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l. Introduction

Energy conversion and electron transfer are two intimately associ-
ated processes of biology. In aerobic organisms, oxidation of fuel mole-
cules by the ultimate electron acceptor, O, is coupled to the formation
of an energy-rich species, ATP, which is then utilized in many different
energy-consuming processes. However, electrons are transferred not
directly from fuel molecules to O, but by means of an electron trans-
port chain located in the inner membrane of mitochondria. The elec-
tron transport chain is composed of a number of electron transfer com-
plexes firmly bound to the biological membrane, and electron-carrying
groups in these complexes are flavins, iron—sulfur clusters, heme
groups, and copper ions. Therefore, electron transfer reactions within
and between proteins play an important role in biological energy
transduction, and, not surprisingly, there is a continuing interest (1)
in the studies of electron transfer processes in biology.
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Electrochemical techniques have been recognized (2) as powerful
means for characterizing electron transfer properties of chemical sys-
tems and, more recently, biological systems. The molecules of particu-
lar interest in biological electrochemistry are metalloproteins and re-
dox enzymes. The early electrochemical measurements usually
involved potentiometric titration wherein small redox-active mole-
cules, often called mediators, were used to shuttle electrons between
biomolecules and electrodes. Although information on the thermody-
namics and stoichiometry of a number of biological entities can be
provided by this technique, serious problems may occur when redox
mediators are used to investigate electron transfer processes in mem-
brane bioenergetics, in which components with multiple redox centers
are commonly involved and these mediators are inherently indiscrimi-
nate with respect to the reactions with different redox groups. Direct
electron exchange (i.e., without mediation by small electron carriers)
between the redox-active centers of a biomolecule and an electrode
offers a possible way to tackle this problem. Moreover, direct electro-
chemistry can be used to probe the mechanisms and kinetics of biologi-
cal electron transfer. Consequently, this article will focus on the direct
electrochemical study of metalloproteins and redox enzymes.

Until recently, it was believed difficult to achieve direct and revers-
ible electron transfer between redox proteins and electrodes. Among
the difficulties are the following factors: (1) The redox sites are gener-
ally “insulated” by the protein portion of the molecule to ensure a
highly selective route for electrons in and out of the protein. Therefore,
electron transfer to an electrode at appreciable rates is prohibited for
all but a few orientations of the protein, even when it is in contact with
the electrode. (2) The requisite characteristics for macromolecular rec-
ognition are not successfully presented on an electrode surface. As a
result, the probability for a protein to approach the electrode in “pro-
ductive” orientations is very low. (3) On metal electrodes proteins tend
to undergo rapid and irreversible adsorption coupled with conforma-
tional changes and loss of activity. An insulating layer of denatured
protein thus formed on the electrode would prevent the native species
in the bulk solution from exchanging electrons with the electrode.

Il. Electrochemistry of Metalloproteins
In the early investigations of the direct electrochemistry of metallo-

proteins, polarography was principally employed. The electrode reac-
tion of cytochrome ¢ at mercury electrodes has been extensively stud-



ELECTROCHEMISTRY OF PROTEINS AND ENZYMES 343

ied by Anderson, Scheller, Kuznetsov and Haladjian, and has been
reviewed by Bowden ef al. (3). Based on their results, several models of
the reaction mechanism were proposed, including diffusion of the na-
tive cytochrome c through the denatured layer, electron mediation by
the redox center of the adsorbed protein, and direct electron transfer of
weakly adsorbed species on top of the strongly adsorbed molecules. In
all the proposals a layer of adsorbed cytochrome ¢ was suggested to
interact weakly with the species in the bulk solution, indicating the
possible role of modified electrode surfaces in promoting the direct
electrochemistry of proteins.

The electrochemistry of metalloproteins has developed markedly
(4-6) over the past 15 years. It has mainly been concerned with the
electrochemistry at solid electrodes: gold, upon which are adsorbed
redox-inactive promoters, i.e., molecules that bind both to the electrode
and the protein; and edge-plane graphite, with or without redox-inert
metal ions in solution.

A. CYTOCHROME ¢

Mitochondrial cytochrome c is perhaps the most widely studied of all
metalloproteins with respect to its electrochemical properties. It is
located in the inner-membrane space of mitochondria and transfers
electrons between membrane-bound complex III and complex IV. The
active site is an iron porphyrin with a redox potential (7) of +260 mV
vs. NHE. The crystal structures of cytochrome ¢ from tuna have been
determined (8, 9) in both oxidation states at atomic resolution. It is
found that the heme group is covalently linked to the protein via two
thioether bridges, and part of its edge is exposed at the protein surface.
Cytochrome c is a very basic protein, with an overall charge of +7/+8
at neutral pH. Furthermore, many of the excess basic lysine residues
are clustered around the mouth of the heme crevice, giving rise to a
pronounced charge asymmetry.

1. At Modified Gold Electrodes

One of the first reports on the quasireversible electrochemistry of
redox proteins appeared in 1977 when Eddowes and Hill demonstrated
(10) cyclic voltammetry of horse heart cytochrome c at a gold electrode
in the presence of 4,4'-bipyridyl (Bipy) in solution. In the voltammo-
grams (Fig. 1), the peak-to-peak separations were close to 60 mV and
the faradaic currents varied linearly with (scan rate)!’?, indicating a
quasireversible one-electron transfer process controlled by linear diffu-
sion of redox species to the electrode surface. The midpoint potential
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Fig. 1. Cyclic voltammograms of horse heart cytochrome ¢ (5 mg/ml) in 0.1 M
NaCl0,/0.02 MP; buffer at pH 7.0, in the presence of 10 mM 4,4'-bypyridyl in the
potential range +0.20 to —0.20 V vs. SCE, at scan rates of (a) 20, (b) 50, and (c) 100 mV
sec™!,

(average of the anodic and cathodic peak potentials), E;» = +0.020 V
vs. SCE, is identical with potentiometric values. The reagent, 4,4'-
bipyridyl, was believed to adsorb on the gold surface, and its coverage
was governed by the Langmuir adsorption isotherm (11). Because it is
not electroactive in the potential region of interest, it was proposed
that the organic adsorbate allowed electron transfer to occur directly
by providing the electrode surface with chemical functionalities capa-
ble of interacting specifically and reversibly with the protein surface.

A more detailed kinetic investigation of the Au/Bipy/cytochrome c
system was carried out using the rotating ring—disk technique (12). It
was found that rate constants for adsorption and desorption of the
protein were 3 X 10~2 ¢cm sec™! and 50 sec™?, respectively. The limiting
first-order rate constant within the protein—electrode complex was de-
termined as 50 sec™?, a reasonable value as compared to that of long-
range electron transfer between or within proteins.

Subsequently, Taniguchi and co-workers found (13) that bis(4-
pyridyDdisulfide (SS-Bipy) adsorbed so strongly on gold that a “predip”
in the SS-Bipy solution for several minutes was sufficient to give excel-
lent electrochemistry of cytochrome ¢ in a “promoter-free” solution.
However, the adsorption behavior of this promoter was interpretated
by the Frumkin isotherm rather than by the Langmuir isotherm. As
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addition of SS-Bipy to a solution of cytochrome ¢ did not show any
significant change of absorbance at 697 nm, it was unlikely that the
promoter bound to the heme iron as an extrinsic ligand. The impor-
tance of such a modified electrode lies in the application to a variety of
combined optical measurements, because it does not cause any inter-
ference.

Purine and its derivatives were investigated as possible promoters of
cytochrome c¢ electrochemistry at Au electrodes (14). It was suggested
that the lone-pair electrons of the N atoms at position 1 were impor-
tant for promotivity, and that the strong adsorptivity of sulfur-contain-
ing purines was due to the favorable interaction between gold and
sulfur. From the surface-enhanced Raman scattering (SERS) studies
(15, 16) a possible model of Bipy and SS-Bipy on a gold electrode was
proposed: Bipy adsorbs onto the electrode via one pyridyl nitrogen in a
vertical orientation, leaving the other nitrogen directed toward the
solution, whereas SS-Bipy adsorbs with a vertical orientation of the
pyridine ring as PyS through the S atom with cleavage of the disulfide
bond. Furthermore, the SERS spectra of the modified electrode did not
change remarkably upon addition of cytochrome c. Presumably, the
interaction between the protein and modifier was not so strong as to
affect the electronic structure and orientation of the absorbates and
hence weak hydrogen bonding is very likely important.

These results support the electrode reaction mechanism originally
proposed by Hill et al. (17), i.e., hydrogen bonding between the lysine
residues surrounding the exposed heme edge of cytochrome ¢ and the
pyridyl nitrogens at the electrode surface stabilizes a transient pro-
tein—electrode complex oriented so as to allow rapid electron transfer
to and from the heme group.

The proposed protein—electrode complex can be compared to pro-
tein—protein complexes thought to be involved in biological systems.
Electron transfer reactions between proteins are believed to involve
formation of kinetically detectable precursor protein—protein com-
plexes that are stabilized and oriented by electrostatic and hydropho-
bic interactions. The large dipole moment arising from the typically
asymmetric charge distribution of a metalloprotein has been suggested
(18) to be responsible for proper orientation of the protein in the com-
plexes with its physiological partners. The importance of considering
this charge distribution is demonstrated (19, 20) by studies involving
specific lysine modification of cytochrome ¢ and its electron transfer
reactions with some protein partners. The general results of these
studies show that modification of lysines in a small well-defined region
surrounding the exposed heme edge affects electron transfer rates, but
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modification of those outside this region have no effect. Thus, it seems
that localized high charge density and resulting dipole moments con-
trol the preorientation of the protein reactants as they approach, so
that an optimal, rather than a randomly bound, reaction complex is
formed.

To understand the structural requirements for a molecule to pro-
mote cytochrome ¢ electrochemistry at gold electrodes, over 50 bifunc-
tional organic compounds (X ~ Y, where X is a surface-active func-
tional group, Y is the protein-interactive functionality, and ~ is the
linking structure) were investigated (21) to assess their ability to pro-
mote cytochrome c electrochemistry at a gold electrode. The results can
be summarized as follows:

1. The surface adsorbing groups, X, are most satisfactory when they
belong to o-donor and w-acceptor synergic-type ligands such as 4-
pyridyl-N, thio-SH, disulfide “S—S,” and phosphine P, which are appro-
priate for coordination to a Group 11 metal such as Au.

2. The effective Y groups can be divided into two subcategories: (a)
neutral groups such as 4-pyridyl-N and an aniline-type amine, Ar-
NH;, which are weakly basic and able to form hydrogen bonds to ly-
sine-NHj3; and (b) anionic groups such as carboxylate, sulfonate, phos-
phonate, or phosphate, which can interact with lysine-NHj; groups
through both hydrogen bonding and salt bridging.

3. The link (~) may be rigid or flexible, aliphatic or aromatic, and of
varying length.

One crucial role that promoters may play is to prevent adventitious
adsorption on an electrode surface of either impurities in the support-
ing electrolyte or in the protein itself, which usually undergoes dena-
turation. Obviously, to be compatible with the polar surface amino acid
residues of proteins, the hydrophilicity of the electrode surface is im-
portant. However, prevention of direct and degradative adsorption of
proteins is not the sole function of promoters. It has been shown that
diphenyl disulfide, although adsorbing strongly at gold electrodes, did
not act as a promoter for cytochrome c. In order that there is a rapid
and reversible binding of a protein to the modified electrode surface in
a manner that is conducive to electron transfer, it is necessary for
promoters to present functional groups at the electrode/electrolyte in-
terface to which protein can bind.

A new group of promoters has recently been employed (22) in achiev-
ing the direct electrochemistry of cytochrome ¢ and other proteins.
Several cysteine-containing peptides for example, (Cys-Glu),, proved
very successful, as they bind tightly to the gold electrode via the sulfur
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atom and interact favorably with the proteins through the charged
amino acids.

2. At Other Electrodes

Use of modified gold electrodes is not the only approach to achieve
cytochrome ¢ electrochemistry. Indeed, a number of studies have been
reported on a variety of electrode surfaces. In 1977, Yeh and Kuwana
illustrated (23) well-behaved voltammetric response of cytochrome ¢ at
a tin-doped indium oxide electrode: the electrode reaction was found to
be diffusion-controlled up to a scan rate of 500 mV sec !. Metal oxide
electrodes were further studied (24, 25) independently in Hawkridge
and Hill’s groups. The electrochemical response of cytochrome c at tin-
doped indium oxide and fluoride-doped tin oxide was very sensitive to
the pretreatment procedures of the electrode surface. At thin-film ru-
thenium dioxide electrodes, variation of the faradaic current with pH
correlating with the acid—base protonation of the electrode surface was
observed.

Extensive studies of protein electrochemistry have been carried out
at pyrolytic graphite electrodes. The structure of this material pro-
vides two highly distinctive types of surface: the parallel (basal plane)
face with satisfied carbon valences, and the edge face at which a vari-
ety of C—O groups can be generated by various oxidative pretreat-
ments. The cyclic voltammograms of cytochrome ¢ at edge electrodes
were (26) stable and well defined (Fig. 2), and the diffusion coefficient
and midpoint potential calculated from the voltammograms were in
good agreement with published values. This study showed that a re-
producible oxidized surface, as characterized (27) by photoelectron
spectroscopy, was generated merely upon polishing in air.

3. Studies of the Genetic Variants

The involvement of lysine amino acid residues on cytochrome ¢ in
the heterogeneous reactions with functionalized electrodes seems to
have been established. Importantly, it is now thought that the pro-
posed protein—promoter complex is more likely to be dynamic, as re-
vealed by the results of a recent investigation (28) of site-specific 4-
chloro-3,5-dinitrophenyl (CDNP)-substituted cytochrome c¢. It was
found that monosubstitution of either Lys 13 or Lys 72 did not result in
any significant change in its electrochemical response, whereas two
modifications greatly decreased the heterogeneous rate constant, and
complete loss of electrochemical activity was observed upon modifica-
tion of more lysines. It was proposed that the electrode reaction oc-
curred in numerous rotational conformations. Therefore, for the mono-
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Fia. 2. Cyclic voltammograms of horse heart cytochrome c¢ at pyrolytic graphite elec-
trodes: 0.15 mM protein in 5 mM Tricine/100 mM NaCl, pH 8.0. Scan rate: 20 mV sec™!.

substituted proteins, the resulting unfavorable electrostatic repulsion
would be reduced by rotation of the molecule into a conformation pos-
sessing a similar probability for electron transfer.

Genetic engineering techniques have been proved invaluable in in-
vestigating structure—function and stability relationships of proteins.
The iso-1-cytochrome ¢ from bakers’ yeast, Saccharomyces cerevisiae,
is a particularly useful model compound for such studies, because
many mutated forms are readily available and the three-dimensional
structure of wild-type protein has been determined (29) to a resolution
of 2.8 A. One of the disadvantages of chemical modification of cyto-
chrome c is the effect of the relatively large size of the chemical group
on the protein structure, and genetically engineered variants provide a
better alternative.

Several mutants of yeast iso-1-cytochrome ¢ with single-site internal
and surface amino acid replacement have been investigated (30) at
edge-plane graphite and modified gold electrodes. It is found that mid-
point potentials follow the order Lys-13-Ile (+62 = 5 mV vs. SCE) >
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wild type (+40 mV) > Lys-27-Gln (+33 mV) = Lys-72-Asp (+31 mV) >
Asn-52-Ala (+15 mV) > Asn-52-Ile (=10 mV). Both the wild-type pro-
tein and the mutants show similar voltammetric reversibility at modi-
fied gold electrodes, whereas at edge-plane graphite electrodes the re-
versibility follows the order Asn-52-Ile > wild type > Asn-52-Ala.

The measured potentials offered some insight into the factors that
control the redox potential of cytochrome c. The change of a surface
lysine to a neutral (e.g., Gln 27) or anionic residue (e.g., Asp 72) can
either increase or decrease E?'. These shifts do not support the electro-
static potential model of Rees (31), in which a linear correlation be-
tween the net charge of proteins and their redox potentials was pre-
sented. Moore et al. (32) have proposed that the key factors influencing
redox potentials are the contributions to the Gibbs energy differences
between the two redox states, resulting from bonding interactions at
the redox center, electrostatic interactions between the redox center
charge and polar groups within the protein and solvent, and redox-
state conformational changes. The change of the midpoint potentials of
cytochrome ¢ mutants seems more consistent with this analysis of
multiple contributions.

The largest shift in potential (from +40 to —13 mV) is found for the
Asn-57-Ile mutant in which one neutral, internal amino acid is re-
placed by another. The primary result of this change is (33) that the
larger Ile side chain displaces one water molecule, which is involved in
an extensive hydrogen-bonding network including Asn 52, Tyr 67, and
Thr 78. It is clear that the presence of bound water near the heme iron
does not stabilize the oxidized state. In those wild-type cytochromes for
which detailed structures exist (horse heart, tuna, yeast, and rice),
both the water molecule and the associated amino acids move in a
consistent manner when the oxidation state is changed. The replace-
ment, Asn-52-Ile, with loss of this water molecule, results in a side
chain configuration that resembles the oxidized conformation more
closely than the reduced. This localized conformational change is
likely to account for part of the shift in reduction potential.

The studies also revealed some factors that affect the stability of a
protein at the electrode/electrolyte interface. On an electrode surface,
the native conformation of a protein may be retained or distorted,
depending on the extent of the interactions between them. Because in
most of the water-soluble proteins the hydrophilic side chains are usu-
ally located on the exterior, irreversible adsorption and denaturation
of proteins are expected to be considerably less on a hydrophilic elec-
trode surface at which intervening water molecules are more tena-
ciously bound. Therefore, adsorption at both modified gold and edge-
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plane graphite electrodes was not observed with either wild-type
cytochrome c or the mutants, Lys-72-Asp and Lys-27-Gln, in which a
surface lysine residue was substituted by a polar group. However, if a
lysine was replaced by a nonpolar amino acid (isoleucine), adsorption
onto the modified gold occurred with loss of electrochemical activity
(Fig. 3). The adsorption of this mutant was found to be more severe on
an edge-plane graphite electrode that possesses significant hydropho-
bic domains and would hence interact favorably with the hydrophobic
portion of the protein surface introduced by the isoleucine.

B. OTHER PROTEINS

Among the electron transport proteins, there are four known classes
that have been isolated and studied by X-ray crystallography. These
include cytochromes, iron—sulfur proteins, copper blue proteins, and

| | 1 { 1
-018 0.06 0.30
Potential(\/ vs, SCE)

Fic. 3. Cyclic voltammograms of the yeast cytochrome ¢ mutant, [le 13 (180 uM), at a
4,4'-bipyridyl disulfide-modified gold electrode: 20 mV sec™!, 10 mM HEPES/100 mM
KCl, pH 7.4. (a) Initial scan; (b) final scan.
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flavin proteins. In contrast to cytochrome ¢, most of these proteins bear
an overall negative charge, and studies of their electrochemistry have
enabled clarification of the importance of coulombic interactions with
electrode surfaces.

A general requirement for protein electrochemistry is that the sur-
face of an electrode is electrostatically compatible with a protein, par-
ticularly the binding sites for the biological protein partners. There-
fore, to obtain electrochemistry of plastocyanin, a copper blue protein
with an overall negative charge and probably acidic binding sites, the
promoter should contain either positively charged functional groups or
those that can hydrogen bond to the groups that constitute the acidic
binding domain on plastocyanin. This has been proved (34) true:
the compounds, 2-aminoethanethiol and 2,2’-dithiobis(ethanamine),
which are protonated at neutral pH, are effective promoters of plasto-
cyanin electrochemistry.

In the same sense, at negatively charged edge-plane graphite elec-
trodes, faradaic response of plastocyanin is normally not obtained due
to the repulsive coulombic interactions. However, upon addition of a
small amount of a redox-inactive multivalent cation, i.e., Mg2", stable
and well-behaved cyclic voltammetry is observed (35). Extensive in-
vestigations of anionic proteins revealed (27, 36) that the effectiveness
of promotion is in the order of M** > M3" > M2 > M*. These effects
have been attributed to the ability of cations to suppress the unfavor-
able electrostatic interactions. Specific protein—cation associations
may also play an important role in the electrochemical reactions.

C. THE Microscopric MoODEL IN PROTEIN ELECTROCHEMISTRY

The opportunity of obtaining direct electrochemistry of cytochrome ¢
and other metalloproteins at various electrode materials such as modi-
fied gold and pyrolytic graphite has led to numerous reports of hetero-
geneous electron transfer rates and mechanisms between the protein
and the electrode. In all the reports, Nicholson’s method (37) was em-
ployed to calculate rate constants, which were typically within the
range of 1074-10-2 cm sec ! with scan rates varying between 1 and 500
mV sec™!. This method is based on a macroscopic model of the electrode
surface that assumes that mass transport of redox-active species to and
from the electrode occurs via linear diffusion to a planar disk electrode
and that the entire surface is uniformly electroactive, i.e., the hetero-
geneous electron transfer reaction can take place at any area.

Recently, the validity of the assumption of mass transport by linear
diffusion has been reassessed (38-40) in the case of protein electro-
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chemistry wherein the electroactive sites are usually of microscopic
rather than macroscopic dimensions. The central theme of this micro-
scopic model concerns the proteins’ selectivity for suitable sites on an
electrode. Electron transfer occurs only at some sites and is fast,
whereas reactions at other sites are negligible. Accordingly, there are
two limiting cases of mode of mass transfer. At an isolated single
active site of microscopic dimensions, mass transport is radial and the
shape of the associated current—voltage is sigmoidal. In the other lim-
iting case, the density of active sites is high enough to produce a mac-
roscopic active surface to which mass transport is linear. Conse-
quently, the familiar peak-shaped cyclic voltammograms are observed
and Nicholson’s analysis may be applied (Fig. 4).

By use of the microscopic model, it is concluded (38, 39) that differ-
ences in shapes of cyclic voltammograms of proteins observed at basal-
plane and edge-plane pyrolytic graphite electrodes are a result of dif-
ferent densities of electroactive sites and not variations in the electron
transfer rate as proposed previously based on the analysis using mac-
roscopic model. The new model assumes that electron transfer takes
place at arrays of oxygen-containing functionalized electroactive sites,
which are of microscopic dimensions in size, and that no electron trans-
fer occurs at a bare nonfunctionalized carbon electrode. The basal-
plane electrode has a low density of oxygen-containing groups, and
therefore radial diffusion is the dominant mode of mass transport.
Sigmoidal-shaped voltammograms corresponding to a reversible pro-
cess are observed. In contrast, edge-plane graphite has a much higher
density of electroactive sites, at which linear, rather than radial, diffu-
sion becomes the dominant mode, and peak-shaped i—FE curves indicat-
ing a reversible step are obtained (Fig. 2).

The microscopic model has also been used (40) to explain the shapes,
concentration dependence, and time dependence of cyclic voltammo-
grams observed for the electrochemistry of cytochrome ¢ at gold elec-
trodes modified by adsorption of SS-bipy. The electrode can be modified
either in situ (i.e., with SS-bipy present in solution) or ex situ (i.e., by
immersion of the electrode into a solution of the modifier). If the modi-
fier solution is dilute, or the immersion time is short, the surface cover-
age of SS-bipy molecules is low. Electron transfer occurs reversibly
only at the modified part of the electrode after mass transport predomi-
nantly via radial diffusion, resulting in sigmoidal-shaped voltammo-
grams. In concentrated solutions of the modifier or upon immersion for
a longer period of time, higher (and eventually monolayer) coverage of
active sites leads to overlaps of the diffusion layers and leaves linear
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Fic. 4. Schematic representation of the conversion of radial to linear diffusion, as the
density of specific electroactive surface sites increases.
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diffusion as the dominant mode. Under these conditions, peak-shaped,
rather than sigmoidal-shaped, voltammograms are obtained.

The concept of extremely fast electron transfer rates at functional-
ized electrode surfaces is in accordance with the fact that homogeneous
rates of electron transfer for chemical reactions involving redox pro-
teins are known to be fast, particularly among physiological partners.

Ill. Electrochemistry of Protein—Protein Complexes

As mentioned early in this article, electron transfer reactions in
biology usually involve precursor protein—protein complexes, which
has been a subject of great interest. Among the complexes, those be-
tween cytochrome ¢ and cytochrome b; and between cytochrome ¢ and
plastocyanin have been extensively studied, partly due to the avail-
ability of their crystal structures. Direct electrochemical studies of
redox proteins have furnished new insights into the electron transfer
processes and provided information on the thermodynamics, kinetics,
and mechanisms of biological electron transfer. Detailed studies sug-
gest that protein—electrode reactions appear to have some similarities
to the manner in which the proteins interact with their physiological
redox partners. A natural step forward is to extend this biological
analogy to the electrochemical study of protein-protein complexes.

The method involves measuring the cyclic voltammetric response of
one protein in the presence of another at an electrode that interacts
productively with only one component of the complex. Such selectivity
is achieved as a result of the different requirements of the two proteins
for the electrode surface: at neutral pH, cytochrome c is highly posi-
tively charged and needs a negatively charged surface, whereas cyto-
chrome b5 and plastocyanin are highly negatively charged and require
positive surfaces. Thus, cytochrome ¢ shows a good, quasireversible
cyclic voltammetric response at either an edge-plane graphite or (Cys-
Glu);-modified gold electrode (Fig. 5A), at which neither cytochrome b5
nor plastocyanin gives any faradaic current (Fig. 5B).

However, addition of cytochrome c to a solution of either cytochrome
bs or plastocyanin promoted (41, 42) the electrochemistry of the latter
at the electrodes with which they do not normally interact (Fig. 5C).
That the observed response was direct and not mediated was shown
using the redox-inactive protein zinc(Il)-cytochrome c, instead of
iron(I1T)-cytochrome ¢ (Fig. 5D and E). Similarly, direct electrochemi-
cal response of cytochrome ¢ was obtained (43) at an unfavorable elec-
trode by the promotion of either cytochrome b5 or plastocyanin.
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Fic. 5. Cyclic voltammograms of (A) cytochrome ¢ alone (95 uM), (B) cytochrome b;
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In the study of the direct electrochemistry of metalloproteins, a pro-
tein—electrode complex is proposed to be involved in the heterogeneous
electron transfer reaction. Accordingly, for electrochemical promotion
of one protein by another, the formation of a ternary complex of pro-
tein—protein—electrode must be considered. A subsequent question is
how one protein can bind to both the electrode and the other protein in
such a way as to present its redox center for heterogeneous electron
transfer. In Salemme’s computer-generated model (44) of the cyto-
chrome c—cytochrome b5 complex, lysine residues around the exposed
cytochrome ¢ heme are matched with the complementary charge
groups around the b5 heme. As a result, both heme faces are masked by
each other, so it would be impossible for one protein to bind simulta-
neously to the other protein and the electrode in an orientation condu-
cive to heterogeneous electron transfer. However, if we suppose multi-
ple (maybe partially overlapping) binding sites on each protein and
consider the complex to be dynamic, i.e., the complex undergoes confor-
mational changes from one binding geometry to another without much
energy barrier, then its electrochemical behavior may be understood:
when approaching a negatively charged electrode surface, the cyto-
chrome c—cytochrome b5 complex may adjust itself to such a conforma-
tion that cytochrome c¢ can bind to both the electrode and cytochrome b;
simultaneously.

Because lysine residues 13, 27, 72, and 79 on cytochrome c are sup-
posed to be involved in binding to cytochrome b5, it was interesting to
see how modification of these residues would affect the electrochemis-
try of the complex. Several mutated forms of yeast iso-1-cytochrome ¢
have been studied electrochemically as described above, and it was
now possible to carry out such studies.

When the electrochemistry of the complexes of cytochrome b5 with
wild-type cytochrome ¢ and several single-site mutants, e.g., Lys-27-
Gln, Lys-72-Asp, and Asn-52-Ile, was examined at edge-plane graphite
electrodes, a number of differences were observed (30). By comparison
with the response in the complex with wild-type cytochrome ¢, faradaic
currents of cytochrome b5 were reduced in the complexes with Lys-27-
Gln and Asn-52-Ile (Fig. 6a), and were completely abolished in the
complex with Lys-72-Asp (Figure 6b). These results suggest that, de-
pending on the site of modification, the binding domain on cytochrome
¢ for the electrode or cytochrome b5 can be partially or completely
destroyed.

The idea of the dynamic nature of protein—protein complexes has
also been used (43) to interpret the results with the covalently linked
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Fic. 6. Cyclic voltammogram of a 1:1 mixture of (a) Ile 52/cytochrome b5 (125 uM)
and (b) Asp 72/cytochrome b; (115 uM) at an edge-plane graphite electrode. Scan rate:
20 mV sec™': 1 mM HEPES/20 mM KCl, pH 7.0.

cytochrome c—plastocyanin complex. The decrease in electrochemical
response of the covalent complex compared to that of the electrostatic
complex (Fig. 7) is probably largely due to the limitation of the relative
movement of the two proteins within the covalent complex.
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Fic. 7. Cyclic voltammogram of 1: 1 eross-linked cytochrome c/plastocyanin (—) and a
1:1 mixture of “free” proteins (---) at an edge-plane graphite electrode: 50 uM protein in
20 mM cacodylate, pH 7.0. Scan rate: 10 mV sec™1.

IV. Electrochemistry of Redox Enzymes

Direct, unmediated electrochemistry of redox enzymes has inter-
ested many researchers in several aspects. Understanding of the ther-
modynamics, kinetics, stoichiometry, and interfacial properties of re-
dox enzymes is obviously important. The most attractive aspect,
however, is the use of enzyme electrodes as novel electrochemical
biosensors and their applications to bioreactors and biofuel cells. Al-
though the observation of direct electrochemistry of small redox pro-
teins has become almost commonplace as the consequence of extensive
research over the past decade, the corresponding study with larger
redox enzymes has proved more elusive. The difficulty lies mainly in
that the redox centers are located sufficiently far from the outermost
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surface of enzymes so that electron transfer distance to an electrode is
large enough to decrease the rate of electron transfer to a negligibly
small value. Because most redox enzymes are much larger and struc-
turally less rigid than metalloproteins, they are more liable to defor-
mation and loss of activity on electrode surfaces. To achieve direct
electrochemistry, more careful manipulation of electrodes is required.

There have been a number of reports claiming the achievement of
direct electrochemistry of redox enzymes. These studies include perox-
idases (45—47) laccase (48, 49), flavocytochrome b, (50), amine acid
oxidase (50, 51), xanthine oxidase (50, 51), and glucose oxidase (51—
54), the last being most extensively investigated for reason of its po-
tential application to glucose sensors. In many of the flavoenzymes, the
prosthetic group, either FAD or FMN, is not covalently bound to the
protein, and thus has a high tendency of detaching from the protein.
The reduction potential of free FAD occurs (55) between —150 and
—170 mV (vs. NHE) at pH 6.0 on both graphite and dropping mercury
electrodes. Because the reduction potentials of some flavoenzymes are
close to this region, it is extremely difficult to differentiate the electro-
chemical response of the free prosthetic group from that of the intact
enzyme. In fact, some studies (52, 53) failed to demonstrate the cata-
lytic response of glucose oxidase on carbon electrodes by the addition of
the substrate, indicating that the observed faradaic current was
merely due to the free FAD species.

It was once believed that direct electrochemical oxidation of several
flavoenzymes had been achieved (51) at electrodes made from the
conducting organic salt, tetrathiafulvalinium tetracyanoquinodi-
methanide. However, as Kiilys has pointed out (50), the oxidation of
the active centers of glucose oxidase and xanthine oxidase proceeds in
a way of mediation. Mediators are formed in the layer near the elec-
trode surface due to a slight dissolution of the organic metals. Because
the organic metal compounds oxidize the reduced flavin enzymes at a
high rate, a small amount of dissolved compounds is enough to mediate
the reaction with high efficiency.

There appear to be two classes of redox enzymes: intrinsic and ex-
trinsic (5). With the former, the catalytic reaction between an enzyme
and its substrates takes place within a highly localized assembly of
redox-active sites. There need be no electron transfer pathways from
these sites to the surface of the enzyme, where, it is presumed, it would
interact with an electrode. For such intrinsic redox enzymes, electrode
reactions may require (1) that the sites of the catalytic reaction be
close to the protein surface, (2) that the enzyme can deform without
loss of activity, (3) that the electrode surface projects into the enzyme,
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or (4) that electron transfer pathways be introduced by modification of
the enzyme. With extrinsic redox enzymes, there is usually another
protein involved in transporting electrons and therefore an electron
transfer pathway exists within the enzyme connecting the active sites
to an area on the surface where the ancillary protein binds. If this area
could be disposed toward an electrode, it would be possible for the
enzyme electrochemistry to be obtained.

A. Laccase AND CYTOCHROME ¢ PEROXIDASE

The first accounts that seemed to give direct enzyme electrochemis-
try were the reports concerning a soluble “blue” Cu oxidase, laccase,
which catalyzed the rapid four-electron reduction of dioxygen to water.
An efficient electrocatalysis of O, reduction by adsorbed fungal laccase
on pyrolytic graphite, glassy carbon, and CO,-treated carbon black
electrodes was first described by Tarasevich and co-workers (48). Sev-
eral control experiments were carried out to verify direct electron
transfer from the electrode to the Cu sites of the enzyme.

Electrochemistry of adsorbed laccase on an edge-plane pyrolytic
graphite electrode was further studied by cyclic voltammetry and the
rotating disk electrode technique (49). The resulting Koutecky—Levich
plot yielded the number of electrons involved (four) and the limiting
rate constant (1.5 X 10* M ! sec™!) corresponding to the reaction be-
tween laccase and O. Also reported was the electrochemical response
of the enzyme in the absence of dioxygen, which could be observed only
after addition of the reagents 2,9-dimethylphenanthroline or 4,4'-
bypyridyl. This seems puzzling, as the catalytic current in the presence
of O, was clearly visible without the reagents.

Another example of enzyme electrochemistry is given by cytochrome
¢ peroxidase (CCP). This monomer molecule contains a b-type heme
and catalyzes the two-electron reduction of H,O; to water using cyto-
chrome c (II) as the electron donor. In the process, the Fe(III) center of
the enzyme reacts rapidly with H;0; to yield a two-electron oxidized
species, compound I, which is reduced to the Fe(IIl) form via another
species, compound II.

Direct electron transfer between CCP and an electrode was first
reported (45) for the nonphysiological one-electron reduction and reox-
idation of ferric CCP at fluorine-doped tin oxide. Overpotentials of
around 0.5 V were required to drive this electrode reaction in either
direction at measurable rates. A more successful approach to direct
electroreduction of compound I, described by Armstrong and Lannon
(46), employed edge-plane graphite electrodes in the presence of
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aminoglycosides of high positive charges. The electrocatalytic reduc-
tion of hydrogen peroxide was achieved by direct electron transfer to
compound I at overpotentials as low as 0.4 V, although the nature of
the CCP-electrode interface in the work remains unclear. More re-
cently, it has been shown that (47) CCP can be immobilized in a stable
and active state by irreversible adsorption on unmodified edge-plane
graphite electrodes. The bimolecular rate constant for the reaction
between hydrogen peroxide and CCP was estimated to be 1 x 108 M !
sec”1, as compared with the homogeneous rate constant, 5 x 107 M !
sec”!. Again, a cathodic overpotential of ~0.4 V was required.

B. p-CrEsoL METHYLHYDROXYLASE

One of a few cases in which electron transfer of redox enzymes is
expressed directly and reversibly at an electrode is concerned with
p-cresol methylhydroxylase (PCMH). This is a flavocytochrome ¢ en-
zyme of 115 kDa, which catalyzes the oxidative hydroxylation of p-
cresol to p-hydroxybenzyl alcohol and subsequently to p-hydroxyben-
zaldehyde. The structure of PCMH has recently been determined (56)
at 3 A resolution. It is an af; tetramer, with one subunit containing a
covalently bound FAD and the other containing a c-type heme group.

It has been shown (57) recently that direct electron transfer between
PCMH and an edge-plane graphite electrode is achieved in the pres-
ence of a range of electroinactive cationic species (promoters). The
results are listed in Table I, with the structures of the promoters de-
picted in Fig. 8. In the absence of the substrate, p-cresol, a quasirever-
sible cyclic voltammogram ascribed to the electrode reaction of the
heme group in the intact enzyme is observed (Fig. 9a and b). In the
presence of the substrate, the electrochemical response is greatly en-
hanced by the catalytic reaction between the enzyme and the substrate
(Fig. 9¢c and d). The electrocatalytic currents arise not from mediated
reaction via the cleaved cytochrome subunit, but from direct electron
exchange between the electrode and the enzyme. One envisages inter-
actions leading to the formation of an enzyme—promoter—electrode as-
sembly. The adsorption of PCMH onto an edge-plane graphite elec-
trode in the presence of a promoter obeys (58) the Langmuir isotherm.
The nature of this interaction is more likely to be physical, as the
estimated standard free energy of adsorption is relatively small. Most
probably, electrostatic interactions between a positively charged pro-
moter and the negatively charged C-O functionalities on an edge-
plane graphite electrode surface are involved. Similarly, UV-visible
absorption spectroscopic studies of the enzyme in the presence of a
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TABLE I
RanGe oF ComPounps USED AS PossIBLE PROMOTERS®
Promoter Concentration
Catalytic charge at of promoter
Promoter current (nA) pH 7.0 used (mM)

Aminoglycosides

Glucosamine (1) Nil +1 Up to 10

Dihydroxystreptomycin (2) 2.3 +3 2

Neamine (3) 2.3 +4 2

Neomycin (4) 4.2 +6 0.2

Gentamycin (5) 3.8 +4 2

Ribostomycin (6) 3.0 +4 2
Polyamines

Spermidine (7) 1.1 +3 10

Spermine (8) 3.8 +4 2

Cyclam (9) Nil +2 Up to 20

Diammac (10) 3.5 +4 4
Inorganic cations

K+ Nil +1 Up to 20

Mg?* 3.4 +2 4

Cr(NHg)§* 3.5 +3 2

2 The catalytic current was obtained using a scan rate of 10 mV sec™?, at pH 7.0, in the
presence of p-cresol methylhydroxylase (1 pM) and p-cresol (2 mM) at an edge-plane
graphite electrode. Numbers in parentheses refer to structures shown in Fig. 8.

promoter suggest that enzyme—promoter interactions may also be elec-
trostatic in nature.

PCMH can be classified as an extrinsic enzyme. A blue copper pro-
tein, azurin, is suspected (59) to be the in vivo electron acceptor for
PCMH. In vitro, both horse heart cytochrome ¢ and cationic dyes such
as phenozine methosulfate, phenozine ethosulfate, and Wurster blue
are good reoxidants, These molecules may interact with PCMH in the
same region of the enzyme surface that might also be the binding area
for the modified electrode surface. Because all the oxidants are posi-
tively charged, it is reasonable to assume an interaction domain with
negative charges on the enzyme. Based on the structural information
of PCMH, the most likely docking site is in the region of the propionic
acid groups of the cytochrome subunit, which is not inaccessible be-
cause of interaction with the flavoprotein subunit. The results of elec-
trochemical studies support this assumption in that a cationic species
is needed to promote appropriate docking of PCMH on the electrode on
which it then undergoes direct electron transfer.
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Fic. 9. Direct electrochemistry of p-cresol methylhydroxylase. (a) Response at an
edge-plane graphite electrode in 10 mM KC1/10 mM HEPES (pH 7.4) buffer containing
10 mM spermine. Scan rate: 5 mV sec™!. (b) Response upon addition of enzyme to ~30
uM. (c) A repeat of (b) at reduced sensitivity. (d) Catalytic response upon addition of
p-cresol (3 mM) to solution.

An important observation for enzyme electrochemistry arising from
this study is the capacity of promoters to bridge two anticomplemen-
tary surfaces between an edge-plane graphite electrode and PCMH.
The trend for simple inorganic cations in terms of their ability to
promote electrocatalytic response is Cr(NH3)2" > Mg?* > K* (see Ta-
ble I), indicative of the importance of charge density. This trend has
previously been established (36) wherein metal ions modulate the elec-
trochemistry of redox proteins at graphite electrodes. With the larger
enzyme, PCMH, the requirement for high charge density is much
stronger. For example, the complete range of polyamines employed in
this study are all effective in promoting cytochrome b5 electrochemis-
try at graphite electrodes, whereas cyclam (Table 1 and Fig. 8), for
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example, failed to promote electrocatalytic response of PCMH. Pre-
sumably, promoters with high positive charge density are able to bind
more selectively to the sites on PCMH where dense negative charges
reside, and which are close to the heme prosthetic group. This may be a
simple case of recognition specificity in biological systems.

A possible natural redox partner of PCMH, azurin, is a protein with
a rather undefined interaction domain. It features (60) a considerably
high proportion of nonpolar surface side chains and the spatial distri-
bution of acidic and basic residues permits localized charge pairing.
Binding between PCMH and azurin may also involve hydrophobic in-
teractions, apart from complementary hydrogen bonding and salt
bridging. In order that direct electrochemistry of PCMH takes place,
electrodes with surface characteristics somewhat similar to those of
azurin are necessary. The surface of an edge-oriented graphite elec-
trode is heterogeneous; it possesses hydrophilic areas with high densi-
ties of C—O functional groups (carboxylic, phenolic, alcoholic, etc.),
hydrophobic areas with negligible functionalization, and a range of
intermediate domains. Once the negatively charged hydrophilic areas
are adsorbed with cationic species, the electrode presents a mixed sur-
face with both positive and negative charges as well as neutral groups.
Thus, a system that in some way resembles one of the components of
the biological complexes has presumably been formed.

C. OTHER ENzZYMES

Following the success with PCMH, electrochemistry of several other
extrinsic enzymes has also been achieved (57, 61, 62). One of these
enzymes, flavocytochrome css2, exhibits sulfide : cytochrome ¢ oxidore-
ductase activity and transfers electrons from sulfide to the main photo-
synthetic electron transport chain through a c-type cytochrome. It has
been found (63) to form an electrostatic complex with horse heart
cytochrome c in a 1:2 ratio. The stability of this complex and sulfide:
cytochrome ¢ oxidoreductase activity of the enzyme are both ionic-
strength dependent. Further studies by affinity chromatography,
cross-linking, chemical modifications, and kinetic analysis suggest
that the interaction between flavocytochrome cs52 and cytochrome ¢
involves the positively charged lysine residues around the exposed
heme edge of cytochrome ¢ and the complementary negative charges
on the enzyme located predominantly on its heme subunit. As has been
discussed above, studies on the direct electrochemistry of redox pro-
teins show that if the electron transfer reaction between a protein and
an electrode is to take place, the electrode surface must represent some
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features of the binding sites of this protein’s physiological redox part-
ner. Because about four carboxylate groups on flavocytochrome cssg
have been predicted (64) to be involved in the interactions with cyto-
chrome ¢, it is not surprising that positive electrode surfaces used for
PCMH were (61) also effective in promoting direct electron transfer to
flavocytochrome csss.

Similar to PCMH, the requirement for a molecule to promote flavo-
cytochrome c electrochemistry is adequate charge density and a degree
of conformational flexibility. However, unlike PCMH, direct electro-
chemistry of flavocytochrome css; has proved difficult to examine due
to the electroactive nature of the substrate, sulfide, in the potential
region under investigation. Nevertheless, the possibility that the ob-
served anodic currents arise from the electrode reaction of sulfide to
sulfur is ruled out by the experiment in which both anodic and cathodic
waves from the enzyme were observed in the absence of the substrate.
Direct, unmediated electron transfer between the enzyme and the elec-
trode is established by the different electrochemical behaviors of the
isolated cytochrome subunit and the intact enzyme at SS-Bipy-modi-
fied gold or edge-plane graphite electrodes in the absence of any pro-
moter: the former exhibits a quasireversible voltammetric response,
whereas the latter does not give any observable faradaic current. If the
catalytic currents were obtained via mediation of the dissociated cyto-
chrome subunit, no promoter would be needed at edge-plane graphite
electrodes. This is certainly not the case.

Flavocytochrome css; is probably the first enzyme for which direct
spectroelectrochemistry has been achieved. This technique has been
used previously to determine midpoint potentials of, e.g., cytochrome ¢
oxidase, cytochrome ¢, and myoglobin. However, in all these reports,
mediators are used to convey electrons between the prosthetic group
and an electrode. Such a mediator must have a formal potential close
to that of the enzyme of interest and must be capable of fast electron
transfer to the enzyme and must exhibit no interference in the spectral
region under study. The ability to reduce and oxidize an enzyme di-
rectly, as demonstrated with flavocytochrome cs5q, has greatly simpli-
fied the measurement of redox potentials once conditions for direct
electron transfer have been established. A collection of spectra ob-
tained is shown in Fig, 10, together with the corresponding Nernst plot
of E vs log[O]/[R]. Identical spectra were obtained irrespective of the
direction the applied potential was changed, suggesting the reversibil-
ity of the electron transfer reaction of the enzyme. The isobestic points,
which are an indication of conformational changes of the enzyme dur-
ing the experiment, were not missing. From the intercept of the Nernst
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Fic. 10. Spectra of flavocytochrome css2 for different values of applied potential. (Top)
Flavocytochrome cs55 (100 uM) and 16 mM neomycin at a -(Cys-Glu-Cys)-modified
OTTLE at potentials (a) 100 mV, (b) 59 mV, (¢) 41 mV, (e) 20 mV, (f) 1 mV, (g) —20 mV,
and (h) —40 mV. (Bottom) The corresponding Nernst plot of E,,;, vs. log[OJ/[R].

plot, the formal potential of the enzyme (presumably the heme group)
was determined as +34 mV, which is in good agreement with the
reported value (65) of +32 mV. The slope of the plot, 68 mV, is close to
that expected for a reversible one-electron transfer process.
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Sulfite oxidase is another enzyme that has been found (55) to ex-
change electrons directly with an electrode. Because it also forms (66)
an electrostatically stabilized complex with cytochrome ¢, it is not
unreasonable to find that a modified electrode surface favorable for
PCMH and flavocytochrome cs5; interacts productively with this en-
zyme as well.

Methylamine dehydrogenase from bacterium W3A1, which cata-
lyzes the oxidation of methylamine to formaldehyde and ammonia, is a
very interesting enzyme. It has (67) an a,3; structure with a new type
of redox cofactor in each of the two small subunits. There is a great
deal of controversy over the structure of the cofactor. Upon reduction
by methylamine, the UV—-visible absorption spectra of the enzyme
undergo (68) a complex biphasic change. Direct voltammetric response
of methylamine dehydrogenase has been recently obtained (62) at un-
modified graphite and modified gold electrodes. Further investigations
of the enzyme by means of direct spectroelectrochemistry will help to
understand the redox properties of this unique cofactor.

D. GeNEraL COMMENTS

The success of direct electrochemistry of these enzymes is by no
means accidental. All of them fall into the category of extrinsic en-
zymes, having metalloproteins such as azurin and cytochrome c as the
physiological electron donor or acceptor. PCMH, flavocytochrome cssg,
and sulfite oxidase are multicentered enzymes with a distinct function
for each type of redox center. The catalytic center contains, for exam-
ple, a flavin or a molybdenum cofactor that catalyzes the turnover
reaction of the substrate. The electron transfer center contains, for
example, a heme group that accepts electrons from the catalytic center
and passes them to the redox protein partner. The distance between
the two redox groups within the enzyme is short so as to facilitate the
intramolecular electron transfer process [the two groups are separated
by about 8 A in PCMH (56)], but the pathway may be well shielded
from the solvent. However, the electron transfer center of the enzyme
is usually not completely inaccessible by the solvent, and there is an
interaction domain around the partly exposed group where the protein
partner binds. To ensure the high selectivity toward its substrate, the
catalytic center is deeply buried in the polypeptides and thus it is
almost impossible to exchange electrons directly with an electrode
without any structural deformation. However, if the electrode is so
designed that it somehow resembles the surface characteristics of the
protein partner, the enzyme may bind to the electrode at the interac-
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tion domain around the electron transfer center. If the distance be-
tween the redox center and the electrode is comparable to that between
the center and the prosthetic group of the protein partner, direct elec-
trochemistry of the enzyme may be observed.

Comparing the voltammetric behavior of PCMH, flavocytochrome
Css2, and sulfite oxidase with that of CCP, two important differences
may be noticed. First, the electrochemical response of CCP did not
occur at its thermodynamic potential. Instead, an overpotential of at
least 0.4 V was required to drive the reduction of the oxidized enzyme
at an electrode. No overpotential was observed with the enzymes de-
scribed in this chapter: electron transfer from the enzyme to the elec-
trode occurs at its thermodynamic potential. As has been suggested by
Bowden and Paddock (47), the observed overpotential with CCP is
probably due to the long-range electron transfer distance in the en-
zyme. The heme edge in CCP is (69) nearly 10 A from the molecular
surface, whereas it is partly exposed in cytochrome c. If the distance is
the major contribution to the overpotential, then it may be suggested
that the heme groups in PCMH, flavocytochrome css2, and sulfite oxi-
dase are quite close to the molecular surface or even partly exposed.
This has certainly been confirmed in the case of PCMH: the structural
study (56) shows that the propionate groups of the heme are quite open
to solvent.

The other difference is that, with PCMH and flavocytochrome cssz,
electron exchange with the modified electrode was achieved in both
directions, i.e., oxidation and reduction, whereas electrochemical re-
sponse of CCP was observed only in the presence of HyO,, illustrating
that the substrate-oxidized enzyme (compound I) could be electrochem-
ically reduced, but that the enzyme in its normal oxidation state [Fe(II)
state] could not be oxidized. What is the structural basis for this unidi-
rectional electron transfer? Poulos and Kraut (70) have proposed a
hypothetical model for the CCP/cytochrome ¢ electron transfer com-
plex based on the observation that certain acidic side chains on the
surface of CCP (Asp 33, Asp 34, Asp 37, and Asp 217) are positioned to
interact with a complementary set of lysine residues on the surface of
cytochrome c. In the resulting complex, the closest approach of the two
heme edges is approximately 18 A, and the two irons are separated by
25 A. Because the distances are quite large, it is suggested that a
bridging group between the two heme centers may participate in the
electron transfer process. It is a radical site that is formed when the
enzyme is oxidized to compound I, and is able to communicate with the
surface of the protein via an overlapping system of 7 orbitals and ionic
interactions, thus shortening the electron transfer distance. It must be
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emphasized here that this bridging group does not exist in CCP origi-
nally and is produced by oxidation with the substrate, H;O,. As a
result, electron transfer is favored in the compound I/cytochrome ¢ but
not the CCP/cytochrome ¢ complex. Similarly, it is understandable
now why the enzyme is difficult to be oxidized electrochemically
whereas the oxidized form, compound I, is relatively easier to reduce.

Based on the electrochemical studies, it seems that there are two
subcategories of extrinsic redox enzymes. In some enzymes such as
CCP, which are usually monomers, the prosthetic group is both the
catalytic center and the electron transfer center. To secure the high
specificity of the catalytic reaction, the prosthetic group must be deeply
buried in the polypeptide chains. However, the following electron
transfer reaction requires that this group be readily accessible to its
electron donor or acceptor. These two apparently contradictory re-
quirements can both be satisfied only if there is a conformational
change of the enzyme accompanying the catalytic reaction, which ei-
ther makes the prosthetic group accessible or somehow creates an elec-
tron transfer pathway, as happens in CCP. In other words, the cata-
lytic reaction and electron transfer reaction are coupled, not only
sequentially, but also conformationally. In other extrinsic enzymes
such as PCMH, flavocytochrome cs5;, and sulfite oxidase, there are
usually two types of redox groups in them: a catalytic center and an
electron transfer center. The two centers operate separately and there
is no need for the electron transfer center to be highly protected. The
two groups are thus said to be conformationally uncoupled, i.e., the
environment of the electron transfer group is independent of what is
happening to the catalytic center.

It is therefore anticipated that the enzymes studied are not unique in
their electrochemical behavior and the experimental approaches
adopted should be applicable to other flavocytochromes and even other
“uncoupled” extrinsic enzymes.

V. Applications of Electrochemistry of Proteins and Enzymes

An obvious application of direct electrochemistry of proteins is the
determination of redox potentials. In cases of thermodynamically inac-
cessible or kinetically reactive species for which traditional potentio-
metric methods are inappropriate, direct electrochemistry offers an
alternative approach. A good example is the 7Fe ferredoxin from Azo-
tobacter chroococcum, which contains one [4Fe—4S] and one [3Fe-4S]
cluster. The [4Fe—4S]2*/* potential obtained (71) by cyclic voltamme-
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try is —645 mV vs. NHE, which is by far the lowest ever measured for a
ferredoxin system. As a result, the reduced form of the protein has not
been generated by chemical reagents.

Because direct electrochemistry is observed only after the problems
of interfacial specificity, compatibility, and denaturation have been
overcome, it should provide us with a most powerful tool for investigat-
ing protein adsorption at surfaces. The studies of genetically engi-
neered cytochrome ¢ variants described in Section Il serve as an illus-
tration of this application.

Direct electrochemistry has also been used (72—78) to couple the
electrode reactions to enzymes for which the redox proteins act as
cofactors. In the studies, the chemically reduced or oxidized enzyme
was turned over through the use of a protein and its electrode reaction
as the source or sink of electrons. In the first report (72, 73) of such
application, the electrochemical reduction of horse heart cytochrome ¢
was coupled to the reduction of dioxygen in the presence of Pseudo-
monas aeruginosa nitrite reductase/cytochrome oxidase via the redox
proteins, azurin and cytochrome cs5,. The system corresponded to an
“oxygen electrode” in which the four-electron reduction of dioxygen
was achieved relatively fast at pH 7.

Another system (77) in which the direct electrochemistry of cyto-
chrome c has been usefully exploited is in driving the turnover of yeast
flavocytochrome b, (L-lactate/cytochrome ¢ oxidoreductase; E.C.
1.1.2.3). A second-order rate constant of 5 x 108 M~! sec™! was ob-
tained for turnover of the cytochrome c by the enzyme, which agreed
well with the value from conventional spectrophotometric methods.

The high specificity of enzymes with regard to recognition of sub-
strates has encouraged the development of enzyme electrodes for clini-
cal analysis. An often-quoted example is the glucose oxidase (GOD)
enzyme electrode for analysis of glucose, which is based on the follow-
ing reaction:

Glucose + Ogﬂ)’ Gluconolactone + Hy0,

The difficulties in achieving direct electron transfer between GOD
and electrodes have led to the use of small electroactive molecules,
called mediators, which shuttle electrons efficiently between the en-
zyme and the electrode. A new design of glucose electrodes depends
(79) on ferricinium (Fc) ions as the mediator:

Glucose + GOD(ox) — Gluconolactone + GOD(red)
GOD(red) + 2Fc* — GOD(ox) + 2Fc + 2H~
2Fc = 2Fc* + 2e-
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The system has been developed commercially into a pen-sized meter
and has been on the market successfully now for a couple of years.
Further progress (80, 81) was the incorporation of the mediator into
GOD, which resulted in a modified enzyme with high catalytic activity
in the absence of mediators in solution. Currently, the possibility of
constructing a multimicroelectrode is under investigation in this labo-
ratory. If successful, one single sensor carrying several different en-
zymes would have the ability of giving a number of analyses.

VI. Concluding Remarks

The direct electrochemistry of redox proteins has developed signifi-
cantly in the past few years. Conditions now exist that permit the
electrochemistry of all the proteins to be expressed at a range of elec-
trodes, and important information about thermodynamic and kinetic
properties of these proteins can be obtained. More recently, direct elec-
tron transfer between redox enzymes and electrodes has been achieved
due to the more careful control of electrode surfaces. The need for
biocompatible surfaces in bioelectrochemistry has stimulated the de-
velopment of electrode surface engineering techniques, and protein
electrochemistry has been reported at conducting polymer electrodes
(82) and in membranes (83, 84). Furthermore, combination of direct
protein electrochemistry with spectroscopic methods may offer (85) a
novel way of investigating structure—function relationships in elec-
tron transport proteins.

Despite all these advances, there still remains much to be done, e.g.,
study of the protein/electrode interfacial region and characterization
of modified electrode surfaces. The application of a newly developed
surface technique, scanning tunnelling microscopy (STM), has been
proved (86) successful in electrolytic solutions. Studies of modified
electrode surfaces by STM should greatly enhance our understanding
of electron transfer processes at electrodes. This, coupled with the ad-
vancements in biochemistry, would enable us to design more novel
electrode surfaces for studying biological molecules and developing
new types of electrochemical biosensors.
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