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Examples of facile electron transfer between electrode surfaces and electron transfer
proteins were first reported nearly twenty years ago. Substantial progress has been
achieved in understanding the fundamental requirements that must be met in order
to observe such reactions. Despite the large body of work that has now been published
on a host of examples of such reactions, there continues to be a lack of understanding
over just what conditions must be met in order to use direct electrochemical methods
to characterize the electron transfer thermodynamics and kinetics of electron transfer
proteins. Part of the problem lies in the inherent difficulties associated with using
solid electrodes. Equally as important is the wide range of attention that has been
paid to the purity of the electron transfer protein solutions being studied. The goal
here is to bring together those aspects of this problem that enjoy some degree of
agreement among scientists in this field and to reflect upon those issues that remain
to be resolved. The widely studied electron transfer protein, cytochrome ¢, will be
the focus of this paper.
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INTRODUCTION

This review aims to focus on those factors that have been shown to
affect the application of direct electrochemical methods to the study
of protein electron transfer reactions. Although this review will not
be comprehensive in presenting all factors that have been reported
to be of importance in this area, the discussion will focus on those
factors that clearly must be considered important in a most universal
sense. Work published from the authors’ laboratories will largely be
used to develop a picture of what is known about the electrode/
solution interface in studies of protein electron transfer reactions.
Using these examples some of the problems in past work, and even
in current work, will be made clear. In evaluating the work published
in this area it must be recognized that, upon reflection, much has
been reported that may be presently understood as artifactual due to
the condition of the electrode surface, the protein sample solution
or both. This requires that the reader and anyone starting work in
this field understand this history and be cognizant of the current
status of this field in order to critically evaluate publications in this
area. Some current work continues based upon the status that existed
in this field a decade ago.

Before beginning to review the field of protein electrochemistry
it is very important to define initially what is meant by the term
“facile” heterogeneous electron transfer. There are numerous terms
used in this literature to describe rates of heterogeneous electron
transfer between an electrode surface and a protein in solution. Here
“facile” means a redox couple that exhibits reversible to quasi-revers-
ible heterogeneous electron transfer kinetics as originally defined by
Matsuda and Ayabe.'? When using cyclic voltammetry, the most
commonly applied electrochemical method in this area, this means
that the redox couple exhibits heterogeneous electron transfer kinetics
that permit acquisition of interpretable cyclic voltammograms at what
can be defined as “X-Y recorder” potential scan rates, i.e., less than
ca. 500 mV/s. At these scan rates this corresponds to differences in
cyclic voltammetric peak potentials that are less than about 200 mV
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for an n = 1 electron transfer protein with a nominal diffusion
coefficient of 1 X 107® cm?/s. Another useful definition is that the
difference in cyclic voltammetric peak potentials falls within the
classic Nicholson treatment for the determination of heterogeneous
electron transfer rate constants using cyclic voltammetry.> Nichol-
son’s table for peak potential difference versus the dimensionless
kinetic parameter for determining heterogeneous electron transfer
rate constants is reliable between values of about 65 and 200 mV.
For any redox couple falling outside of this range, use of cyclic
voltammetry to determine heterogeneous electron transfer kinetic
parameters becomes problematic. Values of peak potential separation
smaller than ca. 65 mV, i.e., reversible kinetics, are difficult to
measure reliably, and for values greater than ca. 200 mV, i.e., irrevers-
ible kinetics, heterogeneous electron transfer rate constants are diffi-
cult to evaluate. In the former case caution must be used as higher
potential scan rates are probed to obtain larger values of peak potential
separation due to errors arising from uncompensated solution resis-
tance. Although this is rarely a problem with protein heterogeneous
electron transfer kinetics because the rate constants are not that large,
the advent of fast scan microelectrode voltammetry has provided a
means of reliably attacking such systems.* In the latter case irrevers-
ible heterogeneous kinetics exhibit cyclic voltammograms in which
both reductive and oxidative peak currents can become indistinguish-
able from the background charging currents. Potential step methods
are applicable to the irreversible kinetic regime, but these experiments
are far more laborious to conduct than is cyclic voltammetry.’$
Although space does not permit a detailed discussion of the caveats
that must be considered in acquiring reliable cyclic voltammograms
of proteins, there are occasions when careful consideration of the
shape of the entire cyclic voltammogram can reveal subtleties that
arise from unexpected reaction mechanisms. However, this will
require acquisition of buffer/electrolyte background cyclic volta-
mmograms that can be subtracted from the cyclic voltammograms
of the protein sample. In a recent work cyclic voltammetry was
used to study a ligand binding reaction of myoglobin accompanying
electron transfer.” Careful comparison of cyclic voltammograms with
digitally simulated cyclic voltammograms showed evidence of a
ligand association/dissociation reaction, i.e., water, that had not been
observable spectroscopically. The requirement for doing background
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subtraction of buffer/electrolyte voltammograms from cyclic volta-
mmograms of protein solutions is now easily assessable with com-
puter data acquisition systems. One must be careful to consider any
time-dependent cffects that might occur during these experiments
that could alter the background cyclic voltammograms. It is useful
to obtain buffer/electrolyte cyclic voltammograms, both prior to
experiments with the protein sample and after these experiments, to
know if such changes have occurred. While the use of digital simula-
tion methods to model the thermodynamics and kinetics of electrode
reaction mechanisms has largely been restricted to the electrochemi-
cal community via locally written programs, a general digital simula-
tion package has just become commercially available so that this
barrier to its use should be removed.* Even line on line agreement
between background subtracted cyclic voltammograms and digitally
simulated voltammograms should not be solely used with full confi-
dence for electrode reaction mechanism elucidation involving cou-
pled chemical reactions, as is clearly demonstrated in this recent
paper.

With this background in hand the foundations of direct protein
electrochemistry will now be considered. The early development of
this field was sporadic due to experimental pitfalls, a substantial
body of literature that had only observed highly irreversible direct
electron transfer between an electrode and a redox protein (i.e.,
reactions were only observed at large overpotentials), and a reluctance
to accept early results as other than artifacts, which in some cases
proved to be accurate. The litany at that time was that electrodes
could not serve as electron transfer partners with redox proteins, i.e.,
the distance between the electrode surface and the redox site was
too great; strong adsorption of protein on electrode surfaces would
block access to solution resident protein; and electrode surfaces do
not possess the relevant surface chemistry of in vivo reaction partners.

The initial reports of facile direct electron transfer reactions of
redox proteins, as defined earlier, can be summarized with some
ease due to the paucity of examples. Certainly a substantial body of
literature on this subject preceded these reports, but this work
involved what would be defined as redox reactions exhibiting irre-
versible heterogeneous electron transfer kinetics, systems not readily
examined by cyclic voltammetry and kinetics that required substantial
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overpotentials in order to observe Faradaic electron transfer reactions.
An earlier review attempted to cover this work comprehensively.’

Perhaps the first report of an electron transfer protein exhibiting
facile heterogeneous electron transfer kinetics is that of Niki’s group
at the start of their pioneering work on the protein, cytochrome ¢;.'°
This cytochrome is special because it possesses four heme iron
moieties within a protein of quite small size, ca. 10,000 Daltons.
Although the detailed picture of how this protein undergoes electron
transfer is highly complex and is believed to involve reaction cooper-
ativity, its facile electron transfer kinetics at numerous electrode
surfaces has been largely ascribed to the accessibility of the hemes
to the surface of the protein affording a minimal distance for electron
transfer at an electrode surface. For this reason cytochrome c; is not
representative of the more typical single heme iron cytochromes and
it will not be considered further here. However, work from this group
has continued to probe the highly complex nature of the reactions of
this particular electron transfer protein as well as that of cytochrome ¢
(vide infra).

The next example of facile electron transfer kinetics of a redox
protein was that of the iron—sulfur protein, spinach ferredoxin, at a
modified gold minigrid electrode surface by Landrum er al.'’ The
gold minigrid electrode was modified by the electrochemical poly-
merization of methyl viologen at negative potentials. Later studies
indicated that this polymerization reaction was driven by the forma-
tion of adsorbed hydrogen atoms that irreversibly produce an electro-
inactive polymeric film on the gold surface.'? This modified electrode
did not function to transfer electrons with ferredoxin through a redox
mediator type mechanism but rather through modification of the
electrode/solution interface. Spinach ferredoxin is a one-electron
transfer protein with a size of ca. 11,000 Daltons. It is a rather fragile
protein in that its two-iron, two-sulfur bridged redox center readily
decomposes upon exposure to oxygen as evidenced by loss of its
420 nm absorption maximum. Although the heterogeneous electron
transfer kinetics of ferredoxin at this modified gold minigrid surface
were further studied by several different electrochemical and spec-
troelectrochemical methods,"> more recent work suggests that greater
success can be achieved by using better electrode-modifying
reagents.'*'¢
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The first reports of facile heterogeneous electron transfer kinetics
for cytochrome ¢ were those of Eddowes and Hill"” and Yeh and
Kuwana." The former group used 4,4’-bipyridyl in solution at a gold
electrode to observe a facile electron transfer reaction of cytochrome
¢. In this work 4,4'-bipyridyl is proposed to adsorb on the gold
surface, displacing or preventing adsorption by cytochrome ¢, so
that direct electron transfer can occur. Moreover, interaction of the
nitrogen lone pairs with positively charged lysine residues on the
reaction surface of cytochrome ¢ was proposed as a mechanism
that enhanced this reaction, although that interpretation has been
questioned.” The latter group used clean indium oxide electrodes
alone and were able to observe direct cyclic voltammetric responses
for cytochrome c¢ at this surface.” Also described in that paper was
the less reversible reaction of cytochrome c at tin oxide electrodes.

These examples of facile electron transfer for electron transfer
proteins at electrode surfaces served to stimulate work in this area
when the prospects for using direct electrochemical methods for such
measurements were seen as quite dim at that time.

STUDIES OF CYTOCHROME ¢ ELECTRON TRANSFER
REACTIONS AT UNMODIFIED ELECTRODE SURFACES

Following the initial reports of success in observing facile electron
transfer of cytochrome c; at mercury," ferredoxin at methyl viologen
modified gold," and cytochrome ¢ at 4,4'-bipyridyl modified gold"’
and at indium oxide, ' interest grew in finding other electrode surfaces
at which protein electron transfer could be observed. This period
was marked by a substantial degree of irreproducibility between
laboratories in obtaining particular results. An effort to observe facile
cyclic voltammetry for cytochrome ¢ at the methyl viologen modified
gold minigrid electrode failed, although electron transfer could be
observed in an optically transparent thin-layer electrochemical cell
using large overpotential steps.” Similar results were observed for
reactions of cytochrome c¢ at indium oxide and tin oxide optically
transparent electrodes. Several spectroelectrochemical methods for
the determination of heterogeneous electron transfer kinetic parame-
ters had been or were under development at that time in Blount’s
group.?* These methods permitted the determination of heteroge-
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neous electron transfer kinetic parameters for proteins at these opti-
cally transparent electrode surfaces when the magnitude of the rate
constants was too small, i.e., irreversible, to permit use of cyclic
voltammetry, vide supra.

The result from one kind of spectroelectrochemical experiment,
derivative cyclic voltabsorptometry (DCVA), is shown for the reac-
tion of cytochrome c¢ at an optically transparent indium oxide elec-
trode in Fig. 1.” This method is an optical analogue of cyclic
voltammetry which is free from the interferences due to background
currents. As is clearly evident, the experimental result agrees well
with results calculated using single potential step chronoabsorptome-

dAR /dE
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FIGURE 1 Derivative cyclic voltabsorptometry of unpurified cytochrome ¢ at tin
oxide optically transparent electrodes. {cyt c] = 89 uwM: pH 7.0 phosphate buffer
(0.07 M), scan rate 4.0 mV/s, monitored wavelength 416 nm. Line: experimental
result, circles: digitally simulated response taken from SPS/CA results with &' =
2.2 X 107% cm/s, alpha = 0.31, D = 1.1 X 107 em?%s. (Reproduced from Ref. 23
with permission, Academic Press.)
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try (SPS/CA) kinetic data for the reductive potential sweep, but poor
agreement is evident in the oxidative sweep. A potential liability in
conducting single potential step experiments, either chronocoulome-
try or chronoabsorptometry, is the lack of direct information regarding
the reverse electron transfer reaction, either oxidative or reductive.
Of course cyclic voltammetry and DCVA provide information on
both the forward and the reverse electron transfer reactions. The
method of asymmetric double potential step chronoabsorptometry
(ADPS/CA)™* was developed with this problem in mind, namely
being able to probe the heterogeneous electron transfer kinetics of
an electrode reaction in both directions. Results from ADPS/CA
experiments, in concert with SPS/CA results, showed the same dis-
crepancy in that the transfer coefficients determined from reductive
and oxidative potential steps did not sum to unity.®

These data ultimately led to concerns regarding the integrity of
the cytochrome ¢ sample being studied and to the finding that chro-
matographically purified samples produced facile electron transfer
at both indium and tin oxide electrodes.”® Upon following long-
established procedures for preparing purified cytochrome ¢*' and
storing these samples in lyophilized form, the cyclic voltammetric
responses obtained at preconditioned, hydrophilic indium oxide elec-
trodes were facile, reproducible and stable for a long period of time,
e.g., a day. Later, the major contaminants of the commercial samples
of cytochrome ¢, oligomeric and deamidated forms, were shown to
be responsible for the time-dependent heterogeneous electron transfer
Kinetics, with the former being far more deleterious than the latter.”
As will be discussed later, promoter modified electrodes have now
been shown to be more robust in their electron transfer communica-
tion with even these denatured forms of cytochrome ¢ compared
with unmodified electrode surfaces. It is clear that the future use of
electrochemical methods in the study of protein electron transfer
reactions will benefit from the use of such electrode modification
strategies.

Subsequent studies of various electrode surface cleaning proce-
dures demonstrated the need to have an electrode surface that is
hydrophilic in order to observe facile electron transfer with cyto-
chrome c.” For instance, gold electrodes cleaned in a soft hydrogen
flame produce a hydrophilic surface that exhibits facile electron
transfer with these samples of cytochrome ¢. However, at that time
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the cyclic voltammetry was not stable and the reaction became irre-
versible with time (later this instability was eliminated by using
freshly purified samples, vide infra). This observation offered direc-
tion for subsequent studies and it led to a particularly remarkable
observation. If indium oxide electrodes were cleaned and then placed
in a vacuum oven overnight to dry the surface, no electrochemistry
of cytochrome ¢ was observed when these hydrophobic electrodes
were introduced into sample solutions. However, upon leaving these
electrodes in an assembled cell overnight, quasi-reversible cyclic
voltammograms were obtained that were stable over time. Conse-
quently indium oxide and tin oxide electrodes have always been
equilibrated in buffer by continuous cyclic voltammetric scanning
until a stable response is obtained prior to the introduction of cyto-
chrome c solutions. The resultant cyclic voltammetry is very stable
at indium oxide electrodes. The sensitivity of the spectroelectrochem-
ical probes to Faradaic processes coupled with their insensitivity to
non-Faradaic charging currents served to guide the progress described
above. Commercial lyophilized cytochrome ¢ samples produced solu-
tions with active adsorbents that rendered the heterogeneous electron
transfer kinetics irreversible over time.

Another resuit obtained during work aimed at finding conditions
that would permit application of surface enhanced resonance Raman
spectroscopy to the electron transfer reactions of cytochrome c at
silver electrodes proved to be very important. As described above
the use of a spectroelectrochemical method also solved this problem.
The application of derivative cyclic voltabsorptometry (DCVA)* to
the study of cytochrome c¢ reactions™ was described earlier. The
DCVA method produces a signal that has the same shape as cyclic
voltammetry. Unlike cyclic voltammetry, DCVA is not affected by
the non-Faradic background signal that corrupts cyclic voltammetry
when the optically monitored wavelength is judiciously chosen.
Moreover, the DCVA peaks grow in indirect proportion to the poten-
tial scan rate while, of course, in cyclic voltammetry peak currents
grow in direct proportion to potential scan rate. This means that quasi-
reversible redox couples, which do not produce improved cyclic
voltammograms upon scanning potential faster (as is realized for
reversible redox couples), do show increased DCVA peaks upon
scanning potential slower and peak separations decrease.
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DCVA results obtained for previously purified and lyophilized
cytochrome ¢ samples were not stable and rapidly led to irreversible
heterogeneous electron transfer kinetics at clean silver electrode sur-
faces as shown in Fig. 2.* This result was reminiscent of the earlier
results obtained with as-received cytochrome ¢ samples at indium
oxide electrodes as shown in Fig. 1 and therefore suggested a surface
active adsorbing impurity. When a sample of the purified and then
lyophilized cytochrome ¢ sample was again subjected to ion exchange
chromatography, a band was visually obvious with a retention time
consistent with oligomeric forms. This result suggested that some
oligomeric forms of cytochrome ¢ had been formed on lyophilization.
When freshly purified cytochrome ¢ samples were collected directly
from the chromatography column and then immediately subjected
to cyclic voltammetry at clean silver electrodes, facile heterogeneous
electron transfer kinetics, stable for many hours, were obtained as

IOQO AUV
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FIGURE 2 Derivative cyclic voltabsorptometry of purified and then lyophilized cyto-
chrome c at a clean silver electrode in 0.05 M Na,SO.. (A) 199 pM chromatographi-
cally purified cytochrome ¢; (B) 98 wM cytomatographically purified and then
Iyophilized cytochrome ¢ sample. (Reproduced from Ref. 30 with permission, Ameri-
can Chemical Society.)
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shown in Fig. 3. Clearly, clean metal electrodes do exhibit facile
and stable cyclic voltammetry with pure samples of cytochrome c.
Excellent agreement between background subtracted cyclic volta-
mmograms and digitally simulated results are evident in Fig. 3.
Freshly purified solutions of cytochrome ¢ must be used in studies
with unmodified metal electrodes, whereas the highly hydrophilic
surface of indium oxide shows less tendency to adsorb small concen-
trations of cytochrome ¢ impurities. To further demonstrate the stabil-
ity of cytochrome ¢ voltammetry at clean metal electrode surfaces,
a study using platinum, gold and mercury was conducted (Fig. 4).”!
Again, excellent agreement between background subtracted cyclic
voltammograms and digitally simulated results was obtained.’’ The
cyclic voltammetric results are stable for hours.

The point to be drawn from this section is that the thermodynamics
and kinetics of heterogeneous electron transfer by cytochrome ¢ can
be studied by direct electrochemical methods using unmodified metal

- B
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E(f{’ vs NHE) E(V vs NHE)

FIGURE 3 Cyclic voltammetry and derivative cyclic voltabsorptometry of freshly
purified 199 M cytochrome ¢ at a clean silver electrode. (A) Background subtracted
CV; (B) derivative cyclic voltabsorptometry. Circles are simulated responses for
& =15 X 107 cm/s, alpha = 0.55 and working electrode area = 1.23 cm’. Potential
scan rates in mV/s are as follows: (a) 10.40; (b) 5.20; (c) 2.04; (d) 1.04. (Reproduced
from Ref. 30 with permission, American Chemical Society.)
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FIGURE 4 Cyclic voltammetry of cytochrome ¢ at clean platinum and gold elec-
trodes. (A) Platinum electrode: (a) 0.20 M tris/cacodylic acid buffer, pH 7.0; (b)
same as in (a) after the addition of 85 pM cytochrome ¢, (c) background subtracted
CV, (a) — (b). Scan rates in mV/s: (a) 64; (b) 32; (c) 16; and (d) 8. Electrode area
1.23 cm’ (B) Gold electrode, same as in (A) except 134 uM cytochrome ¢. Scan
rates in mV/s: (a) 100; (b} 50; (c) 20; (d) 10; and (e) 4.0. (Reproduced from Ref.
(31) with permission, Springer-Verlag.)
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and metal oxide electrode surfaces. There may be advantages in
using unmodified electrode surfaces in such studies if the aim is to
elucidate features of cytochrome ¢ that are involved in its electron
transfer reactions. Although a clean electrode surface is not without
its own chemical properties, it may afford a simpler model when
compared with an electrode that has its surface modified with a
compound that can bring its own chemical properties to bear upon
any electrode reaction mechanism. At minimum, comparison of vol-
tammetric data for redox proteins taken at unmodified and at modified
electrode surfaces can be used to strengthen interpretations of proper-
ties affecting thermodynamics and kinetics as being due to the protein
itself and not to the electrode surface.

The robustness of the cyclic voltammetry of cytochrome ¢ can be
seen in studies of the temperature dependence of the formal potential,
and the heterogeneous electron transfer rate constant were being
determined.”* Figure 5 shows data illustrating the quality of the
data that can be obtained during a series of cyclic voltammetric
experiments requiring many hours that permitted the determination
of entropic factors affecting electron transfer. The point made above
regarding the utility of comparing results obtained at unmodified
and modified electrode surfaces is demonstrated by just such a com-
parison™ that drew from diverse data with respect to electrode condi-
tions, e.g., Refs. 32, 35 and 36.

STUDIES OF CYTOCHROME ¢ ELECTRON TRANSFER
REACTIONS AT MODIFIED ELECTRODE SURFACES

As already described in the Introduction and in the previous section,
various modified electrodes have been used to obtain cyclic volta-
mmetry for the direct electron transfer reactions of cytochrome c.
Although the previous section focussed on the use of unmodified
electrodes to study protein redox reactions, the utility of modified
surfaces has been shown to be especially valuable for many more
situations, as will be described below.

The first example of a modified electrode in the study of cyto-
chrome ¢, again, was the use of 4,4’-bipyridyl adsorbed on gold by
Hill’s group.'™ This compound is not electroactive in the potential
region used to study cytochrome ¢ and therefore it does not serve
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FIGURE 5 Temperature dependence of the cyclic voltammetry of freshly purified
cytochrome ¢ samples at indium oxide electrodes. [Cytochrome ¢] = 120 uM from
tuna heart in tris/cacodylic acid buffer, pH 7.0, ionic strength 0.2 M; scan rates (a)
20 mV/s and (b) 500 mV/s. (Reproduced from Ref. 33 with permission, Elsevier
Sequoia S. A)

as an electron transfer mediator. Mediators are themselves electron
transfer redox systems that couple the electron transfer reactions of
a biological redox molecule to an electrode. In subsequent work it
was shown that the electrode reactions of cytochrome ¢ were not
affected by the presence of 4,4'-bipyridyl unless its solution concen-
tration was maintained above about 1 mM at gold and above about
5 mM at platinum.® This result is consonant with the view that the
function of 4,4’-bipyridyl is to displace those forms of cytochrome
¢ that readily adsorb to electrode surfaces (two forms have already
been mentioned, oligomeric and deamidated forms, but various dena-
tured forms also adsorb more strongly than native cytochrome c)
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blocking electron transfer reactions with solution resident cyto-
chrome c. This type of surface modifier certainly has an important
historical place in the literature on the direct electrochemistry of
cytochrome c, but for reasons that should be evident, superior systems
have been found and used extensively by numerous groups.

A different scheme for modifying electrode surfaces was initially
reported by one of our groups that involves the formation of a robust
covalent bond between the modifying reagent and the gold surface. %
This reagent, bis(4-pyridyl)disulfide, produces gold/thiol covalent
bonds upon cleavage of the disulfide bond that creates a modified
interface that functions similarly to the 4,4’ -bipyridyl modified gold
surface with respect to enhancing electron transfer with cytochrome
¢. Electrode modifiers such as 4,4’-bipyridyl and bis(4-pyridyl)disul-
fide have been appropriately described as “promoters.”*# (Current
literature can be found that incorrectly uses the terms promoter and
mediator interchangeably.) A model for this modified gold electrode
surface is shown in Fig. 6. Although there are variations in the
interpretation of the mechanism by which this and other promoters
function, a number of surface Raman spectroscopic studies suggests
that this is a plausible picture of this modified interface.*"*

This modified gold surface is especially efficacious in exhibiting
facile heterogeneous electron transfer kinetics with cytochrome ¢
and with its various denatured forms. A host of adsorption based and
gold/thiol bond-forming promoters have been studied with varying
degrees of efficacy with respect to facilitating cytochrome ¢ electron

Gold electrode Solution

B
gl

\L\IX\A
o

FIGURE 6 Model for the modification of gold by bis(4-pyridyl)disuifide.
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transfer reactions.”~*® However, results of surface enhanced Raman
spectroscopy studies of this and other thiol/gold modifiers, shown
in Fig. 7, reveal some essential characteristics for facile electron
transfer with cytochrome ¢.”’ Each modifier studied in this series
showed complete cleavage of the disulfide bond, and no evidence
for the S-S stretching vibration at 550 cm™' as noted in the spectra
of the these compounds in solid form, indicating that the structures
shown in the inset of Fig. 7 are being formed. Gold electrodes
modified with bis(4-pyridyl)disulfide (trace (b)) produced effective
promoter surfaces for cytochrome c electron transfer. Modification
of gold with 4-mercaptopyridine gave the same result. Diminished
cyctochrome ¢ electron transfer activity was seen on gold modified
by bis(2-pyridyl)disulfide. Clearly, the presence of the nitrogen para
to the gold/thiol bond is sensitive to the electrochemistry that is
observed with cytochrome c.

Intensity (arbitrary units)

.

b " 4

2 i "
1700 1500 1300 1100 %0 100 $00 300

Raman shift (cm™)

FIGURE 7 Surface enhanced Raman spectra of gold electrodes modified with (a)
bis(4-pyridyl)disulfide, (c) bis(pyridyl)disulfide and (e) bis(2-pyridyl)disultide in pH
7.0 phosphate buffer containing 0.1 M NaClO, at 0.0 V vs. SCE. Powder Raman
spectra for samples of these modifiers are shown in traces (b), (d) and (f). A
He—Ne laser (632.8 nm, 30 mW) was used. *: due to perchlorate. (Reproduced with
permission from Ref. 47, Plenum Press.)
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An important advantage of the electrode modification scheme
using the bis(4-pyridyl)disulfide is the ease of electrode modification.
A clean gold electrode is simply immersed in a solution of the reagent
for a few minutes, followed by rinsing. Hence, no promoter is present
in the cytochrome c solution. In the absence of mechanical abrasion,
extremes of applied potential or similar abuses, these modified sur-
faces remain robust for periods of over a week. The practical utility
of these chemically modified gold/thiolate surfaces can be illustrated
by their response to the native, oligomeric and deamidated forms of
cytochrome c¢ as described earlier.”® These results are shown in Fig.
8. At indium oxide the cyclic voltammetry is sensitive to the form

c)

04

E/V
vs. Ag/AgCl

c)

E/V
vs. Ag/AgCl

FIGURE 8§ Cyclic voltammetry of cytochrome ¢ components at indium oxide and
bis(4-pyridyl)disulfide modified gold electrodes. (A) Clean indium oxide electrodes:
(a) ca. 0.1 mM purified cytochrome ¢; (b) ca. 0. mM deamidated cytochrome c;
(c) ca. 0.05 mM oligomeric cytochrome ¢, in phosphate buffer pH 7.0, 0.1 M NaCl,
scan rate 20 mV/s, (-----) background of buffer alone. (B) Bis(4-pyridyl)disulfide
modified gold electrodes: (a), (b) and (c) as in (A). (Reproduced from Ref. 28 with
permssion, The Electrochemical Society of Japan.)
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of the cytochrome ¢, whereas at the gold electrode modified with
bis(4-pyridyl)disulfide there are minimal differences in the cyclic
voltammetry for the native, deamidated and the oligomeric forms of
cytochrome c. Clearly, an important function of this modification is
to prevent the adsorption of denatured forms of cytochrome ¢ on
this surface, thereby enabling facile electron transfer to occur between
solution resident cytochrome ¢ molecules that diffuse to this electrode
surface. In the case of adsorptive promoters such as 4,4’-bipyridyl,
their function is based on the strength of competitive adsorption
between the cytochrome c components and the promoter itself, which
can require the presence of high solution concentrations of the pro-
moter. This mechanism has been spectroscopically studied in some
detail.' However, this study did not show that the protein was exclu-
sively excluded from adsorption on the electrode, suggesting that
the picture may actually be more complex.

The field of self-assembled monolayers has become an especially
broad and intense field of chemistry and materials chemistry over
the past decade.®®* Much of this work is related to the gold/thiolate
chemistry that was reported earlier in the work described above,
although this earlier work is not often recognized. It is noteworthy
that surface hydrophilicity has been found to be important in a large
part of this recent literature as well as in the work described here
involving cytochrome ¢ direct electron transfer reactions. In work
on other electron transfer proteins, this synthetic approach affords a
means of imposing anionic, cationic or neutral charge character to the
electrode surface and of varying the density of these functionalities
on an electrode.”® It is possible to use either the gold/thiol surface
modification strategy described above or to use silylation methods
with indium and tin oxide surfaces in a similar manner. Some exam-
ples of surface modifiers that have been used and shown to be
effective promoters with other electron transfer proteins are illus-
trated in Fig. 9.'®

MECHANISTIC IMPLICATIONS FOR THE ELECTRON
TRANSFER REACTIONS OF CYTOCHROME ¢ AT
UNMODIFIED AND MODIFIED ELECTRODE SURFACES

An appealing model for the reaction of cytochrome ¢ at both unmodi-
fied and modified electrode surfaces involves the requirement for
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FIGURE 9 Models for the covalent modification of electrodes.

optimal orientation of the molecule at the electrode so that the elec-
trode surface/heme edge distance is minimized.*® In order for this
orientation to occur, favorable electrostatic interactions between the
positively charged lysine residues that surround the molecular surface
about the heme cleft and chemical features of the electrode surface
are invoked. This model draws precedence from the work of Poulos
and Kraut on the docking of cytochrome ¢ and cytochrome ¢ peroxi-
dase® and the work of Margoliash®'*? that probed the effects of anion
binding upon the rates of electron transfer between solution resident
cytochrome ¢ and cytochrome ¢ oxidase. A related model has also
been used to describe the interactions that occur between the reaction
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surface of cytochrome ¢ and an electrode’s surface charges to produce
electroactive adsorbed systems.”>* This model results in very good
agreement between expected electron transfer kinetic parameters and
those that are theoretically predicted for these adsorbed cytochrome
clelectrode systems. However, the picture of cytochrome ¢ and its
interaction with an electrode surface that results in facile electron
transfer may well involve a number of additional factors as described
earlier."” There is clearly a need for direct evidence, especially spec-
troscopic, that can help elucidate the mechanisms that are relevant
to these different electrode surfaces.

The facile heterogeneous electron transfer kinetics that have been
observed for cytochrome ¢ reacting at a number of different electrode
surfaces prompts questions about the existence of or the need for a
particular orientation of cytochrome ¢ at an electrode. There exists
a wide range of points of zero charge at these diverse electrode/
solution interfaces, and this would seem to argue against a preferred
electrostatic orientation. There is a reasonably uniform distribution
of lysine residues, nineteen in all for horse heart cytochrome ¢, over
the molecular surface.® However, a cluster of acidic residues about
the backside of the molecule gives rise to the positive dipole moment
that exits the molecule near the phenylalanine-82 residue. This is the
surface area that is seen as offering the distance of closest approach to
the heme edge and therefore the closest distance between the elec-
trode surface and the heme edge. In order for favorable electrostatic
interactions to produce this optimum orientation, the charge on the
electrode surface must necessarily be negative. Table I gives literature
values for points of zero charge for some of the metal electrodes
used thus far with cytochrome c¢. In the case of metal oxide electrodes,
such as tin oxide and indium oxide, the case is complicated by

TABLE 1

The potential of zero charge at different electrodes

Electrode Material Solution E,.. V vs. NHE
Gold 0.02 N Na,SO, +0.23%
Platinum 0.003 N HCI10O, +0.41%
Silver 0.02 N Na,S0, -0.707
Mercury 0.1 N NaCl —0.23%
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surface acid/base reactions. However, for both of these electrodes
the point of zero charge at pH 7.0 is indeed very negative, ca —1.0
V.® Specific adsorption of anions affects all of these values, but the
point of zero charge at these electrodes includes positive and negative
potentials. This has led to the speculation that the voltammetry that
is observed under some conditions of electrode/solution interfacial
chemistry reflects a distribution of orientations of cytochrome c
relative to the electrode surface.” Clearly there is a need to probe
this question with new methods that can yield orientationally sensitive
information about this problem as described above.

Another mechanism for the electron transfer reactions of cyto-
chrome ¢ at electrodes has been proposed. In this mechanism the
electron transfer reactions actually occur at arrays of microelectrodes
rather than at all areas of the planar electrode surface.®% Simulations
that incorporate the microelectrode array model indicate that the
heterogeneous electron transfer rate constant is much larger, ca. 1
cm/s, than values that have been reported using the model of semi-
infinite diffusion to a planar electrode surface. Other experiments
have been conducted, and the microelectrode array model was used
to evaluate these results. The best fits between experimental results
and digitally simulated results were obtained using values for the
heterogeneous electron transfer rate constant that are much smaller
than the value suggested above.® It is difficult to separate the effect
of the heterogeneous electron transfer rate constant from the effect of
mass transfer mode on an electrode reaction using cyclic voltammetry
alone. The effect of the heterogeneous electron transfer rate constant
on an electrode reaction can be eliminated using large overpotential
potential step experiments. Using a large electrode driving force
overcomes the heterogeneous electron transfer kinetic barrier so that
the electrode reaction becomes strictly mass transfer controlled.!*%
Such experiments have been conducted at indium oxide electrodes
with no evidence of mixed modes of mass transport.®? Of some
concern in this work is the time dependence of the voltammetry that
has been observed and the differences seen between microelectrodes
and conventional dimension electrodes.® At present it is not clear
whether the microelectrode array model applies generally to cyto-
chrome c electrode reactions or to certain types of modified electrode
surfaces. Careful experiments that probe this question are needed.
Cyclic voltammetry experiments, where the morphology of the volta-
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mmetric response can depend on electrode geometry and size, mass
transfer modes and heterogeneous electron transfer kinetics, should
be combined with other methods as described above in order to
resolve this issue.

SUMMARY

The use of electrodes to study the electron transfer reactions of
proteins and an understanding of the fundamental requirements for
achieving facile electron transfer in these systems is becoming a
mature field. Central to future work is establishing the integrity of
the electron transfer protein sample being studied and the architecture
of the electrode surface, be it a clean unmodified surface or a surface
that has been chemically tailored. The use of direct surface tension
measurements® and quartz crystal microbalance data'® are examples
of methods that may prove to be particularly useful in this field.

Enzyme-modified electrodes have been constructed for several
decades. Redox mediators have usually been used with the enzyme
because of the lack of direct electron transfer activity observed
between electrodes and enzymes. A new approach, in which mediator
“wires” are covalently assembled within the fabric of the enzyme
enabling efficient electron transfer communication between an elec-
trode and an enzyme, has been reviewed.* Additional schemes for
achieving direct communication between enzymes and electrodes
have been reported using electrode/bilayer membrane architec-
tures.*%7 Apart from the challenge to better understand fundamental
aspects of how these electron transfer systems function, the applica-
tions that have been demonstrated and that can be imagined in the
areas of biosensors, biomass conversion and bioremediation pro-
cesses are exciting to consider.

Acknowledgments

The financial support of the National Science Foundation to FM.H. through grants
CHE-911786 and INT-9315077, of the Ministry of Education, Science and Culture
of Japan to LT. through Grants-in-Aid 04453082, 05555232, 05235102 and 06045042

184



12: 43 15 January 2011

Downl oaded At:

and

a JSPS Grant for the US-Japan Cooperative Science Program are gratefully

acknowledged.

References

. M. Matsuda and Y. Ayabe, Z. Elektrochem. 59, 494 (1955).

. A. ]. Bard and L. R. Faulkner, Electrochemical Methods, Fundamentals and
Applications (John Wiley & Sons, New York, 1980), pp. 224-227.

. R. S. Nicholson, Anal. Chem. 37, 1352 (1965).

. R. M. Wightman and D. O. Wipf, in Electroanalytical Chemistry, ed. A. J.
Bard (John Wiley & Sons, New York, 1982), pp. 267-353.

. E. E. Bancroft, H. N. Blount and F. M. Hawkridge, in Electrochemical and
Spectrochemical Studies of Biological Redox Components, Advances in Chemis-
try Series, Vol. 201, ed. K. M. Kadish (American Chemical Society, Washington,
D. C, 1982), pp. 23—49.

. E. F. Bowden, F. M. Hawkridge and H. N. Blount, ibid, pp. 159-171.

. B. C. King, F. M. Hawkridge and B. M. Hoffman, J. Am. Chem. Soc., 114,
10603 (1992).

. M. Rudolph, D. P. Reddy and S. W. Feldberg, Anal. Chem. 66, 589A (1994).

. E. F Bowden, F. M. Hawkridge and H. N. Blount, in Comprehensive Treatise
of Electrocheimtry, Vol. 10, eds. S. Srinivasan, Y. A. Chismadzhev, J. O'M.
Bockeris, B. E. Conway and E. Yeager (Plenum Press, New York, 1985),
pp. 297-346.

. K. Niki, T. Yagi, H. Inokuchi and K. Kimura, J. Electrochem. Soc. 124,
1889 (1977).

. H. L. Landrum, R. T. Salmon and F. M. Hawkridge, J. Am. Chem. Soc. 99,
3154 (1977).

. E. F. Bowden and F. M. Hawkridge, J. Electroanal. Chem. 125, 367 (1981).

. C. D. Crawley and F. M. Hawkridge, Biochem. Biophys. Res. Commun. 99,
516 (1981).

. L. Taniguchi, Y. Hirakawa, K.-I. Iwakiri, M. Tominaga and K. Nishiyama, J.
Chem. Soc. Chem. Commun. 953 (1994).

. L. Taniguchi, in Redox Mechanisms and Interfucial Properties of Molecules of
Biological Importance, eds. F. A. Schultz and 1. Taniguchi (The Electrochemical
Society, Inc., Pennington, New Jersey, 1993), pp. 9-20.

. K. Nishiyama, H. Ishida and I. Taniguchi, J. Electroanal. Chem. 373, 255 (1994).

. M. A. Edddowes and H. A. Q. Hill, J. Chem. Soc. Chem. Commun. 771 (1977).

. P. Yeh and T. Kuwana, Chem. Lett. 1145 (1977).

. T. Sagara, K. Niwa, A. Sone, C. Hinnen and K. Niki, Langmuir 6, 254 (1990).

. E. F. Bowden, M. Wang and F. M. Hawkridge, J. Electrochem. Soc. 127,
131C (1980). '

. D.E. Albertson, H. N. Blount and F M. Hawkridge, Anal. Chem. 51, 556 (1979).

. E.E. Bancroft, H. N. Blount and F. M. Hawkridge, Anal. Chem. 53, 1862 (1981).

. E. E. Bancroft, J. S. Sidwell and H. N. Blount, Anal. Chem. 53, 1390 (1981).

. E.E. Bancroft, H. N. Blount and F. M. Hawkridge, Anal. Chem. 58, 2944 (1982).

. E. E. Bancroft, H. N. Blount and F. M. Hawkridge, Biochem. Biophys. Res.
Commun. 101, 1331 (1981),

. E. F. Bowden, F. M. Hawkridge, J. R. Chlebowski, E. E. Bacroft, C. Thorpe
and H. N. Blount, J. Am. Chem. Soc. 104, 7641 (1982).

185



12: 43 15 January 2011

Downl oaded At:

27

28.

29.

. D. L. Brautigan, S. Ferguson-Miller and E. Margoliash, Methods Enzmol. 33D,
128 (1978).

L. Taniguchi, H. Kurihara, K. Yoshida, M. Tominaga and F. M. Hawkridge,
Denki Kagaku (J. Electrochem. Soc. Japan) 61, 1043 (1992).

E. F. Bowden, F. M. Hawkridge and H. N. Blount, J. Electroanal. Chem. 161,
55 (1984).

30. D. E. Reed and F M. Hawkridge, Anal. Chem. 59, 2334 (1987).

3L

34.

35.

36.

38.

39.

40.

41.

42,

43.

45,
46.

47.

48.

S.-C. Sun, D. E. Reed, B. C. King and F. M. Hawkridge, Mikrochim. Acta 111,

97 (1988).

. K. B. Koller and F. M. Hawkridge, J. Am. Chem. Soc. 107, 7412 (1985).

. Y. Xiaoling, F. M. Hawkridge and J. F. Chiebowski. J. Electroanal. Chem. 350,

29 (1993).

T. Ikeshoji, 1. Taniguchi and F. M. Hawkridge, J. Electroanal. Chem. 270,

297 (1989).

1. Taniguchi, M. Iseki, T. Eto, K. Toyosawa, H. Yamaguchi and 1. Yasukouchi,

Biolectrochem. Bioenerget. 13, 373 (1984).

I. Taniguchi, T. Funatsu, M. Iseki, H. Yamaguchi and K. Yasukouchi, I. Electroa-

nal. Chem. 193, 295 (1985).

. F. A Armstrong, H. A. O. Hill and N. J. Walton, Acc. Chem. Res. 21, 407 (1988).

I. Taniguchi, T. Murakamai, K. Toyosawa, H. Yamaguchi and K. Yasukouchi,

1. Electroanal. Chem. 131, 397 (1982).

1. Taniguchi, K. Toyosawa, H. Yamaguchi and K. Yasukouchi, J. Chem. Soc.,

Chem. Commun. 1032 (1982).

I. Taniguchi, K. Toyosawa, H. Yamaguchi and K. Yasukouchi, J. Electroanal.

Chem. 140, 187 (1982).

[. Taniguchi, M. Iseki, H. Yamaguchi and K. Yasukouchi, J. Electroanal. Chem.

175, 341 (1984),

1. Taniguchi, M. Iseki, H. Yamaguchi and K. Yasukouchi, J. Electroanal. Chem.

186, 299 (1985).

P. M. Allen, H. A. O. Hill and N. J. Walton, J. Electroanal. Chem. 178, 69 (1984).

. 1. Taniguchi, M. Iseki, K. Toyosawa, H. Yamaguchi and K. Yasukouchi, J.

Electroanal. Chem. 164, 385 (1984),

L. Taniguchi, T. Funatsu, K. Umekita, H. Yamaguchi and K. Yasukouchi, I.

Electroanal Chem. 199, 455 (1986).

I. Taniguchi, N. Higo, K. Umekita and K. Yasukouchi, J. Electroanal. Chem.

206, 341 (1986).

1. Taniguchi, in Redox Chemistry and Interfacial Behavior of Bivlogical Mole-

cules, eds. G. Dryhurst and K. Niki (Plenum Press, New York, 1988), pp. 113~

123.

J. D. Swalen, D. L. Allara, E. A. Andrade. E. A. Chandross, S. Garoff, J.

Israelachvili, T. J. McCarthy, R. W. Murray, R. F. Pease, J. F. Rabolt, K. J.

Wynne and H. Yu, Langmuir 3, 932 (1987).

. G. M. Whitesides and P. E. Laibinis, Langmuir 6, 87 (1990).

. T. L. Poulous and J. Kraut, J. Biol. Chem. 258, 10322 (1980).

. W. H. Koppenol and E. Margoliash, J. Biol. Chem. 257, 4426 (1982).

. E. Margohiash and H. R. Bosshard, Trends Biochem. Sci. 8, 1 (1983).

. I. L. Willet and E. F. Bowden, J. Electroanal Chem. 221, 265 (1987).

. M. Collinson and E. F. Bowden, Langmuir 8, 2552 (1992).

. S. Song, R. A. Clark, E. . Bowden and M. J. Tarlov, J. Phys. Chem. 97,
6564 (1993).

. W. H. Koppenol and E. Margoliash, J. Biol. Chem. 257, 4426 (1982).

186



12: 43 15 January 2011

Downl oaded At:

57

58.
59.

61.

62.
63,
65.

66.
67.

. J. O’ M. Bockris and A. K. N. Reddy, Modern Electrochemistry (Plenum Press,
New York, 1970), p. 708.

A. J. Bard and L. R. Faulkner, Electrochemical Methods, Fundamentals and
Applications (John Wiley & Sons, New York, 1980), p. 513.

F. N. Buchi and A. M. Bond, J. Electroanal. Chem. 314, 191 (1991).

. A. M. Bond, H. A. O. Hill, S. Komorsky-Lovric, M. Lovric, M. E. McCarthy,
I. S. M. Psalti and N. J. Walton, J. Phys. Chem. 96, 8100 (1992).

I. Taniguchi, in Proceedings of the East Asia Conference on “Chemical Sen-
sors,” (Japan Association of Chemical Sensors and The Electrochemical Society
of Japan, Fukuoka, Japan, 1993), pp. 239-242.

Y. Xiaoling, S. Sun, F. M. Hawkridge, J. F. Chlebowski and 1. Taniguchi, J.
Am. Chem. Soc. 112, 5380 (1990). )

M. Tominaga, T. Kumagai, S. Takita and I. Taniguchi, Chem. Lett. (Japan)
1771 (1993).

. A. Heller, Acc. Chem. Res. 23, 128 (1990).

K. T. Kinnear and H. G. Monbouquette, Langmuir 9, 2255 (1993).

Z. Salamon, J. T. Hazzard and G. Tollin, Proc. Natl. Acad. Sci. 90, 6420 (1993).
J. K. Cullison, F. M. Hawkridge, N. Nakashima and S. Yoshikawa, Langmuir
10, 877 (1994).

187



