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Abstract

The reversible cyclic voltammetry of pea plastocyanin (Pisum sativum) was studied with a wide range of electrodes: edge-oriented
pyrolytic graphite (PGE), glassy carbon (GCE), gold (Au) and platinum (Pt) electrodes. Plastocyanin was coated onto the electrode surface
by exploiting the electrostatic interaction between the negatively charged protein and a wide range of positively charged promoters. The
effect of the redox response with an extended range of promoters, including poly-L-lysine, polymyxin B, neomycin, tobramycin, geneticin,
spermine and spermidine, were included in this study. The resulting cyclic voltammograms reveal that the observed midpoint potential for
plastocyanin can be shifted significantly depending on the choice of promoter. The stability of the negatively charged plastocyanin—promoter
layer on an electrode was gauged by the rate of bulk diffusion of the protein from the immobilised film into the solution. Reversible cyclic
voltammograms were obtained using edge-oriented pyrolytic graphite (PGE) and glassy carbon electrodes (GCE) with all promoters;
however, platinum and gold electrodes were unable to sustain a defined redox response. The combination of pyrolytic graphite electrode/
poly-L-lysine/plastocyanin was found to be the most stable combination, with a redox response which remained well defined in solution for
more than 1 h at pH 7.0. The midpoint potentials obtained in this manner differed between the two graphite electrodes PGE and GCE using
poly-L-lysine as the promoter. This effect was in addition to the expected pH dependence of the midpoint potential for plastocyanin and the
results indicated that the pK, for plastocyanin on PGE was 4.94 compared to that on GCE of 4.66. It is concluded that both the electrode
material and the nature of the promoter can influence the position of the redox potentials for proteins measured in vitro.

This study extends the range of biogenic promoters used in combination with electrode materials. Thus, we can begin to develop a more
comprehensive understanding of electrode—protein interactions and draw conclusions as to metalloprotein function, in vivo. To support these
studies, we have sought information as to the nature of the electrode/promoter/protein interaction using scanning tunneling microscopy
(STM) to study both the promoter and the plastocyanin protein on a gold surface.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Direct protein electrochemistry techniques have provided
valuable tools for the identification of redox signatures for
many metalloproteins [1—4]. Despite advances in the tech-
nical aspects of measuring low currents and baseline com-
pensation programs, many deficiencies remain in our
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(2-hydroxyethyl)piperazine-N-(ethanesulfonic acid); TAPS, N-tris(hydrox-
ymethyl)methyl-3-aminopropanesulfonic acid; EGTA, ethylene glycol-
bis(B-aminoethyl ether)-N,N,N,N-tetraacetic acid; PGE, edge-oriented
pyrolytic graphite electrode; GCE, glassy carbon electrode.
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understanding of the respective influences of electrodes,
promoters and the proteins themselves on the redox
response. Detailed studies have been carried out for both
positively and negatively charged, low-molecular weight,
electron transfer metalloproteins, such as ferredoxins [2—6],
cyctochrome ¢ [4] and plastocyanin [7]. Convincing evi-
dence is presented that the choice of promoter used for these
experiments can significantly influence the thermodynamics
of the electron transfer reaction and, hence, affect the
measured reduction potentials [7,8]. For cytochrome bs,
both the promoter, poly-L-lysine or [Cr(NH;3)]*" and the
Mg>" ion concentration can produce shifts of the half-wave
potential by as much as 60 mV [9]. Similar studies with
plastocyanin have demonstrated that varying Mg®" ion
concentrations can shift the reduction potential, although
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ionic strength effects were negligible [7,8]. These workers
[7,8] obtained well-defined responses with a pyrolytic
graphite electrode (edge-oriented), PGE, but not with a
glassy carbon electrode, GCE, under their experimental
conditions, although other studies [10] were able to elicit
a response using modified gold electrodes. However, to
date, no study of the electrode dependence has been carried
out, and furthermore, the range of promoters used has been
limited.

Plastocyanin is a member of the Blue Copper family of
electron transfer proteins. This mobile protein shuttles
between the bf~complex and Photosystem I (PSI), thereby
enabling the photosynthetic electron transfer process
between PSI and PSII to be efficiently achieved [11]. The
active site for plastocyanin contains a single “type-1~
copper ion, such that the oxidised Cu" can be reduced to
Cu', reversibly. Extensive structural [11], spectroscopic
[11,12] and reactivity studies [7,11,13,14] for plastocyanin
have provided a good understanding of the molecular
characteristics of this protein, thus making it an ideal
candidate for an in vitro examination of the factors that
could affect its redox response during photosynthesis.

Redox studies with plastocyanins isolated from higher
plants, such as spinach (Spinacea oleracea) and poplar
(Populus nigra), show unusually high reduction potentials
of 389 + 7 mV, whereas plastocyanin from blue-green algae
(Anabaena variabilis) are lower (318 £3 mV) [7,13,15]. In
addition, the redox response is influenced by pH [7,10,16—
18], surface charge [18,19] and Mg2+ concentration [7,17].
These studies confirm that a range of experimental factors
can influence the interfacial properties, hence, the reported
redox potential for plastocyanin.

Electrode modification is typically required in order to
observe reversible voltammetry of metalloproteins [1-3].
Thus, reliable electrochemical responses can be observed for
negatively charged electron transfer proteins, such as plas-
tocyanin, ferredoxins and cytochromes by using direct
promotion methods. In particular, reversible data can often
be obtained at pyrolytic graphite (edge oriented and basal
plane), glassy carbon, gold or platinum electrodes, in the
presence of “promoters” to co-adsorb the protein [2,3].
However, these electrochemical data are often reported
using only one type of promoter thereby precluding com-
parisons to other studies that employed different promoters
under similar conditions. Clearly, there is a need to system-
atically define the influence of common promoters and
electrodes in order to compare and correlate redox data
obtained in vivo with metalloproteins and enzymes. Fur-
thermore, the contribution that a particular promoter may
have on the electrochemical response is yet to be system-
atically explored.

Recent studies indicate that the method of promotion
along with shifts in protein peak potential correlate with the
promoter type and concentration [8]. Similar shifts are
expected for electrostatically immobilised systems where a
promoter/protein sample is prepared prior to being placed

into a buffered solution [5,6,8]. This mode of protein
attachment is through electrostatic attraction, which leads
to bulk diffusion of the sample away from the electrode at a
rate defined by the degree of attraction between the pro-
moter and the protein.

This present study reports the cyclic voltammetry
obtained for several promoters using monolayer films of
Pisum sativum plastocyanin on pyrolytic graphite, glassy
carbon, gold and platinum electrodes. It examines (i) their
ability to facilitate plastocyanin electron transfer and (ii) to
determine the extent of electrostatic interaction between the
promoter and the protein. Of particular interest here is the
polymerised form of the naturally occurring L-lysine (poly-
L-lysine), which has been used in other studies with con-
siderable success [8,20,21], although six other promoters are
also employed here. The influence of the electrode material
on the redox response (both current and midpoint potential)
is another variable we have addressed. The electrochemical
response is often dependant on the nature and surface
condition of the electrode, for instance, C—O functionalities
on the edge-oriented pyrolytic graphite electrode are often
exploited in the quest for a reversible response for positively
charged proteins. Finally, we have examined the interface
between the promoter, poly-L-lysine and the electrode by
scanning tunneling microscopy (STM). Although this tech-
nique was recently reviewed [22], we cannot find any other
study of plastocyanin using STM. We also believe that this
is the first comprehensive study of plastocyanin using these
four electrode materials and with such a wide range of
promoters.

2. Experimental
2.1. Source, isolation and purification

Plastocyanin was isolated from 21-day-old pea (P, sat-
ivum) leaves and purified as described elsewhere [23]. The
Ango/Asoy ratio for the experimental sample was 10:1 at the
calculated concentration 5x10~% M (597 was assumed to be
4500 M~ ' em ™).

2.2. Materials and instrumentation for electrochemical
experiments

All chemicals were reagent grade and used without
further purification. Poly-L-lysine (MW 150-300 kDa)
was purchased from Sigma as a 0.1% aqueous solution.
Milli-Q water was used both as a solvent and in all rinsing
steps. Aqueous solutions were buffered in the pH range
4.5—8.5 using a buffer mixture containing 5 mM of MES,
HEPES, TAPS and 0.1 mM EGTA. The pH was determined
using a calibrated Orion 290A pH meter. The solution
volume was 15 ml and the supporting electrolyte was 0.1
M NaCl (99%). The bulk solution was changed after each
fresh application of the promoter/protein to the electrode to
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avoid the influence of dissolved molecules during experi-
ments. Dissolved oxygen was removed by purging with
nitrogen through solutions for 10 min prior to the experi-
ment and a stream of nitrogen was maintained over the
solution during all experiments. Cyclic voltammograms
were recorded using a Bioanalytical Systems (BAS) Model
C3 Cell stand linked to a BAS Model 100B electrochemical
analyser, all measurements were made in triplicate, and data
were obtained at scan rates between 0.02 and 0.5 V s~ ! at
22 + 1 C. Voltametric data were obtained using (i) an edge-
oriented pyrolytic graphite electrode (radius 2.0 mm), (ii) a
glassy carbon electrode (radius 1.9 mm), (iii) a platinum
electrode (radius 1.2 mm) or (iv) a gold electrode (radius 1.2
mm). Electrodes were purchased from BAS except for the
PGE electrode, which was prepared according to published
methods [5,6]. Prior to each experiment, the electrode sur-
face was polished with alumina—water slurry (alumina
particle size 0.3 pum), washed with Milli-Q water and
sonicated for 1 min. The reference and counter electrodes
were Ag/AgCl (3 M NaCl) and platinum wire, respectively.
The reference electrode was calibrated against the
[Fe(CN)s]>~"*~ couple and was measured before and after
each experiment to check for potential drifting. The max-
imum variation noted was 5 mV and the experimental data
were adjusted accordingly. Midpoint potentials for reversi-
ble processes were calculated as the midpoint of the oxida-
tion (E,,) and reduction (£,.) peaks and peak separation and
reported as AE. All data are reported versus the normal
hydrogen electrode (NHE).

Two experimental methods were used to apply the
promoter and the protein to the electrode surface.

2.2.1. Method 1: dry—dry method (DDM)

A buffered solution at the required pH was placed into
the electrochemical cell and deoxygenated for 10 min. An
aqueous solution of the appropriate promoter (10 pl of 0.02
M) was placed on the working electrode and allowed to
evaporate with gentle warming. Plastocyanin (10 pl of a
5%107* M sample) was then applied and allowed to
evaporate slowly at room temperature. The electrode was
then placed in the buffered solution and voltametric scans
recorded immediately. Both the anodic and cathodic peak
currents were measured for all scans and the ratios found to
be ~1:1.

2.2.2. Method 2: dry—wet method (DWM)

This method differed only slightly from that described
above. Following the coating of the electrode with the
promoter, plastocyanin (10 ul of a 5x10™* M sample)
was immediately applied on to the working electrode. The
electrode was immediately placed into the buffer solution in
the electrochemical cell and cyclic voltammograms were
recorded. The protein coating was less stable on the elec-
trode using this method as assessed with Method 1 where
fewer scans were achieved due to rapid diffusion of the
immobilised plastocyanin into the buffer solution. Scan

direction was particularly relevant with this method as
diffusion of the protein into the solution invariably led to
a larger forward than reverse current. The currents reported
were obtained from the peak maxima during experiments
starting at 0 V and scanning anodically and returning to 0 V.
The anodic currents obtained by this method were consis-
tently higher than those of the corresponding cathodic
waves because of the poorly immobilised promoter noted
above.

Reproducible results were obtained using Method 1,
and data reported here were all obtained with this
method.

3. Scanning tunneling microscopy

STM images of samples were obtained in air with a
Digital Nanoscope II microscope using tungsten tips in
both height and current mode. Atomically flat gold
electrodes were prepared as previously described [24].
Images were obtained with current of <2 A and a tip bias
voltage of <1 V. Poly-L-lysine samples were prepared by
the addition of a 0.01% w/v aqueous solution to the gold
surface followed by evaporation. Protein samples were
prepared using Method 1 and buffer salts were removed
by gentle washing with water. Routinely, five different
areas on at least three different samples were examined
for reproducibility.

4. Results

4.1. Influence of electrode material on voltametric response
and midpoint potential

Reversible voltammograms with well-defined peak
shapes were observed for plastocyanin physisorbed at both
PGE and GCE electrodes using poly-L-lysine as a promoter.
No significant response was detected at either the gold or
platinum electrodes under similar conditions. Fig. 1 com-
pares these results for plastocyanin protein physisorbed onto
the poly-L-lysine promoter at all electrodes used in this
study: PGE, GCE, platinum and gold.

These data confirm the findings from other workers [8§]
that negatively charged proteins interact favorably with
poly-L-lysine at the PGE. In addition, we obtained a well-
defined, reversible redox couple for plastocyanin at GCE,
although a significant electrode dependence of the midpoint
potential was observed. The E,,,;4 value obtained at the PGE
was 15 mV more positive than that observed at the GCE.
Each experiment was repeated at least three times on
different occasions and the variation in response was less
than 4 mV. Although the midpoint potential varies with the
two carbon electrodes, the peak separation, AE remained
constant at 50—60 mV expected for a mixture of finite and
infinite diffusion [1].
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Fig. 1. Cyclic voltammetry of plastocyanin at PGE, GCE, gold and platinum electrodes promoted using poly-L-lysine. Scan rate was 200 mV/s.

4.2. Influence of promoter type on the peak potential

The variation of the midpoint potential with different
promoter types for the direct electrochemistry of metal-
loproteins has been noted by several workers [7,8].
Although to date no systematic study has been undertaken
to examine this effect with a wide range of potential
promoters, the present work re-examines some work from
earlier publications. We have comprehensively assessed this
effect for a wide range of positively charged promoters
where electrostatic attachment of plastocyanin to PGE
occurs. Fig. 2 illustrates these results for these promoters
which are all biogenic polyamines. For each promoter, a

well-defined reversible voltametric response was observed
with AE ~ 60 mV although, as indicated, significant shifts in
midpoint potentials were observed. The lowest value for the
midpoint potential was found for geneticin, with 395 + 4
mV, and the highest value of 406 =4 mV found for neo-
mycin (Table 1). An average for these values coincided with
that measured with poly-L-lysine, of 401 + 4 mV.

4.3. PGE/poly-1-lysine/plastocyanin combination
Reversible cyclic voltammograms were obtained for

plastocyanin with all promoters using Method 1. Using
Method 2, the protein film was less stable and the ratio of

415 -
410 -
> ] l
E 405 l
: | L |
T 400 l [ [
2
: LW 1
o
= 395 A l
=
: l
a
T 390 -
=
385
380 T T T T T T 1
poly-L-  polymyxin spermine spermidine genetecin neomycin tobramycin
lysine

Fig. 2. The influence of promoter on midpoint potential using PGE. All values were obtained in triplicate and the midpoint potentials shown are the average

values, with a reproducibility of + 4 mV. Scan rate was 200 mV/s.
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Table 1
Influence of promoter on midpoint potentials, E,,;q, and peak separation,
AE, for plastocyanin on PGE

Promoter Midpoint potential, Peak separation,
Emia (mV) vs. NHE AE (mV)
Poly-L-lysine 401 49
Polymyxin 405 50
Spermine 396 55
Spermidine 398 54
Geneticin 395 56
Neomycin 406 50
Tobramycin 398 57

Scan rate was 200 mV/s.

peak currents (i,./ipc) Was always greater than 1 due to fast
dissolution of the protein into the buffer solution. The
combination of protein/promoter/electrode for plastocyanin
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was assessed for a PGE modified using poly-L-lysine
resulting in the well-defined voltammograms shown in
Fig. 3a. In addition, the observed peak potential was
independent of scan rate over the range 0.02—0.5 V s .
Furthermore, Fig. 3b shows that both anodic and cathodic
peak currents, #,, were linear when plotted against v!2 over
the same range of scan rates. Peak separations, AE, were all
between 50 and 60 mV.

This is an interesting result suggesting that plastocyanin is
immobilised at the electrode interface so that diffusion of
outer layers of weakly bound protein occurs at a consistent
rate and provides sufficient protein in the bulk solution to
effect the response expected for conventional diffusion
controlled electron transfer. The peak separations were con-
sistent with the combination of semi-infinite (mass transport)
and finite (immobilised) diffusion processes occurring.
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Fig. 3. Scan rate dependence of plastocyanin on (a) PGE using poly-L-lysine promoter. (b) The linear dependence of the peak currents for both forward and

reverse waves, AEp~ 60 mV.
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4.4. Stability of the poly-1-lysine/plastocyanin film at carbon
electrodes

The stability of the protein layer immobilised on pyro-
lytic and glassy carbon electrodes through electrostatic
attachment by poly-L-lysine is seen in Fig. 4a and b,
respectively. No voltametric response was observed with
the buffer solution containing only electrolyte. The voltam-
mograms in Fig. 4a show that the PGE/poly-L-lysine/plas-
tocyanin combination was significantly more stable than
GCE/poly-L-lysine/plastocyanin, with a peak shape consis-
tent with linear diffusion, well defined up to 1 h. The large
decrease in initial current was attributed to the excess
protein, not in direct contact with the promoter “washing
off” the electrode. This conclusion, rather than denaturation
of the protein, is supported by the sharp decrease in current
versus time followed by an insignificant change in current
over 10—60 min, resulting from the immobilised protein
layer (insets in Fig. 4a and b).

The stability of the protein/poly-L-lysine at the GCE (Fig.
4b) is much less than at the PGE (Fig. 4a). Presumably, the
pyrolytic graphite surface attracts the promoter less effec-
tively, and thus, the protein signal reduces to ca. a quarter of
the original intensity within the first few minutes and only a
poorly defined wave is evident after 10 min.

4.5. Influence of electrode material on the pH dependence of
Emid

In its oxidised form (Cu'"), the X-ray crystal structure of
plastocyanin is independent of pH [11]. However, the
reduction from Cu" to Cu' at low pH leads to a change in
stereochemistry due to the protonation of a histidine coor-
dinated to a copper ion at the active site [11]. Not surpris-
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ingly, this protonation equilibria for plastocyanin is reflected
in the redox response [7]. The influence of electrode
material on the pH dependence was investigated here, as
there is little quantitative data reported on this dependence
[2]. Fig. 5 illustrates the midpoint potential shift with pH for
the two carbon electrodes, PGE and GCE, which provided
strong redox responses in the presence of poly-L-lysine.
As noted earlier, the midpoint potentials obtained with
PGE are shifted anodically when compared to those
obtained at GCE. The pH dependence of E,;q for these
waves was determined over the range pH 4.0-8.5. The
data obtained for both electrodes show similar pH profiles,
and can be well reproduced by a square reaction scheme
where the reduced form of plastocyanin is protonated at
low pH [1,7]. The quality of fit of these data to
bs=E+(2.303RT/F)log(1+[H]/Ky) is illustrated in
Fig. 5 where the parameters of best fit for the reduced
plastocyanin are Kg=1.16x10"° and E!;=397 mV for
PGE and Ky=2.21x10"° and E/;,=380 mV for GCE.
The Ky values translate into pK, (=—logKy) values of
4.94 and 4.66, respectively. At the limiting alkaline poten-
tial, E}y, the difference in midpoint potential for the two
electrodes, PGE and GCE, is 15 mV, that is, a significant
difference between the redox potential for plastocyanin as
measured by the two electrodes: PGE and GCE.

4.6. STM of poly-r-lysine on atomically flat gold

Imaging of the “edge-oriented” pyrolytic graphite elec-
trode is difficult using scanning tunneling microscopy
(STM) due to its uneven surface structure. Although numer-
ous attempts were made to image poly-L-lysine on both
edge-oriented and basal planar pyrolytic graphite, all were
unsuccessful. However, good quality images were obtained

3.5 4.5 5.5

6.5 7.5 8.5 9.5
pH

Fig. 5. Midpoint potentials, E,;4, plotted against pH for PGE and GC electrodes and poly-L-lysine promoter. Scan rate was 200 mV/s. The data points are
experimental data and the solid line is a theoretical pH dependence curve-fit based on the Nernstian equation (see text).
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Fig. 6. STM images of poly-L-lysine on flat gold. (a) The larger image was recorded at 1.0 x 1.0 um? while the same image has been magnified (b) to show a
closer perspective (200 X 200 nm?) of the poly-L-lysine.
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Fig. 7. STM images of plastocyanin on flat gold. The larger image (1.0 X 1.0 um?) shows isolated plastocyanin molecules as clusters of various sizes, as
indicated by the arrows. The smaller scale image (20 X 20 nm?) shows a single plastocyanin feature from a different sample. The ellipse highlights a small

isolated plastocyanin cluster.

using atomically flat gold. The STM samples were prepared
by the same procedure used to prepare the poly-L-lysine on
gold surfaces for electrochemical measurements. The best
images were obtained by washing the electrodes several
times in water to obtain effectively a monolayer of pro-
moter. Fig. 6 shows the STM images for atomically flat gold
and those coated with poly-L-lysine. The highly ordered
polymeric structure is readily observed revealing intra-pep-
tide interactions that create “secondary and tertiary” struc-
tures within the promoter film.

4.7. STM of plastocyanin on atomically flat gold

One difficulty in imaging the plastocyanin/poly-L-lysine
electrode combination was that the film thickness rapidly
increases following the protein attachment so that no tun-
neling current can be detected. It was therefore not possible
to obtain images of the protein orientation effects that we
had anticipated. However, despite this limitation we
obtained such good images of plastocyanin on a bare gold
surface that we could identify single protein molecules of
1-2 nm in diameter. Fig. 7 shows a typical image of
plastocyanin in which the protein solution was applied to
the gold followed by several washes in water, air drying and
imaging. These images were reproduced three times.

5. Discussion

Negatively charged metalloproteins, such as ferredoxins,
cytochromes and plastocyanin, have been electrostatically

immobilised to carbon electrodes and their electrochemistry
investigated [1—4]. The nature of the promoter has been
described as “‘non-innocent”, resulting in shifts of 30 mV in
some cases [7,8]. We included in this study seven different
promoters, with a wide range of functional groups, size and
overall charge. However, in this study (unlike others), we
only used promoters that were large and polymeric. These
promoters fall into two classes of biogenic amines: the
antibiotic aminoglycosides (neomycin, tobramycin and
geneticin) and the polyamines (poly-L-lysine, spermine,
spermidine and polymyxin). The amine functional groups
electrostatically bind the negatively charged oxides on the
freshly polished PGE. The highest and lowest E,;q value for
plastocyanin (Table 1) was found with the aminoglycosides,
suggesting that the promoter was not the only contribution
to the variation in E, ;4.

Carbon electrodes are suitable electrodes for achieving a
reversible response from plastocyanin in the presence of the
promoter poly-L-lysine and we obtained reversible voltam-
metry at both the PGE and GCE. This is not unexpected, as
carbon surfaces are well known to be suitable “soft materi-
als” for proteins and enzymes. Other workers [7,8] have
commented on the variation of E,;4 using different pro-
moters and with several metalloproteins; however, we
believe that this study is the first time that an electrode
dependence of midpoint potentials has been reported for
plastocyanin.

The influence of promoter on the midpoint potential is
shown in Fig. 2 for the PGE/promoter/plastocyanin combi-
nation. These data demonstrate that the selection of pro-
moter can influence the midpoint potential by 10 mV and
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that these data are reproducible within an error of 4 mV. It is
interesting to note that poly-L-lysine provides a value mid-
way within our range of promoters. Xiao et al. [8] have
reported up to 20 mV difference between poly-L-lysine and
hydrolysed chromium salts; however, this difference could
well be due to the much smaller hydrolysed units (mono-
and binuclear) formed by the chromium ions.

Of the two carbon electrodes used in this study, the edge-
orientated pyrolytic graphite electrode provided the greater
stability for poly-L-lysine/plastocyanin electrochemistry.
Unlike the GCE, the PGE has exposed, oxidised phenyl
groups that provide a good electrostatic attraction for the
promoters, and it is envisaged that the promoter exists in the
middle of an electrostatic “sandwich” comprising electrode
and protein. The effect on the stability of the protein on the
carbon electrodes is dramatic (see Fig. 4), with a sustained
response on the PGE for an hour compared with minutes
using the GCE. In contrast, the surface of the GCE differs in
the graphitic microstructure compared to the PGE, and the
density of carbon is much smaller [23].

The difference in midpoint potential for plastocyanin
obtained using PGE versus GCE with poly-L-lysine is 15
mV. The magnitude of this effect remained unchanged over
the pH range 4.0—8.5. The pH dependence of plastocyanin
reduction potential is well known, and our dependence of
E.iq with pH agrees with that obtained by others [11,15]. In
addition, the values for Ky and E,p agree well within an
order of magnitude of values determined by others [17,24].
The influence of the electrode material on the pH depend-
ence is unexpected because the midpoint potential at the
GCE should present values more positive due to the smaller
surface charge. However, the resulting pK, values deter-
mined at each electrode are only affected to a small extent,
although one half of a pH unit is not insignificant.

STM proved to be an invaluable tool for investigating the
protein—electrode interface. We prepared atomically flat
gold using vapour deposition as described elsewhere [25].
The flat gold surface contains a pattern due to the under-
lying structure of the mica-substrate onto which it prepared.
The poly-L-lysine promoter covers the gold surface (Fig. 6)
and the detailed structure can be imaged. The large scale
image is 1000 x 1000 nm?; the “brain-like” pattern is clearly
apparent. The smaller image at 200 x 200 nm? reveals the
intramolecular interactions within the poly-L-lysine polymer
and the formation of some secondary and tertiary structure
appears. Presumably, the intramolecular interactions result
in the high density of charged amino moieties exposed at the
surface resulting in this folding pattern and these units
function as binding sites for the plastocyanin protein.
Images of the plastocyanin directly on gold surfaces (Fig.
7) show the adsorbed plastocyanin molecules aggregate as
various sized clusters ca. 14 nm (as indicated by the arrows).
However, close examination of some of these smaller
clusters (Fig. 7b) shows an isolated feature (circled) of the
dimensions we would expect for a single or perhaps two
plastocyanin molecules, that is, 2—4 nm in diameter. X-ray

structure determinations of poplar plastocyanin [11] indi-
cated that a single molecule has overall dimensions of
4.0%x3.2x2.8 nm’. We are further investigating the pro-
moter/protein interactions using atomic force microscopy
(AFM) where the surface imaging does not rely on con-
duction of electrons (as for STM), and hence, imaging the
thicker layers is possible.

In summary, the reversible electrochemistry of plasto-
cyanin was achieved using both PGE and GCE in the
presence of promoters. The nature of the promoter proved
to be significant because the midpoint potential obtained
varied depending on the promoter selected. The most stable
response for plastocyanin was obtained using the combina-
tion of PGE/poly-L-lysine as the electrode and promoter.
Using this combination, well-defined electrochemical data
could be obtained for up to an hour. The type of electrode
material used to measure the midpoint potentials could
produce shifts in the potentials by up to 15 mV, but this
was invariant over a range of pH. This electrode dependence
of the redox process was also reflected in the derived pK,
values by almost one half of an order of magnitude. More
work is clearly needed to explore these effects and influen-
ces on the electrode potentials determined for metallopro-
teins by direct electrochemistry; however, our results
suggest caution should be applied in the interpretation of
these data without detailed exploration of the electrochem-
ical responses. The surface structure detailed by STM has
provided insights into the promoter structure and further
work will be valuable to understand electrochemical
responses for proteins immobilised on these surfaces.
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