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Abstract

Site-specifically engineered disulphide or surface cysteine residues have been introduced into two blue copper proteins, Pseu-

domonas aeruginosa azurin and Populus nigra plastocyanin, in order to facilitate protein chemisorption on gold electrodes. The

subsequently formed well-defined protein monolayers gave rise to robust electrochemical responses and electron transfer rates

comparable to those observed at modified electrode surfaces. Proximal probe characterisation confirms the presence, at high

coverage, of well-ordered protein adlayers. Additionally, gold-metalloprotein affinity is such that molecular-level tunnelling and

topographic analyses can be carried out under aqueous solution. The approaches outlined in this work can, in principal, be extended

to the generation of arrays of any redox-active biomolecule.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Metalloprotein electrochemical studies have led, not

only to an enhanced understanding of the important

role these molecules play in biological energy transduc-

tion processes (including structure/function correlations)
but also to significant biosensing developments and,

more recently, the birth of bioelectronics. Much pro-

gress has been made during the past 20 years in attaining

reproducible electrochemical responses from metallo-

proteins and enzymes [1]. Particularly beneficial in this

context is the level of control achievable by confining

voltammetric investigations to the electrode surface (and

thereby removing complicating diffusion-based contri-
butions to voltammetry) [2,3]. The process of electron

exchange between planar electrode surfaces and immo-

bilised metalloproteins has now advanced to the point
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where detailed kinetic and thermodynamic investiga-

tions, including quantitative electronic coupling (such as

structure and distance dependence) experiments and

reorganisation can be pursued [2,4]. Controlling the

electrochemical coupling between biomolecules and

man-made circuitry is, further, of considerable impor-
tance in the development of improved bio- and immuno-

sensing devices.

Reliable (that is, reproducible) heterogeneous elec-

tron transfer of metalloproteins at man-made electrode

surfaces is achievable only through careful consideration

of protein and electrode surface chemistry [5–7]. Spe-

cifically, much work has centered on ‘‘modelling’’ the

electrode surface such that its physiochemical interac-
tions with the protein reflect, to variant levels of sim-

plification, the natural interfacial interactions of the

protein in its native environment. Indeed, the force

balance imposed on a metalloprotein confined to an

electrode surface differs from that in solution and this

commonly leads to a loss of native conformation unless

specific steps are taken to create a ‘‘biocompatible
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interface’’ [8]. Much success has been obtained at

modified noble metal surfaces (particularly gold and

silver) through the use of surface self-assembly [8]; typ-

ically, one tailors the electrode interface such that its

interactions with the solution-phase protein model, as
much as is possible, the natural protein–protein or

protein–membrane interfacial interactions prevalent in

biology. Significantly in the context of this work, though

metalloproteins have been observed to exchange elec-

trons with bare metal surfaces, these responses are

usually both transient and poorly reproducible [9,10]. In

recent years, we, and others, have developed methods

whereby metalloproteins can be assembled on electrode
surfaces in well-defined, electrochemically addressable,

molecular arrays [11–15]. We have specifically made use

of the introduction of thiol-terminating cysteine residues

into the surface of metalloproteins as a means of teth-

ering them controllably to gold electrode surfaces. This

methodology is demonstrably successful in producing

well-defined, mechanically robust, molecular arrays

suitable for molecular-level electronic analysis [13,14].
The plastocyanins (PC) are small (9–14 kDa) mono-

nuclear type-1 copper proteins, characterised by an in-

tense absorption band in the visible spectrum (�600 nm).

They belong to the cupredoxin family and function as

electron carriers in the photosynthetic chains of plants,

algae and cyanobacteria [16]. In plants, the proteins are

located in the thylakoid lumen of the chloroplast, where

they are reduced by cytochrome f and oxidised by the
P700 reaction centre of photosystem I (PSI) (ultimately

shuttling electrons from PSII to PSI). High-resolution

crystal and/or NMR structures have been obtained

from, amongst others, poplar [17], Oleander nerium [18],

French bean [19], spinach [20] and parsley [21]. In this

class of blue copper proteins, the redox-active (CuII–

CuI) copper centre is strongly coordinated by the sul-

phur of a cysteine and the nitrogens of two histidine
residues. In most type-1 sites, including those of plas-

tocyanin, the sulphur of a methionine moiety provides a

point of fourth ligation. Characteristically, the copper

site geometry is largely conserved across the two oxida-

tion states and, consequently, the inner-sphere re-or-

ganisational energy associated with electron transfer, is

low [22,23]. The poplar protein (Populus nigra), a 99-

amino-acid, eight-stranded antiparallel b-sheet, bears a
net negative charge at pH 7.0 [24]. When looking at the

protein as it is commonly depicted in the literature,

the redox site at the ‘‘northern pole’’ of the molecule is in

the vicinity of the ‘‘hydrophobic’’ interaction patch and

‘‘west’’ of the negatively charged interaction patch [25].

Site-directed mutagenesis has been recently used to

modify both the copper ligation and interaction patches

[26]. In this work, a site-specifically engineered disul-
phide bridge, located in a region of the poplar plasto-

cyanin structure opposite to the copper active site, was

introduced [27,28]. Such a mutation (PCSS) was aimed
at achieving a stable and redox-active protein able to

self-assemble on gold surfaces. Following the binding of

the PC via the disulphide bridge the copper centre should

be some 3 nm from the metal surface. The redox activity

of self-assembled PCSS was further compared with im-
mobilised wild-type plastocyanin in which this anchoring

group is absent.

Azurin is a well-characterised blue copper protein

involved in bacterial electron transfer chains, such as

those in Pseudomonas aeruginosa [29]. Though the wild-

type form of azurin can be immobilized on pristine gold

electrode surfaces through its exposed disulphide moiety,

previous studies have reported that such arrays are
electrochemically inactive [14]. As with plastocyanin, we

have sought to control protein–electrode mechanical and

electronic coupling through the use of site-selective mu-

tagenesis. With both proteins, the designed introduction

of gold-anchoring cysteine residues into the surface of

the protein is achieved without significant structural/

functional perturbation of the wild-type structure.
2. Experimental

2.1. Mutagenesis, protein purification and expression

The S118C and K27C azurin mutants (P. aeruginosa)

were isolated under reducing conditions in their apo

forms as has been previously described [30]. The holo
proteins were typically formed through the addition of

1.1 molar equivalents of Cu(NO3)2 solution and an ex-

cess (4–5 molar equivalents) of K3[Fe(CN)6]. Gel fil-

tration chromatography (Superdex 75, Pharmacia) was

used to purify the monomer from dimeric forms.

Reagents and gene mutation details for plastocyanin

have been published [27]. Briefly, wild-type and PCSS

mutants were expressed in Escherichia coli HMS174
(DE3) and released from the bacterial cells by freeze–

thaw cycling. The supernatant resulting from centrifu-

gation was dialysed against 0.5 mM MgCl2 and then a

batch-wise binding step using a DEAE Sepharose fast-

flow column (Pharmacia) was performed; subsequently,

the protein was eluted with 20 mM sodium phosphate

buffer, pH 6 and 300 mM NaCl. In a second DEAE

column chromatography step the PCSS protein was
eluted by using a linear salt gradient. As a final purifi-

cation step, the protein was eluted (20 mM sodium

phosphate, pH 6, 150 mM NaCl) through a Superdex 75

size-exclusion column in a Pharmacia FPLC system.

Sample purity was verified by SDS–PAGE and an iso-

electric focussing gel (PhastGel IEF 3-9 Pharmacia).

Further characterisation was carried out by UV–Vis

spectroscopy (Perkin–Elmer Lambda 800 and Perkin–
Elmer Lambda 20), resonance Raman spectroscopy

(Dilor LaBram (ISA)) and electron paramagnetic reso-

nance (X-band Varian E109 spectrometer).



Fig. 1. Ambient tunnelling image of low-coverage of PCSS on Au[III].

Such images were acquired with Pt/Ir probes at a constant tunnelling

current of 1 nA (bias 100 mV, tip positive). Image size 180� 180 nm.
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2.2. Protein immobilisation and voltammetric characteri-

sation

Prior to voltammetric experiments, polycrystalline

gold electrodes were exhaustively polished with an
Al2O3 slurry on a polishing cloth (Beuhler) and rinsed

with water (18.2 MX cm, Elga). They were subse-

quently further cleaned by electropolishing in 1 M

H2SO4 (99.9% Sigma) in the range of )0.3 to +1.5 V

vs a standard calomel electrode (SCE). Edge plane

graphite (EPG) electrodes were mechanically polished.

Protein self-assembly was carried out by incubating

freshly cleaned (and characterised) gold electrodes in
3–30 lM plastocyanin at 5 �C overnight in 100 mM

potassium phosphate buffer, pH 7.4. The elec-

trodes were subsequently rinsed with pure water and

characterised.

Voltammetry was carried out using a l-autolab po-

tentiostat (Ecochemie, Netherlands) and a home-made

glass cell with a conventional three electrode two com-

partment configuration. The counter electrode was a
platinum wire gauze and the reference a standard calo-

mel electrode (SCE, Radiometer, UK). The reported

potentials are corrected to SHE using a value of 241 mV

at 25 �C. All voltammetric experiments were performed

in 100 mM potassium phosphate at pH 7.14. Back-

ground subtraction in the voltammograms was achieved

by using a computer program, obtained from Prof. F.A.

Armstrong (University of Oxford), which fits a cubic
spline function to the data [2]. For practical reasons,

most voltammetry has been performed on polycrystal-

line gold electrodes. Responses obtained at ‘‘single

crystal’’ (evaporated gold film) electrodes displayed the

same kinetic and half wave potentials as outlined below

for polycrystalline surfaces. Imaging experiments were,

necessarily, carried out at atomically flat single crystal

surfaces.

2.3. Tunnelling imaging

Atomically flat gold electrode surfaces were prepared

by evaporation on to mica at low pressure (ca. 1� 10�5

mbar) to a thickness �200 nm then flame annealed using

a butane torch. Protein adlayers were prepared by

treating a freshly prepared gold surface with high-purity
protein of concentration 1–2 lM, leaving to self-

assemble overnight at 5 �C. STM experiments were

performed in constant current mode using a Molecular

Imaging STM (LOT Oriel UK). Tips were prepared

from 0.25 mm diameter tungsten wire electrochemically

etched in 2 M NaOH and coated in an insulating layer

of apiezon wax. Low-temperature imaging was carried

out under fluid (50% deionised water + 50% glycerol
(BDH)) in conjunction with a triple-stage peltier-cooled

cold stage controlled using a Lakeshore Model 330

autotuning temperature controller.
For imaging purposes, plastocyanin adlayers were

prepared by incubation of freshly annealed evaporated

gold film in 30 lM PCSS in 20 mM sodium phosphate,

pH 6.0, for about 1 h at 4 �C. Samples were rinsed with

buffer solution, blown dry with pure nitrogen and im-
mediately imaged. The tunnelling set point was 50 pA

and the bias 180 mV, scan rate 4 Hz.

2.4. Gold electrode dithiol modification

Freshly annealed evaporated gold films or polished

polycrystalline electrode surfaces were soaked in 1–1.5

mM ethanolic solutions of pentanedithiol, 1,6-hexane-
dithiol, 1,8-octanedithiol or dodecanethiol (Aldrich)

overnight at 5 �C. The surfaces were rinsed profusely in

ethanol, incubated in 1–3 lM solutions of the protein

overnight, washed and analysed. AFM analyses were

consistent with minimal penetration of the protein into

the dithiol adlayer.
3. Results

Preliminary scanning tunnelling experiments con-

firmed (Fig. 1) that well-defined molecular adlayers

could be formed by exposure of pristine gold surfaces to

PCSS; an interaction depicted schematically in Fig. 2.

Facile, quasi-reversible, electron transfer has been ob-

served with a number of plastocyanins in diffusive vol-
tammetric studies [31,32]. This interfacial electron

transfer has been shown to be highly site-specific, with

sigmoidal responses typically observed under conditions



Fig. 2. Graphical representation (Molscript) of the interaction of

poplar plastocyanin with an Au[III] surface. This HIS-87, CYS-84,

MET-92 and HIS-37 ligation is shown.

Fig. 3. (a) Background corrected voltammogram recorded for PCSS

monolayers at 100 mVs�1 scan rate in 100 mM potassium phosphate

buffer, pH 7.14. (b) Comparative voltammetry (100 mVs�1) of self-

assembled PCWT (red line) and PCSS (blue line) adlayers. For colour,

see on-line figure.
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of low surface ‘‘binding site’’ concentration. Robust

voltammetric responses, stable to continual (>100 cycles
at 10 mV s�1) scanning, were obtained for PCSS ad-

layers on polycrystalline gold (Figs. 3(a) and (b)).

Electroactive surface coverages, estimated by integrating

the faradaic responses, and correcting for an AFM-de-

termined surface roughness factor of 1.3, were 2–

8� 1014 molecules cm�2 (Table 1). This value is both in

good agreement with an expected coverage for a mole-

cule with a lateral dimension of �3.5 nm and confir-
matory of a high degree of structural retention. The

redox midpoint potential of the PCSS adlayer was

404� 10 mV vs SHE, a value close to that obtained

diffusively with the wild-type protein at EPG [33]. This

is, again, consistent with immobilisation occurring

without significant perturbation of the native structure,

despite the fact that this is a bare noble metal surface.

The variation in peak potential with scan rate, char-
acteristic of quasi-reversible electrochemical systems,

can be used in the determination of electron transfer rate

constants. Specifically, the separation of anodic and

cathodic peak potentials (DEp) as the scan rate crosses

into a regime where molecular electron transfer char-

acteristics are current-limiting (non-Nernstian behav-
Table 1

The electrochemical characteristics of plastocyanin (a) and azurin (b) molec

E1=2 (mV) vs SCE Surface coverage (10�1

(molecules cm�2)

PCSS 163� 10 2–8.5

PCWT 109� 5 0.3–1.4

Az WT 150–165 1.7–2.0

Az K27C 150–165 1.8–2.1

Az S118C 120–160 1.8–2.1

The half-wave potential, E1=2 is defined as (Epa � Epc)/2.
iour) can be plotted against a logarithmic voltage scan

rate. The peak divergence in these ‘‘trumpet plots’’ can
be analysed using relations derived by Laviron for

chemisorbed electroactive molecules [34]. Briefly, slopes

of linear regression fitted to the diverging parts of the
ular monolayers on Au(III)

4) Ipa=Ipc DEp (mV) ket (s�1)

1.0–1.2 63–87 5–26

1.0–1.2 63–87

1.2 25–85 300–400

1.2–1.4 35–75 210–320

1.1–1.2 15–70 300–570



Fig. 4. (a) Fluid tunnelling image (resistance 8.8 GX) of a K27C azurin

monolayer on Au[III] obtained under a 50:50 water+ glycerol solution

at room temperature. The substrate had been exposed to 1.3 lM azurin

solution overnight. (b) Fluid tunnelling image (8.8 GX, 90� 100 nm)

of an azurin monolayer obtained at 0 �C. Z scales 0–1.4 nm.
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semi-logarithmic plot can be fitted to: log ket ¼ a logð1�
aÞ þ ð1� aÞ log a� logðRT =nFV Þ � að1� aÞnFDEp=2:3
RT , where a is the electron transfer coefficient (assumed

here to have a value of 0.5) and the other terms have

their usual meaning. Peak separation observations made
with PCSS adlayers (80 mV at a scan rate of 10 mV s�1)

were observed to be consistent with quasi-reversible ki-

netics, and rate constants of 5–25 s�1.

In order to investigate the role of the disulphide

bridge introduced, analogous voltammetric investiga-

tions were performed with wild-type plastocyanin

(PCWT). Though faradaic responses were observed with

this protein form, the signals were noticeably broader
and weaker than those observed for the immobilised

mutant (Fig. 3(c)). Such behaviour is consistent with

either lower protein coverage and/or, less robust/more

denaturing adsorption. (The PCWT coverage from the

peak areas in the CV spectra was estimated to be

7� 1013 molecules cm�2, lower than that obtained for

the PCSS.) Calculated peak widths at half height were

�90 and 115–125 mV for PCSS and PCWT adlayers,
respectively. The broader voltammetric peaks observed

with the wild-type protein may be reflective of uncon-

trolled (and accordingly variant) protein surface orien-

tation. In the absence of an anchoring surface group the

protein is expected to be physically adsorbed rather than

chemically anchored. Regardless of the details, the

protein–surface interaction is clearly quite different to

that observed with the mutant. The broad voltammetric
responses made kinetic determinations with the wild-

type protein unfeasible. The negative shift (�50 mV) in

half wave potential in comparison with the PCSS form

was further consistent with some structural perturbation

of the adsorbed wild-type protein.

The surface-cysteine mutant and wild-type azurins

display a high affinity for pristine gold electrode surfaces

and can be assembled into well-ordered molecular ar-
rays sufficiently robust for high-resolution tunnelling or

topographic analyses to be possible under solution

(Fig. 4). The tunnelling conductance of a protein under

such conditions is such that high contrast can be ob-

tained in constant current imaging. Studies are presently

underway to examine, in more depth, the nature and

dominant contributing factors to this conductance.

Though routinely capable of atomic resolution on
crystalline materials, tunnelling imaging of biomolecules

is rarely achievable at more than a gross molecular level

of resolution. Both (hydrated) molecular compressibility

and inherent molecular dynamics are likely to play a

significant limiting role in attainable resolution. Re-

ducing the temperature of the sample will restrict both

conformational and diffusive motion and may facilitate

an increase in imaging resolution. It is known that the
Young�s modulus of a protein molecule increases by an

order of magnitude as the temperature falls below 0 �C;
a �stiffer�, more rigid biomolecule is less likely to suffer
tip-induced deformation [35,36]. Preliminary low-tem-

perature fluid tunnelling analyses of these azurin adlay-
ers have suggested (Fig. 4(b)) that resolution of the

bioelectrochemical interface is at least comparable (and

often greater) than that attainable at room temperature.

The azurin adlayers all exhibit facile electron transfer

to the underlying bare gold electrode surface (Figs. 5

and 6). This is, notably, in contrast to previously re-

ported [14,37] electrochemical analyses of wild-type

azurin on gold, in which no faradaic current was de-
tectable by CV and impedance-determined rate con-

stants were determined to be more than one order of

magnitude lower than those we report here. The protein

coverage, determined by integration of the voltammetric

data, was found to be 1.8–2.2� 1013 molecules cm�2. As

with plastocyanin, heterogeneous electron transfer rate

constants were calculated by monitoring the variation in

cyclic voltammetry peak separation with scan rate
(Fig. 7) according to the method of Laviron and are

summarized in Table 1. Though faster rates of electron

transfer have been observed with azurin immobilized on

pyrolytic graphite surfaces, these figures are indicative of
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facile communication between the copper centres and

the underlying bare gold electrode surface. Significantly,

however, the rate of electron transfer observed with the

S118C protein is not greatly different from that observed

with the wild-type protein, despite a greatly reduced
copper-electrode separation. In considering the effect of

surface mutagenesis on orientation we have assumed

that the reactive, solvent-exposed, cysteine residue pro-

vides the dominant, directing, means of interaction with
Fig. 6. Voltammetric response (100 mVs�1) of the K27C adlayer on

Au[III]. The background subtracted response is also shown.

Fig. 7. Anodic and cathodic peak positions (vs SCE) as a function of

scan rate (logarithmic scale) of a K27C azurin monolayer on Au[III]

evaporated film gold electrode.

Fig. 5. Voltammetric response (100 mVs�1) of the mass of the azurin

adlayer on polycrystalline gold in 100 mM potassium phosphate buf-

fer, pH 7.4. Both raw and background subtracted data sets are shown.
the bare gold surface and hence that K27C adopts a

surface-bound orientation very similar to that of the

wild-type protein, with the S118C mutant bound in an
orientation approximately perpendicular to this [38].

A number of studies have shown that the rate of

long range electron transfer between metal electrodes

and self-assembled electroactive species decreases log-

arithmically with SAM (self-assembled monolayer)

chain length [37,39] and the reaction rate variation can

be described by ket ¼ kðn¼0Þe
�bn where kðn¼0Þ denotes the

rate constant extrapolated to n (number of methyl-
enes)¼ 0. The exponential decay constant, b, has been

found, with a number of electrochemical systems, to be

1.0� 0.1 �A�1 per methylene. To examine further the

apparent independence of redox kinetics on copper-

gold tunnelling distance in immobilised azurin layers,

the mutant proteins were immobilized on (variable

thickness) alkanedithiol spacer monolayers (on which

one expects the protein bound orientation to be the
same as that on bare gold). On such monolayers, one

expects immobilisation to occur by dimerisation be-

tween the exposed cysteine thiol and the terminal thiol

of the SAM. With the wild-type protein, ‘‘reaction’’

with such SAMs, if it takes place, must occur with

cleavage of its native disulphide moiety. Semi-loga-

rithmic plots (ln ket vs distance, Fig. 8) revealed rea-

sonable linear correlations from which a distance decay
factor b of �0.2 �A�1 was calculated, a value consistent

with a minimal distance dependence of the rate of

electron transfer. On increasing this spatial separation

further by adsorbing the protein onto a C12 chain al-

kanethiol linker the rate of electron transfer was ob-

served to decrease significantly to �10 s�1. We have

concluded that, at close proximity to the electrode

surface, i.e., when the protein is anchored directly to
gold through its exposed surface cysteine, the electron



Fig. 8. The dependence of rate of electron transfer between K27C

azurin and an underlying gold electrode surface on dithiol linker

length. Though there is some scattering of the kinetic data points, they

are clearly consistent with a low distance dependence (b � 0:2 �A�1).
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transfer kinetics appear to be independent of the cop-

per–gold tunnelling distance, an observation consistent

with the presence of a gating process. Such observa-

tions have been made before with both cytochrome c

and azurin [40], and assigned to both preceeding

configurational rearrangements associated with

achieving molecular orientations in which efficient
electron-transfer pathways are most accessible (from

surface-bound orientations in which protein–surface

interactions are most thermodynamically favourable –

since these are not necessarily the same) and electric

field effects [41,42]. In the case of the azurin adlayers

studied here, we have observed that, on increasing the

copper-electrode spatial separation further (>�12 �A),

the tunnelling distance becomes rate-limiting and the
rate of electron transfer falls exponentially.

With some adlayers we have observed a 20–40 mV

negative shift of the S118C half wave potential. We

believe that this is related to the relatively limited solvent

exposure of the 118C residue and the mild structural

deformation that is known to accompany its covalent

binding [43]. Significantly, this perturbation is not evi-

dent in data acquired from the other protein forms.
Voltammetric peak widths (FWHM) were 60–65, 75–80

and 85–110 mV for the S118C, K27C and wild-type

metalloprotein forms, respectively. Since this parameter

is diagnostic of electron transfer kinetics and/or homo-

geneity at the electrode surface [44], and the kinetic

differences are minimal (Table 1), these values are con-

sistent with increasing degrees of heterogeneity in the

protein monolayers. Predictably, this is greatest with the
wild-type protein in which one may expect an appre-

ciable amount of ‘‘randomly’’ physisorbed molecular

species to be present.
4. Conclusions

Site-directed mutagenesis methodologies, utilised

successfully in the formation of well-defined protein and

enzyme adlayers in recent years [11–13,38] have been
extended to the blue copper protein, plastocyanin.

Robust electrochemical responses, indicative of gross

structural retention, at high protein coverage, can be

obtained on pristine bare polycrystalline gold electrode

surfaces. Observations made during this study, and

others, are consistent with the suggestion that the de-

naturing characteristics of bare metal surfaces can be

largely nullified if the protein surface mobility can be
restricted (with azurin, the wild-type protein is some-

what unusual in being itself able to chemisorb to gold

electrodes). The rate of electron transfer has been found

to be largely independent of surface-bound orientation,

an observation consistent with the existence of an (as yet

undefined) preceeding ‘‘gating process’’. The ability to

form functionally active protein/enzyme adlayers on

atomically flat single crystalline metal surfaces facilitates
experiments in which single molecule (proximal probe

based) electronic molecular analyses can be made. Im-

portantly, by anchoring high-purity protein to carefully

prepared gold surfaces, rate constants comparable to

those observed at gold electrodes modified with satu-

rated adsorbates can be obtained.
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