Cys-Cys
Ala) is an important addition to this group of biological
facilitators. The sequence of KCTCCA is so chosen that
the electrode can be positively charged (through lysine),
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the molecules can be anchored on gold surface and main-
tain a horizontal orientation (through the three cysteine
sites), and the electrode surface has hydrophilic (through
threonine) as well as hydrophobic (through alanine) sites.
It can promote electrochemical response of a humber of
primarily negatively charged proteins e.g. flavocytochrome
¢ and methane monooxygenase apart from cytochrome
bse,, @ small heme protein consisting of 106 amino acid
residues with a molecular weight of 12 kDa and a surface
charge of —2 at pH 7. In the present investigation, the
KCTCCA/cytochrome bsg, system has been studied by
direct current (DC) cyclic voltammetry and the peptide
adlayer has been studied by scanning tunnelling micros-
copy (STM). STM is known to provide direct 3-dimen-
sional information on adsorbed atoms/molecules at ultra
high resolution. Though atomic force microscopy (AFM)
is generadly preferred for imaging non-conductors, enhan-
ced resolution of STM has made the technique more ap-
propriate for imaging small biomolecules like amino acids
(Feng et al 1988; Dakkouri et al 1996) and small peptides
(Davies et al 1990). In this report, the observations of a
quasi-reversible electrochemical response of cytochrome
bss, on KCTCCA modified gold electrode and dense cov-
erage of KCTCCA over large area on the gold (111) sur-
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Abbreviations used: DC, Direct current; STM, scanning tunnelling microscopy; TFE, 2,2,2-trifluoroethanol.
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face are presented. These observations extend support
towards applicability of the peptide as an electrochemical
facilitator.

2. Materialsand methods
2.1 Electrochemistry experiment

DC cyclic voltammetry experiments were carried out with
a potentiostat (Autolab PGSTAT 10) from EcoChemie.
Polycrystalline gold electrode was used as the working
electrode, saturated calomel electrode (SCE) as the refe-
rence electrode and platinum gauge as counter electrode.
The electrodes were set in a two-compartment electro-
chemical cell. The gold electrode was cleaned by polish-
ing with alumina slurry followed by scanning in 1 M
H,S0O, within scan range — 200 mV to 1700 mV at a scan
rate 100 mVs™ for 20 cycles. The electrode was finally
sonicated for 5 min prior to modification. It was modified
with 1 mM peptide solution in 2,2,2-trifluoroethanol (TFE)
for 1 h by simple dipping method, then washed with AR
ethanol and ultrapure milli-Q water (Millipore) of resisti-
vity 182 MWem. The cyclic voltammetry experiments
were carried out at room temperature with 70 nM cyto-
chrome bgg, (wild type) solution prepared in milli-Q water.

2.2 STM experiment

2.2a Set up, probes and image acquisition: The STM stu-
dies were carried out in ambient conditions at room
temperature using a TopoMetrix Discoverer SPM (TMX
2000) with 1 nm scanner. The tips were mechanically cut
from a 025 mm diameter Pt-Ir (90: 10) wire. The tips
used were tested for atomic level imaging on highly ori-
ented pyrolytic graphite (HOPG) before each experiment.
The gold substrates were annealed in butane flame for
few seconds till red hot to produce high quality surfaces
of (111) orientation. Imaging was carried out in the con-
stant current mode with tunnel currents (I;) 08-0% nA
and a bias voltage (V) +200 to =800 mV. The scan
rates were 7—20 times the magnitude of the scan size. The
images were subjected to a first order 2D leveling during
image acquisition.

2.2b Sample preparation with KCTCCA: The gold sub-
strate was annealed and cooled for a short period (1-2 s)
under argon jet, the substrate was then immersed in 1 mM
peptide (from Peptide Synthesis Facility, Oxford Centre
for Molecular Sciences, Oxford University, UK) solution
prepared in TFE (99%, Aldrich). It was incubated for
30 min to 1 h and then gently rinsed with AR ethanol to
remove the weakly bound material followed by drying in
acovered box for 1 h and immediately imaged.
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3. Resultsand discussion

In figure 1, the electrochemical response of cytochrome
bss, on polycrystalline gold electrode, modified with
KCTCCA, is shown. A quasi-reversible response with a peak
separation of 90 mV [E.=—-0%01V and E, =008 V] is
observed. No voltammetric response was observed in any
of the control experiments carried out with peptide modi-
fied electrode in the absence of protein molecules and the
unmodified electrode in the presence of protein solution
at similar scan parameters. The modified electrode could
be used for a maximum period of 5-6 days. After this
time period, a weak voltammetric response was observed
indicating electrode fouling. Though drastic passivation
of the electrode by adsorption of protein molecules was
not observed at KCTCCA modified surface, a quasi-rever-
sible electrochemical response may indicate electrode
passivation to some extent. This is not unexpected, given
the electrode coverage by facilitator molecules can re-
main incomplete according to the Langmuir adsorption
theory and protein molecules can undergo irreversible
adsorption on the unoccupied areas.

From the quasi-reversible response on KCTCCA modi-
fied electrode, it is evident that the e¢ transfer rate bet-
ween cytochrome bsg, and gold electrode is not as fast as
in some other cases e.g. response of the heme protein
cytochrome ¢ on hydroxyalkane thiol [HO(CH,),SH, where
n=3,4] modified gold electrode. However, reversible
behaviour of cytochrome ¢ on hydroxyalkane thiol modi-
fied gold surface shifted towards irreversibility with in-
crease in alkane chain length from 3 to 11 carbon atoms
(Terrettaz et al 1996). The number of intermediate atoms
between thiol group and the solvent exposed functional
groups — NH3, — OH and — CH3 in KCTCCA varies from
3 (for the peptide bond region) to 8 atoms (for the lysine
side chain region). This creates a situation similar to hy-
droxyalkane thiols of intermediate chain length (n = 5-8).
This factor of molecular thickness along with electrode
passivation may explain the observation of relatively
slow e¢transfer on peptide modified electrode compared
to the reversible behaviour. Methods of electrode modi-
fication other than simple immersion in the molecular
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Figure 1. Electrochemical response of wild type cytochrome
bse, on KCTCCA modified gold electrode (scan rate = 20 mvs™).
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solution may generate better coverage and therefore, en-
hance the rate of e¢transfer between protein molecules
and the modified electrode.

The STM images of KCTCCA were taken on atomi-
cally flat triangular terraces of gold (111) substrate (fig-
ure 2). In figures 3 and 4, two characteristic images showing
dense coverage of self-assembled structural array of
KCTCCA over alarge area are presented. From the cross-
sectional diagrams, the distance between two consecutive
rows is found to be 29 + 1 A, the width of the rows 38% +
4 A and the average height of the peaks 16 + 08 A. The
height value appears unusually low compared to the expected
real height (>5A). A lower apparent height is, however,
a usua observation in the STM images of biomolecu-
les, since these molecules are not sufficiently conductive
(resistivity: typically 10°-10"® Wm at room temperature)
(Pethig 1979) and the tunnel probe either compresses the
molecular layer or travels inside the film to detect the
assigned tunnel current resulting in a smaller observed
height. Control experiments were carried out by imaging
bare gold (111) and TFE-treated gold (111) at the same
scan parameters as used for imaging the peptide film. No
major contamination, surface roughening and features
like the peptide array were observed.

Dense arrays of KCTCCA have been observed over
large areas of the gold (111) surface (figures 3 and 4).
Many thiols and disulfides have been reported to form
ordered and oriented self-assembled arrays on gold sur-
faces (Hahner et al 1993; Kooyman et al 1994; Nuzzo
et al 1990), where the packing and ordering are deter-
mined by contributions of both chemisorption and intra-
/interchain nonbonded interactions. For KCTCCA, a van
der Waals type interaction appears to be responsible for
array formation. An added factor can be the repulsive
interaction between coadsorbed molecules. This is a pos-
sibility when the bulk concentration is quite high e.g.
1 mM asit isin the present case. Such repulsive interac-
tions can lower the average heat of adsorption and reduce
strength of the chemical bond. Conseguently, the strength
of adsorbate-adsorbate interaction relative to the adsor-
bate-substrate interaction should increase compared to a
situation where the bond strength is unchanged. This cre-
ates a more favourable situation for generating a self-
assembled array of chemisorbed molecules on the gold
surface. The rows observed in figures 3 and 4 are not
entirely parallel though over the whole scan area as a
consequence of lack of registry of the molecular packing
with the underlying gold lattice. This is not unexpected,
given the thiols are not regularly spaced in the sequence
KCTCCA, and the molecule may adsorb through al the
three thiols for the obvious benefit of exothermic gold-
thiol bond formation (Nuzzo and Allara 1983).

High resolution images of the peptide molecules were
not obtained plausibly due to electron delocalization over
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the peptide backbone and/or tip-sample interactions that
are unavoidable in STM imaging of biomolecules in ambi-
ent conditions. But importantly, self-assembled arrays of
KCTCCA were observed to generate a dense coverage of
peptide molecules over a large area on the gold electrode
surfaces. Such an adlayer should prevent adsorption indu-
ced degradation of the protein structure and assist in elec-
trochemical promotion. Furthermore, presence of sulphur
atoms in the system and their involvement in direct inter-
action with the gold surface makes the molecule elec-
tronically addressable. The role of secondary structure of
the peptide in electron mediation can be insignificant,
since from circular dichroism studies it was found that
the peptide remains in random coil state (a negative band
between 190 and 200 nm, which is typical of a random
coil structure, was observed; data not shown) even in a
coil inducing solvent like TFE. It is evident from the pre-
sent results that neither secondary structure of the peptide
nor ordering/disordering of the molecules in the adlayer
are crucial factors in electrochemical promotion. The
more important factors controlling the facilitator action
of KCTCCA appear to be the dense coverage over alarge
area of the electrode, electrostatic compatibility due to

Figure3. Sdf-assembled peptide array on gold (111) (I, = 0% nA;
Vp = — 800 mV; scan range = 80 x 80 nm?; z range = 0-0.49 nm).
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Figure 4. Peptide array with a cross-sectional diagram (I, = 0¥ nA; V, =—800 mV; scan range = 66 x

66 nm?; z range = 0069 nm).

presence of lysine, and the gold-sulphur tunnel routes gene-
rated due to strong gold-thiol interactions.

The presence of — OH containing threonine and — CH3
containing alanine in KCTCCA are supposed to impart
hydrophilic and hydrophobic nature respectively to the
peptide film. The versatility of this peptide can be enhan-
ced further due to presence of the charge from — NH3 of
lysine side chain. Earlier also, a facilitator like hydroxy-
alkane thiol exhibited versatility with respect to promot-
ing electrochemical response of both +vely and —vely
charged proteins. It appears the versatile behaviour of
hydroxyalkane thiol can be attributed to the hydrophilic
character of the facilitator film due to presence of the
hydroxyl groups. Proteins with predominantly hydrophi-
lic surface patches, whatever the surface charge may
be, +ve or —ve, therefore enjoy compatibility with the
hydroxyalkane thiol modified surfaces. The purpose be-
hind the present work was, however, not to create a surface
of very specific characteristic determined by any one of
the factors charge/hydrophilicity/hydrophobicity/thickness
of the film but to mimic the biological surface —a system
influenced by all these factors as close as possible. Ear-
lier, the concept of a functionalized electrode surface
originated from the dream to mimic the protein surfaces
that are responsible for protein—protein interactions rele-
vant in biological e¢transfer. Though over the last two
decades, surface functionalization with small organic
molecules has led to a variety of surfaces of technologi-
cal importance, especialy in sensor technologies, yet the
attempts to create a truly biological and therefore biocom-
patible surface are being continued. The present endea-
vour is an important addition to that attempt.

In the present manuscript, it has been shown that a
biological molecule of size bigger than an amino acid but
smaller than a protein can be used as a facilitator. This
success may lead to the use of protein molecules as faci-
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litators fulfilling the dream of construction of a bio elec-
trode/protein chip. Important progress has already been
made towards this end. Oriented immobilization of the
protein molecules on gold electrode surface via gold-thiol
bond formation is now possible (Mukhopadhyay et al
2004). This strategy of oriented immobilization has also
aided solvent exposure of the interaction sites on protein
surface and subsequent complex formation with the part-
ner enzyme molecules (Mukhopadhyay et al 2002).

4. Conclusion

In conclusion, the possibilities of the use of a medium size
peptide as an electrochemical facilitator has been discus-
sed. This has ramifications towards application of bigger
peptides and small proteins in constructing bioel ectrodes
important in sensor technology.

Acknowledgements

The author thanks Prof. H A O Hill, New Chemistry
Laboratory, University of Oxford, UK for laboratory faci-
lities. Financial support from the Felix fellowship, UK
and the Department of Biological Sciences and Bioengi-
neering, Indian Ingtitute of Technology, Kanpur, are grate-
fully acknowledged.

References

Allen P M, Hill H A O and Walton N J 1984 Surface modifiers
for the promotion of direct electrochemistry of cytochrome
C; J. Electroanal. Chem. 178 69-86

Barker P D, Di GleriaK, Hill H A O and Lowe V J 1990 Elec-
tron transfer reactions of metalloproteins at peptide modified
gold electrodes; Eur. J. Biochem. 190 171-175

Cooper JM, Greenough K R and McNeil C J 1993 Direct elec-
tron transfer reactions between immobilized cytochrome ¢ and
modified gold electrodes; J. Electroanal. Chem. 347 267-275

|



-

-

KCTCCA, a peptide-based facilitator for bioelectrochemistry 167

Dakkouri A S, Kolb D M, Edelstein-Shima R and Mandler D
1996 Scanning tunnelling microscopy study of L-cysteine on
Au (111); Langmuir 12 2849-2852

Davies M C, Jackson D E, Price M R and Tendler S J B 1990
Scanning tunnelling microscopy imaging of the tumour asso-
ciated antigenic 20 amino acid human polymorphic epithelial
mucin core peptide fragment; Cancer Lett. 55 13-16

Di Gleria K, Hill H A O, Lowe V J and Page D J 1986 Direct
electrochemistry of horse-heart cytochrome C at amino acid
modified gold electrode; J. Electroanal. Chem. 213 333-338

Eddowes M Jand Hill H A O 1977 Novel method for the inves-
tigation of the electrochemistry of metalloproteins. cytochrome
C; J. Chem. Soc. Chem. Commun. 21 771-772

Feng J, Hu C Z and Andrade J D 1988 Scanning tunnelling
microscopic images of amino acids; J. Microsc. 152 811-816

Hahner G, Wdll C, Buck M and Grunz M 1993 Investigation of
intermediate steps in the self-assembly of n-alkanethiols on
gold surfaces by soft X-ray spectrosocpy; Langmuir 9 1955—
1958

Kooyman R P H, van den Heuvel D J, Drijfhout J W and Well-
ing G W 1994 The use of self-assembled receptor layers in
immunosensors; Thin Solid Films 244 913-916

Mukhopadhyay R, Lo K K, Wong L L and Hill H A O 2004
Oriented immobilization of pseudomonus putida putidare-
doxin at a gold (111)-buffer interface: a real time scanning
tunnelling microscopy study; J. Microsc. 213 6-10

Mukhopadhyay R, Lo K K, Wong L L, Pochapsky T and
Hill H A O 2002 A molecular level study of complex forma-
tion between putidaredoxin and cytochrome P450 by scan-
ning tunnelling microscopy; Phys. Chem. Chem. Phys. 4
641-646

Nuzzo R G and Allara D L 1983 Adsorption of bifunctional
organic disulfides on gold surfaces; J. Am. Chem. Soc. 105
4481-4483

Nuzzo R G, Dubois L H and Allara D L 1990 Fundamental
studies of microscopic wetting on organic surfaces. 1. Forma
tion and structural characterization of a self-consistent series
of polyfunctional organic monolayers; J. Am. Chem. Soc. 112
558-569

Pethig R 1979 Dielectric and electronic properties of biologi-
cal materials (New York: Wiley)

Terrettaz S, Cheng J and Miller C J 1996 Kinetic Parameters
for Cytochrome c via Insulated Electrode Voltammetry; J.
Am. Chem. Soc. 118 7857—7858

MSreceived 9 February 2004; accepted 19 February 2004

Corresponding editor: DIPANKAR CHATTERJ

J. Biosci. | Vol. 29 | No. 2 | June 2004

|



