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We have carried out cyclic voltammetry measurements on a
fully active adsorbed enzyme at scan rates exceeding 100 V s-1,
fast enough to outrun the catalytic cycle and examine electron
transfers within the enzyme-substrate complex. The studies have
been made with a soluble fumarate reductase called flavocyto-
chromec3 (Fcc3), MW 64 kDa, isolated from the marine bacterium
Shewanella frigidimarinaNCIMB400.1 Flavocytochromec3, the
structure2 of which is shown in Figure 1, contains fourc-type
hemes and a single noncovalently bound FAD which is in the
active site. We showed previously3 that Fcc3 displays excellent
voltammetry when adsorbed at a pyrolytic graphite “edge” (PGE)
electrode: the cooperative two-electron signal due to the FAD
was easily observable above the underlying one-electron signals
of the hemes, since for an adsorbed redox couple cooperatively
transferringn electrons, the theoretical half-height peak width,
δ, is 86/n mV (10 °C), and the peak height varies withn2.4 (By
contrast, the electronic spectrum of the FAD is obscured by
intense transitions from the hemes.) This led us to predict, as we
now show, that we could exploit fast scan voltammetry to study
the FAD during catalysis.

Catalytic and fast scan protein film voltammetry (PFV) was
carried out as described in recent articles.5-7 Figure 2 shows cyclic
voltammograms measured over 4 orders of magnitude in scan
rate, either in the absence or presence of fumarate at pH 7 and
10 °C.8 At slow scan rates, the “no-substrate” voltammograms
can be deconvoluted in terms of contributions from four hemes
(each one electron) and the FAD, which undergoes a cooperative
two-electron transfer at E°′ ) -143 mV vs SHE.3 On the basis
of a six-electron exchange, typical enzyme coverages on the
electrode are (8-9) × 10-12 mol cm-2 (approximately equivalent

to a monolayer on a hypothetical flat electrode). As the scan rate
is increased, the essential features remain, and even at 82 V s-1,
the FAD is still visible as a prominent two-electron component.
At 100 V s-1 it becomes unresolvable above the underlying
component due to the four hemes: this may indicate the onset of
kinetic resolution of separated one-electron steps (so that the signal
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Figure 1. A view of Fcc3 showing the van der Waals surface in
translucent gray. The four hemes and the FAD are indicated.

Figure 2. Cyclic voltammograms of Fcc3 adsorbed on a PGE electrode,
at various scan rates, all at pH 7, 10°C and commenced from an oxidative
poise. Top row shows voltammograms of enzyme without substrate in
the solution, and arrows on first example give direction of cycle. Bottom
row shows voltammograms in the presence of 420µM fumarate: those
at 10 mV s-1 and 1 V s-1 have been measured with electrode rotating at
high frequency (1500 rpm) to maintain substrate transport to the electrode
surface10 (increasing the rotation rate further did not increase the catalytic
current). With the exception of those in the presence of fumarate at 10
mV s-1 and 1 V s-1, voltammograms displayed no rotation rate de-
pendence and have been baseline corrected for non-Faradaic current (see
ref 5c).
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is no longer distinguishable) or that electrons are unable to reach
the FAD in the period of the cycle. On the latter note, the peak
area (normalized with respect to scan rate) decreases by only about
25% as the scan rate is increased from 1 mV s-1 to 100 V s-1,
compared to 33% if the FAD no longer contributes.9 The
voltammograms are not affected by whether the cycle is com-
menced from an oxidative (0.242 V vs SHE) or a reductive poise
(-0.658 V vs SHE).

In the presence of fumarate, cycling at slow scan rates produces
a steady-state catalytic wave. Analysis5a of the fumarate concen-
tration dependence for currents measured with a rotating disk
electrode10 yields Michaelis parameterskcat ) 120 s-1 andKm )
26 µM at 10 °C, which agree well with values (kcat ) 151 s-1

and Km ) 21 µM) obtained under the same conditions by a
conventional solution assay3 with methyl viologen as electron
donor. The catalytic activity of the enzyme is thus unaffected by
confinement on the electrode. As the scan rate is increased, the
sigmoidal waveform converts to peak-like signals similar to those
obtained in the absence of substrate. This shows that electrons
are “re-called” to the electrode before they can be passed to the
substrate, that is, the catalytic cycle is outrun. The fumarate
concentration, 420µM, is well aboveKM so that 94% of the active
sites are occupied by substrate; yet the shape of the voltammogram
is very similar to that obtained in its absence, and once again, at
82 V s-1 the FAD is still detectable above the heme envelope.

Figure 3 shows how the FAD oxidative and reductive peak
positions vary with scan rate in the presence and absence of
fumarate. These “trumpet-shaped” plots contain information on
many aspects of electron transfer, such as the thermodynamics,
kinetics, and time scale of coupled reactions.6a-c In the absence
of fumarate, data are definable from the slowest rates (10 mV
s-1) until the FAD becomes unresolved (above 100 V s-1). The
symmetry of the plots shows that there are no complications due
to rate-limiting chemical processes in any particular direction.6a

Analysis according to the Butler-Volmer model4,11 shows that

the FAD must be reduced and reoxidized with two-electron
kinetics that are equivalent to a standard electrochemical rate
constant of 375 s-1. In the presence of fumarate, the plot cannot
start until a scan rate is reached that is fast enough to outrun
catalysis.12 The results reveal that the FAD reduction potential
does not shift significantly in the presence of fumarate; further-
more, the data, which now correspond to the FAD “trapped” in
the ES complex, liewithin the plot for enzyme alone and show
that the interfacial or intramolecular electron-transfer rates are
measurably higher (550 s-1) in the enzyme-substrate complex.

The observation of signals from an active site at such high
scan rates is so far unprecedented for an enzyme on an electrode
and raises the question of why flavocytochromec3 is so
electroactive. We do not know how the enzyme molecules are
oriented on the electrode or indeed how much lateral or rotational
motion they retain. However, referring to Figure 1, the FAD is
quite centrally buried, and there is only a low probability of its
undergoing direct electron exchange with the electrode.13 By
contrast, the four heme groups provide a 40 Å long wire running
close to the surface of the protein and down to the active site.14

Aside from the obvious need for fast electron transfer, which is
very likely to be achieved through this heme relay, it is also
important for the catalytic center to possess two-electron coop-
erativity so that its signal is clearly observed and distinguished.
Such criteria are likely to be fulfilled with many metalloflavoen-
zymes.

These experiments allow us easily to isolate and examine the
various electron-transfer (ET) processes in the catalytic cycle. ET
to and from the FAD cannot be rate-determining because turnover
is outrun at scan rates lower than those at which the FAD
component disappears. The fact that signals at high scan rate have
the same shape and size irrespective of the presence of substrate
shows also that two additional electrons do not flow in and out
of the bound substrate as would be expected if product dissociation
was rate-limiting. The observation that the FAD signal retains
its essential symmetry and is unshifted in potential in the presence
of fumarate shows that substrate binding is not delayed until the
FAD is reduced. By elimination, the rate-determining step must
lie within the stage in which reducing equivalents are transferred
from reduced FAD to substrate.

This type of experiment suggests new opportunities for studying
mechanisms of electron-transport enzymes, namely the ability to
“trap” and examinetransientspecies by electrochemical rather
than spectroscopic methods. It thus becomes feasible to determine,
directly, reaction coordinates for catalytic electron transport in
these complex systems.
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Figure 3. Voltammetric peak positions as a function of scan rate for
Fcc3 at pH 7, 10°C. Symbols represent: (9), (2) reductive and oxidative
peaks respectively, in theabsenceof fumarate; (0), (4) reductive and
oxidative peaks in thepresenceof 420 µM fumarate. At slowest scan
rates, there is an uncertainty in peak position of 1-2 mV, whereas at
highest rates the uncertainty is 5-7 mV. Arrow indicates slowest scan
rate (14 V s-1) at which peaks should become visible12 based on a model
assumingkcat is the rate of transfer of reducing equivalents from FAD to
substrate. It employs a finite difference calculation to predict voltam-
mograms based on the parameterskcat ) 120 s-1, k0 ) 500 s-1 (Butler-
Volmer electrochemical rate constant), andnapp ) 1.6 (see ref 3).
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