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ABSTRACT Iron-induced flavocytochrome c3, Ifc3, from Shewanella frigidimarina NCIMB400, derivatized with a 2-pyridyl
disulfide label, self-assembles on gold electrodes as a functional array whose fumarate reductase activity as viewed by direct
electrochemistry is indistinguishable from that of Ifc3 adsorbed on gold or graphite electrodes. The enhanced stability of the
labeled protein’s array permits analysis at a rotating electrode and limiting catalytic currents fit well to a Michaelis-Menten
description of enzyme kinetics with KM � 56 � 20 �M, pH 7.5, comparable to that obtained in solution assays. At fumarate
concentrations above 145 �M cyclic voltammetry shows the catalytic response to contain two features. The position and
width of the lower potential component centered on �290 mV and corresponding to a one-electron wave implicates the
oxidation state of the lowest potential heme of Ifc3 as a defining feature in the mechanism of fumarate reduction at high
turnover rates. We propose the operation of dual pathways for electron transfer to the active site of Ifc3 with the lowest
potential heme acting as an electron relay on one of these pathways.

INTRODUCTION

In addition to their catalytic centers, redox enzymes often
contain multiple redox cofactors that may serve either to
provide electron transfer routes through the protein matrix
or to modulate enzyme activity through an oxidation state
change. Together the cofactors act as an ensemble, coupling
electrochemical and chemical events to define the enzyme’s
catalytic behavior. Such systems can achieve considerable
complexity, as illustrated by two components of the mito-
chondrial respiratory chain (Saraste, 1999); in heme-copper
oxidases coordinated electron and proton transfer during the
reduction of oxygen to water results in proton translocation,
while a bifurcated electron transfer pathway in the cyto-
chrome bc1 complex drives the Q-cycle in parallel with
cytochrome c reduction.

A large number of redox enzymes directly couple two-
electron transformation of substrate to one-electron redox
cofactors such as hemes or iron-sulfur clusters (Chapman et
al., 1999). The iron-induced tetraheme flavocytochrome c3

(Ifc3) from Shewanella frigidimarina NCIMB400 is an ex-
ample of one such protein (Dobbin et al., 1999). This
soluble, 63.9 kDa, multicentered redox protein possesses
unidirectional fumarate reductase activity, and folds in three
domains (Bamford et al., 1999b, Dobbin et al. 1999). The
active site, a noncovalently bound, low potential flavin
adenine dinucleotide (FAD) is coordinated by one of the
C-terminal domains, while four c-hemes, midpoint poten-
tials �73, �141, �174, and �259 mV (pH 7.5) are bound
by the smaller N-terminal domain. The hemes of Ifc3 may
play a role in electron delivery to the active site; intramo-

lecular heme-flavin electron transfer has been implicated as
a decisive factor in the mechanisms of lactate dehydroge-
nation by Saccharomyces cerevisiae flavocytochrome b2

(Daff et al., 1996) and fumarate reduction by S. frigidima-
rina flavocytochrome c3 (Fcc3) (Turner et al., 1999).

Direct protein electrochemistry is emerging as a powerful
method with which to probe biological electron transfer.
Most obviously the reduction potentials of redox cofactors
can be determined (Armstrong, 1990). However, by provid-
ing a description of the redox protein’s activity in real time
over a wide and continuous potential window, such exper-
iments also provide a kinetic description of electron transfer
which is most readily defined in the diffusionless electro-
chemical response of proteins immobilized as (sub)mono-
layers on the electrode surface (Armstrong et al., 1997).
When the rate of electron exchange between electrode and
electroactive protein film is sufficiently fast as to be non-
rate-limiting, the kinetic parameters describing chemical
transformations of redox cofactors can be determined (Hirst
et al., 1998a, b; Butt et al., 1993). Most recently, the ability
of direct electrochemical methods to reveal subtleties in the
intramolecular electron transfer dynamics of multicentered
redox enzymes has been highlighted (Heering et al., 1997,
1998; Armstrong et al., 1997; Hirst et al., 1996). Protein
film voltammetry of two fumarate reductases, the iron-
sulfur cluster and flavin-containing FrdAB subunits of the
membrane anchored Escherichia coli enzyme (Heering et
al., 1997) and the soluble tetraheme- and flavin-containing
Fcc3 from S. frigidimarina (Turner et al., 1999), has dem-
onstrated that intramolecular electron transfer from their
respective one electron redox cofactors contributes signifi-
cantly to the definition of each enzyme’s catalytic operation.

We have previously reported cyclic voltammetry of Ifc3

solutions in which complex waveforms composed of over-
lapping contributions from the FAD and heme centers are
observed (Dobbin et al., 1999). On addition of fumarate the
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waves are transformed into the sigmoidal form typical for
reductive electrocatalysis. However, direct electrochemical
studies of the intrinsic properties of Ifc3 would be facilitated
by immobilizing the enzyme on an electrode surface and
performing voltammetry under conditions that reflect rate-
limiting events intrinsic to the enzyme. To ensure that
substrate depletion at the electrode surface does not influ-
ence the electrocatalytic response, experiments should be
performed under conditions where the supply of substrate to
the enzyme exceeds the rate of turnover. This may be
achieved by employing radial diffusion of substrate to a
microelectrode (Wightman, 1981), although most reports to
date exploit spontaneous adsorption of protein films to a
macroelectrode that is rapidly rotated to drive substrate to
the electrode surface by forced convection (Bard and
Faulkner, 1980). Unfortunately, adsorbed Ifc3 films were
unstable on electrode rotation, which prevented detailed
analysis of the system of interest. Therefore, we have sought
a method for covalent attachment of Ifc3 to an electrode
surface that may be generally applicable to the study of
redox proteins by film voltammetry.

The adsorption of organothiols on gold accompanied by
covalent gold-sulfur bond formation results in stable two-
dimensional arrays ideally suited for electrochemical stud-
ies (Weber and Creager, 1994; Chidsey, 1991). Such meth-
ods have been extensively exploited in the development of
mediated amperometric biosensors (Willner, 1997; Scouten
et al., 1995) but have received relatively little attention for
protein film voltammetry (Jiang et al., 1995; Kuznetsov et
al., 1994) despite the observation that submonolayers of
cytochrome c carbodiimide coupled to carboxylate termi-
nated alkane thiol:gold electrodes exhibit improved stability
to variation of pH and ionic strength compared to protein
adsorbed at the same surface (Collison et al., 1992). Here
we report that Ifc3 labeled with 2-pyridyl disulfide function-
alities by reaction with N-succinimidyl 3-(2-pyridyldithio)
propionate (SPDP; Carlsson et al., 1978) adsorbs on gold
electrodes to give voltammetry indistinguishable from that
of the native protein but with a stability to electrode rotation
that permits further analysis of its fumarate reductase activ-
ity. This has allowed us to obtain evidence that when
enzyme turnover occurs at rates exceeding half the maxi-
mum velocity the lowest potential heme plays a role in
modulating the enzyme’s rate of fumarate reduction.

MATERIALS AND METHODS

Ifc3 was purified from S. frigidimarina NCIMB400 as described previously
(Dobbin et al., 1999) and stored frozen in liquid nitrogen. Ifc3 samples
were prepared for study by diafiltration at 4°C in an Amicon 8MC unit
(Millipore Corporation, Bedford, MA) equipped with microvolume assem-
bly and YM3 membrane and typically showed an A410nm/A280nm ratio of
3.5. Protein concentrations were determined after dithionite reduction
using �552nm � 110,000 M�1 � cm�1. Stock solutions of N-succinimidyl
3-(2-pyridyldithio)propionate, SPDP (Sigma-Aldrich Chemical Company

Ltd., Poole, Dorset, UK) were prepared in �99.5% ethanol and concen-
trations determined with �280nm � 5100 M�1 � cm�1. All reactions and
electrochemical experiments were performed in 100 mM NaH2PO4, 100
mM NaCl brought to pH 7.5 with NaOH unless otherwise stated, and this
solution is referred to as buffer-electrolyte throughout. Sodium fumarate
was added to the desired concentration from a 40 mM stock solution in
buffer-electrolyte, pH 7.5. Reagents were of Analar quality or equivalent
and all water was AnalaR (BDH Laboratory Supplies, Poole, Dorset, UK).

Reaction between SPDP and Ifc3 was performed according to the
method of Carlsson et al. (1978) with minor alterations. Aliquots of 20 mM
SPDP stock solutions were added to a stirring, room temperature solution
of 50 �M Ifc3 to give a final concentration of 100 �M. After 30 min,
separation of protein from low molecular weight species by gel filtration on
a PD-10 column (Amersham Pharmacia Biotech, Uppsala, Sweden) was
confirmed by UV-visible spectroscopy of the fractions (1 ml). The first two
Ifc3-containing fractions were pooled, concentrated by diafiltration, and
used in subsequent experiments to characterize the SPDP-reacted Ifc3. This
sample will be referred to as 2-pyridyl disulfide-Ifc3, which does not imply
stoichiometric modification of the protein (see Results) but serves to
distinguish it from the unlabeled Ifc3 sample.

Release of pyridine 2-thione from 20 �M 2-pyridyl disulfide-Ifc3 was
performed by incubation with 400 �M dithiothreitol for 30 min in a
stirring, room temperature solution. Separation of protein and pyridine
2-thione (�max 343 nm) was achieved either by gel filtration as described
above or by diafiltration with a Microcon-30 microconcentrator (Millipore
Corporation, Bedford, MA) and subsequent “washing” of the protein
sample by two rounds of dilution and concentration after which no further
pyridine 2-thione could be detected in the filtrate. Addition of further
dithiothreitol to the reaction mixture or longer incubations of the reaction
failed to liberate additional pyridine 2-thione. After pooling all appropriate
fractions or filtrate, pyridine 2-thione was quantified using �343 nm � 8080
M�1 � cm�1 (Carlsson et al., 1978).

Spectrophotometric determination of KM for fumarate reduction by Ifc3

in buffer-electrolyte was performed in stirred, anaerobic cuvettes using
methyl viologen (Em � �445 mV) as the electron donor, �600nm � 13,000
M�1 � cm�1 (Dobbin et al., 1999). After titration with sodium dithionite to
give A600nm of �1, fumarate was added to concentrations of 0 to 100 �M
and the reaction initiated with 1.3 nM Ifc3. Assays to compare the fumarate
reductase activity of Ifc3 and 2-pyridyl disulfide-Ifc3 were performed with
10 mM sodium fumarate. FPLC analysis was performed on a Mono-Q
Anion Exchange column (Amersham Pharmacia Biotech, Uppsala, Swe-
den) equilibrated with 50 mM NaCl, 50 mM Tris-HCl, pH 8, and protein
was eluted with a NaCl gradient in 50 mM Tris-HCl, pH 8. Surface
enhanced laser desorption/ionization (SELDI) mass spectrometry (Cipher-
gen Biosystems Ltd., Camberley, UK) was with a Normal Phase Chip and
EAM1 matrix.

Cyclic voltammetry was performed with an Autolab electrochemical
analyzer (EcoChemie, Utrecht, The Netherlands) using the analog scan
generator controlled by GPES software. The electrochemical cell, consist-
ing of a platinum foil counter electrode and Ag/AgCl, KCl (saturated)
reference electrode in a Luggin side arm, was thermostatted (25°C) and
housed in an anaerobic chamber (Belle Technology, Portesham, UK) with
O2 content � 2 ppm. Electrode rotation was with an EG&G Model 636
Electrode Rotator (Princeton Applied Research, Princeton, NJ). Pyrolytic
graphite “edge” (PGE) or gold working electrodes of geometric area 0.07
cm2 were polished with an aqueous 0.3 �m Al2O3 slurry, sonicated, and
rinsed thoroughly immediately before use. Electrodes exposed to 10 �M
2-pyridyl disulfide-Ifc3 solutions were rinsed extensively with room tem-
perature buffer-electrolyte before placing them in the electrochemical cell.
SPDP-modified gold electrodes were prepared by overnight incubation in
10 �M SPDP, buffer-electrolyte, 4°C. All potentials are reported with
reference to the standard hydrogen electrode (S.H.E.) by addition of 0.197
V to that measured at 25°C (Bard and Faulkner, 1980).
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RESULTS

Characterization of 2-pyridyl disulfide-Ifc3

After reaction of 100 �M SPDP with 50 �M Ifc3 the extent
of 2-pyridyl disulfide incorporation was found to be 1.3 �
0.2 equivalents per Ifc3 molecule based on release of pyri-
dine 2-thione from three independently prepared samples.
While nucleophilic attack on the N-hydroxysuccinimidyl-
ester of SPDP may occur through protein primary amines or
thiolates, reaction of Ifc3 with SPDP is expected solely at
lysine residues and/or the N-terminus, as illustrated in Fig.
1, since each of the protein’s eight cysteine residues form
thioether linkages to the c-hemes (Dobbin et al., 1999).
FPLC anion exchange chromatography showed �95% of
the 2-pyridyl disulfide-Ifc3 sample to be derivatized eluting
as a broad band (230 mM NaCl) compared to the sharp
elution of Ifc3 (200 mM NaCl). The molecular weight of
2-pyridyl disulfide-Ifc3 determined by SELDI mass spec-
trometry was indistinguishable from that of Ifc3 (Mr 63,
985 � 0.5%) consistent with derivatization of the majority
of protein molecules to the level of one or two 2-pyridyl
disulfide functionalities.

UV-visible absorption spectra of air-oxidized 2-pyridyl
disulfide-Ifc3 and Ifc3 were indistinguishable. Spectra of the

reduced labeled protein were recorded immediately after
dithionite addition to minimize any effects due to slow
pyridine 2-thione release and showed no differences to
spectra of dithionite-reduced Ifc3 with peak maxima at 552
nm, 523 nm, and 420 nm (�-, �-, and �-bands, respectively)
(Dobbin et al., 1999). Functional integrity of 2-pyridyl
disulfide-Ifc3 was demonstrated in fumarate reductase as-
says that yielded turnover numbers of 320 � 50 s�1 for both
enzymes.

Electrochemistry of Ifc3 adsorbed on gold and
PGE electrodes

Gold electrodes placed in 0.5 �M Ifc3 for 5 min at 25°C
then rinsed with buffer-electrolyte to remove loosely bound
protein show a clear catalytic reduction wave in 2 mM
fumarate not observed before Ifc3 adsorption (Fig. 2 A).
Subsequent rinsing of the Ifc3 gold electrode and transfer to
a solution devoid of fumarate produces a voltammetric
response indistinguishable from that obtained in the absence
of Ifc3, but on return to a 2 mM fumarate solution the
catalytic reduction wave is restored to �80% of its original
magnitude (data not shown). The lack of noncatalytic waves
prevents reduction potentials being determined for the im-
mobilized enzyme’s redox cofactors, but the position of the
catalytic wave spanning from �150 to �400 mV is in good
agreement with the redox properties of the enzyme deter-
mined in solution studies (Dobbin et al., 1999).

Cyclic voltammograms of Ifc3 gold electrodes in 2 mM
fumarate were independent of scan rate up to at least 20
mV � s�1 and after background subtraction the forward and
reverse sweeps overlay one another, indicating that catalysis
is occurring under steady-state conditions. Inspection of the
catalytic wave shown in Fig. 2 A reveals the presence of
overlapping features more clearly distinguished in the first
derivative of catalytic current with respect to potential (di/
dE), Fig. 2 B. A prominent, symmetric feature centered on
�173 � 10 mV is accompanied by a smaller, broader
component centered around �290 mV. PGE electrodes
coated with Ifc3 in a procedure identical to that described
above produced almost indistinguishable catalytic wave-
forms to those seen at gold electrodes (Fig. 2 B), making it
unlikely that the features on the catalytic waveform arise
from an anomalous protein-electrode interaction.

Electrochemistry of thiolated Ifc3 at
gold electrodes

Analysis of Ifc3 adsorbed on stationary gold or PGE elec-
trodes at lower fumarate concentrations was complicated by
the appearance of a peak in the catalytic response on sweep-
ing to more negative potentials indicative of substrate de-
pletion at the electrode surface (Bard and Faulkner, 1980).

FIGURE 1 Proposed mechanism for the labeling of Ifc3 with 2-pyridyl
disulfide by SPDP and its subsequent immobilization as thiolated Ifc3 on
gold electrodes.
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Rotation of the electrodes was accompanied by a rapid
decrease in signal amplitude, suggesting that protein was
being spun off the electrode surface. By contrast, gold
electrodes placed in 10 �M 2-pyridyl disulfide-Ifc3 over-
night at 4°C and rinsed thoroughly with buffer-electrolyte
exhibited clear fumarate reductase activity, which was sta-
ble to electrode rotation (Fig. 3 A). The close similarity
between the di/dE plots of gold electrodes exposed to Ifc3 or
2-pyridyl disulfide-Ifc3 and placed in 2 mM fumarate (Fig.
3 B) demonstrates that the modification procedure results in
negligible changes to the voltammetric response. Mono-
layer coverage of Ifc3 is calculated to be �5 � 10�12 mol �
cm�2 from the unit cell dimensions of the crystallized
protein (Bamford et al., 1999a). In the absence of substrate,
the relationship between electroactive surface coverage, 	*,

and the peak current, ip, for immobilized redox molecules is

ip �
n2F2

4RT 	A	* (1)

where n � number of electrons transferred, 	 is the scan
rate, A the electrode area, and R, T, and F have their usual
meaning (Bard and Faulkner, 1980). Equation 1 predicts
that a monolayer of Ifc3 would give rise to clearly visible
noncatalytic waves due to two-electron oxidation and re-
duction of the active site flavin; this is also the case when
the apparent n value is greater than 1, as described below
(Heering et al., 1997). Close examination of voltammetry
recorded in the absence of fumarate (Fig. 3 A) provided no
evidence for a noncatalytic response, indicating electroac-
tive coverage is substantially submonolayer. In control ex-
periments, electrodes incubated overnight in 10 �M Ifc3,
rinsed, and placed in 2 mM fumarate solutions showed no

FIGURE 2 (A) Cyclic voltammograms of a gold electrode in 2 mM
fumarate before (dotted line) and after (solid line) adsorption of Ifc3. (B)
Catalytic current derivatives with respect to applied potential of Ifc3

adsorbed on gold (dotted line) and PGE (solid line) electrodes in 2 mM
fumarate; the baseline-corrected derivative of the scan to increasingly
negative potentials is shown normalized at �173 mV. Experimental con-
ditions were scan rate 5 mV � s�1, 100 mM NaH2PO4, 100 mM NaCl, pH
7.5, 25°C.

FIGURE 3 (A) Cyclic voltammograms of thiolated Ifc3 chemisorbed on
a gold electrode in 0 mM (dotted line) and 2 mM (solid line) fumarate,
electrode rotation speed 2200 rpm. (B) Normalized catalytic current deriv-
atives of thiolated Ifc3 chemisorbed on gold with electrode rotation at 2200
rpm (solid line) and Ifc3 adsorbed on gold at 0 rpm (dotted line). Experi-
mental conditions as in Fig. 2.
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evidence of catalytic activity, and SPDP-derivatized elec-
trodes showed no evidence for Faradaic currents in the
potential range of interest.

By comparison with the behavior of alkane disulfides on
gold (Nuzzo et al., 1987), the enhanced stability of the
response from gold electrodes exposed to 2-pyridyl disul-
fide-Ifc3 most likely results from covalent coupling of the
protein and electrode (Fig. 1). Thiolated Ifc3 is immobilized,
accompanied by 2-pyridyl sulfide (Ferretti, S., S. Paynter,
D. J. Richardson, D. A. Russell, and K. E. Sapsford, sub-
mitted for publication) a molecule structurally similar to the
promoters frequently used to derivatize gold electrodes for
direct protein electrochemistry (Allen et al., 1984). As an-
ticipated from the voltammetric behavior of Ifc3 at “bare”
gold electrodes, in this instance 2-pyridyl sulfide is not
required to stabilize the protein film. Treating 2-pyridyl
disulfide-Ifc3 with dithiothreitol followed by removal of
pyridine 2-thione by gel filtration results in thiol modified-
Ifc3, which forms electroactive films with comparable elec-
trochemistry and stability to those prepared from 2-pyridyl
disulfide-Ifc3. Electrodes exposed to 2-pyridyl disulfide-Ifc3

overnight and subsequently kept in buffer-electrolyte at
room temperature lost �60% of their activity in the first 6 h
after preparation and a further 10% of activity was lost
during the next 18 h. This loss of signal amplitude was not
anticipated but may be a consequence of the dissociation of
noncovalently bound FAD from the protein. Loss of the
enzyme’s FAD occurs during voltammetry of Ifc3 solutions
giving rise to a sharp wavepair (�261 mV, pH 7.5) from
FAD adsorbed on the electrode surface. Aside from the loss
of signal amplitude, the voltammetric response of the thio-
lated Ifc3 gold electrodes showed no detectable changes
over time. Thus, no additional electroactive species contrib-
uted to the responses recorded during these experiments.

The response of Ifc3 to variation in fumarate concentra-
tion was determined by cyclic voltammetry with electrode
rotation rates above 1800 rpm, where the catalytic current
was found to be independent of rotation rate and the form of
the voltammograms consistent with a steady-state catalytic
response. After subtraction of voltammograms recorded in 0
mM fumarate, current magnitudes were calculated at �400
mV, where it was considered that the catalytic current had
reached a limiting value. Extending the voltammograms to
lower potentials resulted in the rapid onset of large reduc-
tion currents. This phenomenon, which was not related to
the presence of Ifc3, was enhanced on addition of fumarate
and manifested itself in the failure of the di/dE plots to reach
zero at the low potential extreme of the voltammetric sweep
(Figs. 2, 3, and 5).

Fumarate titrations performed on electrodes prepared up
to 6 h previously were corrected for loss of signal amplitude
by measuring voltammograms in 2 mM fumarate at regular
intervals, while titrations performed 10 or more hours after
electrode preparation could be completed without signifi-
cant signal loss. Comparable results were obtained by either

method and a typical result is shown in Fig. 4. For an
immobilized enzyme undergoing electrocatalysis unlimited
by rates of interfacial electron transfer or substrate mass
transport, the limiting catalytic current observed at the most
negative potentials is determined by the intrinsic properties
of the enzyme. Using the Michaelis-Menten description of
enzyme kinetics to write an expression for the magnitude of
the catalytic current analogous to the solution velocity de-
scription of enzyme kinetics gives

icat �
imaxCfumarate

Cfumarate 
 KM
(2)

where icat is the catalytic current magnitude at a given
fumarate concentration, Cfumarate, KM is the Michaelis con-
stant of adsorbed enzyme, and imax the current magnitude
when Cfumarate greatly exceeds KM. If interfacial electron
transfer rates are lower than the turnover number of enzyme,
icat will reflect the slower process and the observed KM will
lie below the true KM. The experimental data fit well to Eq.
2, yielding KM � 56 � 20 �M, in good agreement with the
value of 36 � 20 �M determined in solution assays using
methyl viologen as the electron donor. Thus, the activity of
the immobilized enzyme is comparable to that of the protein
in solution. Moreover, the assumption is validated that at
most negative potentials enzyme turnover is not limited by
rates of interfacial electron exchange.

As illustrated by the catalytic current derivative in Fig. 5
(dotted line) the voltammetric response in 55 �M fumarate
is composed of one feature centered at Emax � �205 mV.
On increasing the fumarate concentration two major
changes occur. The catalytic wave becomes displaced to
increasingly positive potentials, Fig. 5, inset, and at fuma-
rate concentrations above 145 �M a second, broader feature

FIGURE 4 Variation of the catalytic current magnitude with fumarate
concentration for thiolated Ifc3 chemisorbed on a gold electrode, rotation
rate 2200 rpm. The solid line shows a fit to the Michaelis-Menten descrip-
tion of enzyme kinetics with KM � 55 �M and imax � 0.659 �A.
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centered around �290 mV becomes increasingly apparent
(Fig. 5, solid line). At 2 mM fumarate the low potential
component of the catalytic wave contributes �35% of icat,
as illustrated in Figs. 2 and 3. The steepness of the catalytic
wave in cyclic voltammograms contains information on the
number of electrons transferred in the rate-determining
event in catalysis (Heering et al., 1997, 1998; Bard and
Faulkner, 1980). This information is readily extracted from
the half-height width, �1/2, of the catalytic current derivative
since

�1/2 � 3.53 RT/nappF (3)

Integer values will be obtained for the apparent n value,
napp, in the case of ideal electron transfer reactions, while
non-integer values will reflect the presence of nonidealities
such as coupled reactions.

Examination of the catalytic current derivative of Ifc3 at
fumarate concentrations below 145 �M reveals that where
both flanks of the wave can be clearly resolved they are
symmetrical. Superposition of normalized, theoretical
waveshapes for the catalytic current derivatives of n � 1
and n � 2 processes (Heering et al., 1997) on the experi-
mental results showed that for Ifc3, 1 � napp � 2. Quanti-
tative analysis was performed on the high-potential flank of
the derivative to minimize broadening introduced by failure
of the derivative to reach zero toward more negative poten-

tials. The half-height width of the high-potential flank was
doubled to give �1/2 yielding a value of napp � 1.25 (the
maximum deviation from the average of over 20 determi-
nations was �0.1). No broadening of this component of the
catalytic wave could be detected over the entire range of
fumarate concentrations investigated. The lower potential
component of the catalytic response was analyzed in deriv-
atives obtained at fumarate concentrations of 2 mM or
above where this feature was most pronounced. For sim-
plicity it was considered that the derivative consisted of two
components whose sum produced the observed response.
Addition of an napp � 1 wave centered on �290 mV to that
of the napp � 1.25 wave (in ratio 0.4:1 at 2 mM fumarate)
reproduced well the main features of the derivative. It was
noted that this procedure always underestimated the mag-
nitude of the derivative below �300 mV and between �200
and �240 mV, but due to the uncertain nature of the
background contributions a more stringent fitting of the data
was considered unwarranted.

An interesting comparison can be made between the
observations made with Ifc3 and the predictions of Heering
et al. for the shape and position of the catalytic waveform
arising from an immobilized enzyme array undergoing
steady-state catalysis under various limiting conditions
(Heering et al., 1998). Displacement of the major, high-
potential component of the catalytic wave to increasingly
positive potentials with increasing substrate concentration is
consistent with neither mass transport nor interfacial elec-
tron transfer being rate-limiting steps. Rather, intrinsic en-
zyme kinetics determine the form of the voltammogram
whether electron exchange with the electrode is direct to the
catalytic site or via an intermediate redox cofactor (heme in
this case) followed by rapid intramolecular electron transfer
to the catalytic site. In either case the width of the wave
yields an apparent n value greater than one reflecting coop-
erativity of addition of the two electrons required to reduce
the catalytic FAD site. However, at fumarate concentrations
10-fold above KM the displacement of the catalytic response
is less than the limiting magnitude for an n � 2 process,

59/n mV per log Cfumarate at 25°C (Heering et al., 1998).
This suggests the interesting possibility that at high fuma-
rate concentrations the rate of electron delivery to FAD by
the high-potential pathway becomes slow relative to the rate
of substrate turnover at the active site. To compensate for
this, electron delivery to the active site is boosted below
�240 mV, producing the second feature in the voltammet-
ric response and ensuring that the full catalytic potential of
the enzyme is realized. Since the lower potential, n � 1,
component of the catalytic wave is centered around �290
mV, this implicates the lowest potential heme of Ifc3, Em �
�259 mV (Dobbin et al., 1999), as having a defining role in
the rate of fumarate reduction under conditions of high
turnover rates at pH 7.5.

FIGURE 5 Catalytic current derivatives of thiolated Ifc3 chemisorbed on
a gold electrode in 55 �M (dotted line) and 2.49 mM (solid line) fumarate.
To compensate for the relatively high signal-to-noise in the voltammogram
recorded at 55 �M fumarate, voltammograms for both fumarate concen-
trations have been smoothed by fast Fourier transform. Inset: The influence
of fumarate concentration on the position of the high potential maximum,
Emax (mV), in the catalytic current derivative. Electrode rotation rate 2000
rpm; all other conditions as in Fig. 2.
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DISCUSSION

Bifunctional reagents such as SPDP represent a convenient
method with which to introduce immobilization sites onto
protein surfaces. They permit rapid assessment of the fea-
sibility of immobilizing proteins as electroactive arrays
before performing more site-specific methods for introduc-
ing immobilization loci, such as by genetic engineering
(Wood et al., 1997; Firestone et al., 1996; Vigmond et al.,
1994). A wide variety of bifunctional reagents are available
for introducing thiol/disulfide labels onto proteins (King et
al., 1978; Wilchek and Miron, 1972; Perham and Thomas,
1971) and for proteins exhibiting direct electron exchange
with gold or modified gold electrodes, these present a gen-
eral method for stabilizing the protein-electrode interface by
covalent gold-sulfur linkage.

SPDP protein labeling is most likely to occur in a random
manner. Thus, despite the presence of one or two 2-pyridyl
disulfide moieties per Ifc3, the adsorbed array used in these
studies is anticipated to contain a range of protein orienta-
tions of which only some are suitable for direct electron
exchange with the electrode. Indeed, 2-pyridyl disulfide-
Ifc3 was consistently found to immobilize as a submono-
layer of electroactive material, and while this prevented
direct determination of the reduction potentials of the im-
mobilized protein there were no other discernible disadvan-
tages of random derivatization. It is unlikely that the fea-
tures observed in the electrocatalytic response at high
fumarate concentrations arise from distinct populations of
immobilized enzyme, since their relative magnitude was
identical at PGE and gold electrodes, materials which
present very different surfaces for protein adsorption.

Information on the mechanism of fumarate reduction by
Ifc3 is contained in the voltammetric waveform whose com-
plexity reflects modulation of the enzyme’s catalytic activ-
ity in response to applied potential. Of particular note is the
presence of two features in the catalytic wave obtained at
fumarate concentrations greater than 2 � KM. Voltammetry
of another multicentered fumarate reductase, FrdAB of E.
coli, shows similar behavior to that reported here and has
been proposed to arise from the operation of parallel in-
tramolecular electron transfer pathways (Heering et al.,
1997). Iron-sulfur centers 1 and 3 with reduction potentials
around �50 mV relay electrons to the active site via a low
driving force route compared to relay via iron-sulfur center
2 with a reduction potential ��300 mV. By possessing
multiple or bifurcated electron transfer pathways, enzymes
that perform cooperative n � 2 electron transformations are
provided a means with which to couple electron transfer to
their n� 1 redox cofactors and the arrangement of hemes in
Nitrosomonas europaea hydroxylamine oxidoreductase
(Igarashi et al., 1997) supports the validity of this strategy.
Two multiheme pathways leave the active site and are
proposed to partition the four electrons released in hydrox-
ylamine oxidation to two distinct outlet sites, for utilization

by either cytochrome c oxidase or ammonia monooxygen-
ase.

The high potential pathway for electron delivery to the
active site of Ifc3 shows cooperative two-electron reduction
of FAD consistent with the results from EPR monitored
potentiometric titrations, which provided no evidence for
the existence of a stable flavin semiquinone (Dobbin et al.,
1999). Whether this pathway consists only of protein matrix
or includes the heme centers has not been resolved by this
work. However, at fumarate concentrations twofold greater
than KM reduction of the lowest potential heme clearly
boosts the rate of fumarate reduction. It is unlikely that
modulation of the lowest potential heme’s oxidation state
influences fumarate reduction through a change in the level
of protonation of the protein, since this would lead to a
two-component wave at all fumarate concentrations. Com-
munication between the cofactors of Ifc3 could lead to the
redox state of the lowest potential heme regulating electron
flux through the high potential pathway. However, by anal-
ogy with E. coli FrdAB (Heering et al., 1997) and hydrox-
ylamine oxidoreductase (Igarashi et al., 1997), we favor an
alternative interpretation in which the lowest potential heme
relays electrons to the catalytic site by a pathway distinct
from that already being utilized with a lower driving force
at more positive potentials (Fig. 6). Whether the dual elec-
tron transfer pathways operate in parallel or converge to
form a bifurcated system funneling electrons to the active
site, their combination ensures that electron delivery to the
active site is always rapid relative to the active site’s rate of

FIGURE 6 Schematic illustration of the dual electron transfer pathways
(proposed to operate) during fumarate reduction by Ifc3 immobilized on an
electrode surface. The lowest potential heme (shaded) is shown acting as
a one-electron relay and the involvement of all four hemes in electron
delivery to the active site is implied; see text. In a bifurcated pathway (solid
lines) the lowest potential heme must lie upstream of the convergence
point. The broken line indicates a route for electron transfer from the
lowest potential heme to the active site by a pathway parallel to that
operating at lower driving force.
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substrate transformation. In vivo, Ifc3 most probably receives
electrons derived from the cytoplasmic membrane entrapped
quinol pool via the membrane-anchored cytochrome CymA
(Dobbin et al., 1999; Field, S. J., P. S. Dobbin, M. R. Chees-
man, A. J. Thomson, and D. J. Richardson, submitted for
publication). This protein contains hemes with reduction po-
tentials of 
10, �108, �136, and �229 mV (pH 7.5) sug-
gesting that the lowest potential heme of Ifc3 could be reduced
under physiological conditions.

By resolving enzyme activity in the potential domain,
direct electrochemistry of Ifc3 has provided kinetic evidence
for the operation of dual electron transfer pathways through
the protein. Whether these pathways operate in parallel or
converge to form a bifurcated system cannot be resolved
from the voltammetric data alone. However, together with
the recently available structure of Ifc3 (Bamford et al.,
1999b) which shows two heme “arms” converging to the
active site, it is proposed that a bifurcated electron transfer
pathway operates within Ifc3.
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