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ABSTRACT
The heme protein cytochrome c acts as an electron carrier at the
mitochondrial-membrane interface and thus exerts its function
under the influence of strong electric fields. To assess possible
consequences of electric fields on the redox processes of cyto-
chrome c, the protein can be immobilized to self-assembled
monolayers on electrodes and studied by surface-enhanced reso-
nance Raman spectroscopy. Such model systems may mimic some
essential features of biological interfaces including local electric
field strengths. It is shown that physiologically relevant electric field
strengths can effectively modulate the electron-transfer dynamics
and induce conformational transitions.

Introduction
Most of the natural reactions of redox proteins occur at
or in membranes under conditions that are distinctly
different from those in solution. First, mobilities of the
proteins are strongly restricted either for integral proteins
because of embedment into the lipid bilayer or, for soluble
ones, because of binding to the membrane surface or to
the solvent-exposed part of the membrane-bound reaction
partners. Second, dielectric constants along the electron
transfer (ET) pathway may vary substantially. Third,
different ion concentrations on both sides of the mem-
brane generate a potential drop across the membrane,
which as well as the inhomogeneous charge distribution
within the lipid bilayer and the integral proteins, can lead
to very high electric field strengths at the binding domains

of the reacting proteins (Figure 1).1 Such field strengths
that can reach values up to 109 V/m may have a pro-
nounced effect on the dynamics of charge-transfer pro-
cesses and the structures of the proteins, which can result
in reaction mechanisms that differ from those in solution.

To address these questions, new approaches are re-
quired that are capable of probing reactions and structural
properties of proteins at interfaces. In this respect, elec-
trochemical interfaces represent convenient model sys-
tems because they can mimic the charge distribution of
the membrane/solution interface specifically upon ap-
propriate coating of the electrodes. Processes of proteins
immobilized on coated electrodes can be studied by
electrochemical techniques whose performance has been
substantially improved such that it is possible to analyze
thermodynamics and dynamics of the redox reactions of
protein monolayers.2,3 However, electrochemical methods
do not provide structural information about the species
involved and thus allow only indirect conclusions about
the possible coupling of Faradaic and non-Faradaic
processes. As a powerful alternative, surface-enhanced
resonance Raman (SERR) spectroscopy can be employed.
This technique takes advantage of the molecular reso-
nance Raman (RR) and the surface-enhanced Raman
(SER) effects such that, upon appropriate choice of the
excitation line, it is possible to probe selectively the
vibrational spectra of the prosthetic group solely of the
immobilized protein, and thus, it affords detailed infor-
mation on the redox site structure.4 SERR spectroscopy
can be performed in the stationary5 and, by combination
with the potential-jump technique, in the time-resolved
(TR) mode6,7 such that equilibria and kinetics of potential-
dependent interfacial processes can be monitored based
on the characteristic vibrational signatures of the species
involved.
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FIGURE 1. Schematic representation of the potential distribution
across a lipid bilayer.
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Most of the SERR spectroscopic work has been carried
out with cytochrome c (Cyt c), because structural and
dynamic properties of this water-soluble heme protein are
known in great detail.8 Cyt c is an electron carrier in
aerobic respiration transferring electrons from cytochrome
c reductase to cytochrome c oxidase (CcO), where the
electrons are utilized to reduce oxygen to water. The
reaction partners of Cyt c are membrane-bound enzyme
complexes integrated in the mitochondrial membrane in
close vicinity to each other, such that Cyt c most likely
migrates between both reaction sites via lateral diffusion
along the membrane surface. Thus, it lives and works in
the membrane/solution interface. Consequently, a de-
tailed investigation of the ET of Cyt c at model interfaces
may contribute to a better understanding of the natural
redox process of this protein in particular and, possibly,
to identify the parameters governing interfacial charge-
transfer processes in general.

Immobilization Strategies
The exposed heme edge of Cyt c is enclosed by a ring-
shaped arrangement of seven lysine residues that are
positively charged at pH 7.9 Because of the asymmetric
distribution of basic and acid residues, the protein exhibits
a large dipole moment with its positive end pointing
through the center of the ring of lysines.10 This part of
the protein surface constitutes the binding domain for
interacting with the (anionic) docking sites of natural
partner proteins as well as with negatively charged
surfaces in general.9,11,12 Hence, immobilization of Cyt c
can preferentially be achieved via electrostatic forces if
the electrode surface is negatively charged.

At potentials above the potential of zero charge (Epzc;
ca. -0.9 V versus Ag/AgCl), the Ag electrode carries a
positive charge, which however, is generally overcompen-
sated by specifically adsorbed anions (e.g., sulfate), form-
ing a negatively charged layer to which Cyt c is ad-
sorbed.5,6,13,14 Alternatively, the metal surface can be coated
by self-assembled monolayers (SAM) of ω-functionalized
alkanethiols carrying charged headgroups such as car-
boxylate (CO2-SAM)15-20 or phosphonate groups (PO3-
SAM) (Figure 2).21 This approach is particularly interesting
because it allows varying the charge density of the
monolayer surface and the separation of the bound
protein from the electrode. Furthermore, SAMs provide
biocompatible surfaces because they avoid irreversible
structural changes of the immobilized protein (denatur-
ation), which slowly but inevitably occur upon direct
adsorption to the bare (anion-coated) Ag electrode.14 In
this sense, SAM-coated electrodes can also be considered
as simple models for biomembranes because they mimic
important features of lipid layers such as the hydrophobic
core and the charged headgroups.

The positively charged lysines around the heme edge
ensure that Cyt c binds to anionic SAMs via the front
surface of the protein. Because not all of these lysine
residues can simultaneously interact with anionic head-
groups, various slightly different orientations of the im-
mobilized protein are possible. However, analysis of the
ET kinetics by TR SERR spectroscopy15, as well as the ideal
Nernstian behavior16, indicates that at potentials > ca.
-0.05 V Cyt c adopts a largely uniform orientation that is
favorable for a rapid ET. Evidently, this preferential
configuration is established because of the orientation of
the large molecule dipole moment in the interfacial

FIGURE 2. Different modes of Cyt c immobilization using SAMs of bifunctional alkanethiols with (A) anionic phosphonate (PO3-SAM) or
carboxylate headgroups (CO2-SAM) for electrostatic binding via surface lysines (blue), (B) carboxylate headgroups to be cross-linked to
amino groups of the lysine residues for covalent binding, (C) methyl headgroups (CH3-SAM) for hydrophobic binding via the peptide segment
81-85 (yellow), and (D) pyridinyl headgroups (Py-SAM) for coordinative binding to the heme (red).
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electric field. As the field strength decreases upon ap-
proaching Epzc, the orientational distribution of the im-
mobilized protein becomes heterogeneous at potentials
< -0.05 V.15,21

The ring-shape arrangement of the lysines in the
binding domain encloses a hydrophobic patch involving
the peptide segment 81-85 that is located above the heme
plane, i.e., on the side of axial Met-80 ligand. Evidence
has been provided that hydrophobic interactions in the
electrostatically stabilized complex of Cyt c with CcO are
essential for the natural redox process.22 To explore the
role of hydrophobic interactions, SAMs of methyl-termi-
nated alkanethiols (CH3-SAM) can be formed to which
Cyt c is immobilized via the peptide segment 81-85 that
may partially penetrate into the hydrophobic monolayer.23

Alternative approaches to immobilize Cyt c are based on
the formation of covalent or coordinative bonds. Covalent
attachment is achieved by cross-linking reagents that
afford the formation of amide bonds between the amino
side functions of the lysines on the protein surface and
the carboxyl headgroups of CO2-SAMs.17 A coordinative
bond to the heme iron is formed when Cyt c interacts with
SAMs carrying N ligands as headgroups, like pyridinyl-
terminated alkanethiols (Py-SAM).24,25 These residues can
effectively replace the natural Met-80 ligand and thus
constitute a direct molecular wire from the redox center
to the metal electrode.

Interfacial Electric Fields
A simple electrostatic model (Figure 3) has been developed
for estimating the potential drops across the electrode/
SAM/protein interfaces and thus the electric field strength
experienced by the immobilized Cyt c.16,26,27 Despite the
underlying approximation involved, the model provides
a consistent description of experimentally accessible
parameters such as the charge densities on the SAM
surface (σc) and at the redox site (σRC), as well as the
potential drop at the redox site |ERC|, which increases with

SAM thickness dc.16 The electric field strength EF at the
protein-binding site depends on these parameters ac-
cording to

where κ is the inverse Debye length and εs and εc denote
the dielectric constants of the solution and the SAM,
respectively. For CO2-SAMs, the electric field strength at
the Cyt c-binding site is in the order of 109 V m-1,16 which
is comparable to that estimated for biological membranes
in the vicinity of charged lipid headgroups.1 Higher field
strengths are predicted for PO3-SAM and sulfate mono-
layers for which |σc| is distinctly larger, whereas the field
strength is strongly reduced in the case of hydrophobic
headgroups (σc ) 0 C/m2).

Structural Changes of the Immobilized Protein
Immobilization of Cyt c on coated Ag electrodes may lead
to reversible structural changes that include the heme
coordination pattern. Specifically, the Met-80 ligand is
removed from the sixth coordination site, which remains
either vacant (five-coordinated high spin, 5cHS) or is
occupied by a His (six-coordinated low spin, 6cLS) or,
particularly, at pH < 7, by a water molecule.13,14,16 Changes
of spin and coordination configuration as well as the
oxidation state give rise to frequency shifts and intensity
variations in the SERR spectra specifically in the marker
band region, thereby constituting characteristic finger-
prints for each species (Figure 4).28

The species that lack the Met-80 ligand are denoted as
the B2 state, in distinction to the B1 state in which the
native structure of Cyt c is fully preserved. The reaction
scheme for the conformational transitions between B1 and
B2, as well as between the B2 substates (Figure 5), holds
for electrostatic and hydrophobic binding to electrodes
and, moreover, to model systems in solution such as
phospholipid vesicles or micelles. However, conforma-
tional equilibria and evidently the mechanisms of the
conformational changes are different for electrostatic and
hydrophobic binding. Upon electrostatic binding, salt
bridges between lysine residues in the binding domain
and the anionic groups on the coated electrode, together
with the interfacial electric field, cause a destabilization
of the heme crevice, which eventually leads to the dis-
sociation of the Met-80 bond from the heme iron. On the
other hand, hydrophobic interactions between methyl
headgroups of the SAM and the hydrophobic patch close
to the exposed heme edge may induce a displacement of
the peptide segment 81-85 away from the heme such that
it partially penetrates into the monolayer.23 Such a dis-
placement would immediately affect the coordinative
bond of Met-80 that is directly linked to this segment. After
the dissociation of the Fe-Met bond, a His residue can
bind to the heme, specifically in the oxidized form.

On the basis of a thorough comparative analysis using
a variety of spectroscopic techniques, it was concluded
that this His is the same His (His-33 or His-26) that

FIGURE 3. Schematic representation of the potential distribution
at the Ag/SAM/Cyt c/solution interfaces.

EF(dc) )
ε0εsκERC - σc - σRC

ε0εc
(1)
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coordinates to the heme iron during unfolding and folding
processes of Cyt c, where the bisHis-coordinated (ferric)
complex forms a kinetic trap.28,29 Furthermore, it was
found that the formation of B2 does not involve notable
changes in the secondary structure but is associated with
alterations of tertiary structure, which involve the move-
ment of the peptide segment 30(20) - 49 to bring His-33
(His-26) in proximity to the heme.28

In contrast to the reversible B1 f B2 transition, specific
immobilization conditions may lead to slow and irrevers-
ible structural changes of ferric Cyt c presumably associ-
ated with the replacement of the His-18 ligand of the
heme. This denaturation process may interfere with the
B2/B1 equilibrium when Cyt c is immobilized on CH3-
SAMs23 or on sulfate monolayers at potentials > 0.15 V.14

Conformational and Redox Equilibria
When Cyt c is adsorbed on a bare (sulfate-coated) Ag
electrode, all B1 and B2 species are populated to such an
extent that allows for the determination of the redox
potentials for all three redox couples.14 The Nernstian plots
derived from the analyses of the potential-dependent
SERR spectra reveal a nearly ideal behavior with redox
potentials of 0.064, -0.38, and -0.34 V for the B1, B2-
[6cLS], and B2[5cHS] couples, respectively. The redox
potential of B1 is very similar to the value in solution (0.06
V),8 which is in line with the structural identity of B1 and
the protein in solution. The same redox potential was
found for B1 on CO2-SAMs taking into account the dc-
dependent interfacial potential drop.16 The negative shifts
in the redox potentials of the B2 species can be rational-
ized in terms of the change of the ligation pattern and
the heme-pocket structure.5,14

In contrast to electrostatic adsorption, covalently at-
tached Cyt c (B1) displays a nonideal electrochemical
behavior.17 Most likely, the cross-linking reactions involve
various lysine residues leading to a distribution of orienta-
tions that may also include electrochemically less active
or inactive species.

For Cyt c immobilized on Py-SAM electrodes, the SERR
spectroscopic analysis indicates that the immobilized
protein forms a potential-dependent coordination equi-
librium, which is dominated by the Py-coordinated 6cLS
configuration in the oxidized form and a 5cHS species in
the reduced form.24 SERR spectra and the redox potential
of the 6cLS couple (-0.24 V) are similar to the corre-
sponding data for Py-Cyt c complexes in solution. The
potential dependence of the coordination equilibrium is
consistent with the higher affinity of pyridine for the ferric
protein. Formation of the immobilized Py-Cyt c complex,
however, is only efficient when the pyridinyl-terminated
thiols are diluted in methyl-terminated thiols, implying
that additional hydrophobic interactions with the peptide
segment 81-85 are essential for stabilizing the complex.24

The reaction scheme in Figure 5 implies potential-
dependent conformational equilibria. On sulfate mono-
layers and PO3-SAM, B1[6cLS]red is the predominant form
at negative potentials, while at potentials above 0.05 V
oxidized B2 species prevail.14 When the fact that |σc| and
thus the electric field strength increase with increasing
potential is taken into account, one can rationalize the
potential dependence of the B2/B1 equilibrium as well
as the fact that high potentials (>0.15 V) on sulfate-coated
Ag eventually lead to irreversible structural changes for a
small fraction of the adsorbed molecules.14

Using CO2-SAMs of different chain lengths as ex-
pressed by the number of carbon atoms n, the electric
field dependence of the B2/B1 equilibrium can be ana-
lyzed quantitatively. For relatively long chain lengths (n
g 11), the adsorbed protein exists in the B1 state,
independent of the redox state and the applied potential.16

For n < 11 and electrode potentials of ca. 0.0 V, the
contribution of the B2 species steadily increases upon
decreasing n and thus with increasing electric field

FIGURE 4. SERR spectra of different oxidation, spin, and coordina-
tion states of Cyt c immobilized on a CO2-SAM measured with 413-
nm excitation. (A) B1[6cLS]red, (B) B1[6cLS]ox, (C) B2[5cHS]ox, and
(D) B2[6cLS]ox.

FIGURE 5. Reaction scheme of Cyt c bound to charged or
hydrophobic surfaces.
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strength (eq 1).16 Even larger portions of B2ox are found
on sulfate monolayers and PO3-SAM (Figure 6).21

According to eq 1, a decrease of the protein-surface
coverage lowers σRC and causes a concomitant increase
of σc. Because both quantities have opposite signs, an
increase of the electric field strength and thus an increase
of the B2ox/B1ox ratio is in fact observed at CO2-SAM (n
) 3) upon lowering the concentration of Cyt c.

When the experiments are carried out at potentials
distinctly lower than the redox potential of B1, the only
species that can be detected is the reduced form of B1
and no contributions of the reduced B2 are observed. This
finding can be rationalized based on the relative stabilities
of the coordinative bonds, which are higher for the Fe-
Met and Fe-His bonds in the ferrous and ferric forms,
respectively, and the decrease in electric field strength
with decreasing potential.15

Upon immobilization of Cyt c to hydrophobic CH3-
SAM,23 the B2/B1 equilibria do not depend on the chain
length of the alkanethiols for n > 2 because electric field
strengths are very small (σc ) 0) and a different mecha-
nism is operative for the formation of the B2 state. Only
on short coatings (n ) 2), a larger portion of the native
B1 state is found at potentials around ca. 0.0 V compared
to monolayers with longer chains, where B2ox prevails.
Evidently, a minimum chain length is required to accom-
modate the hydrophobic peptide segment 81-85 in the
monolayer as an essential step for the B2 formation and
possibly also for a largely uniform orientation. For longer
chain lengths, B2ox and B1red are the prevailing forms at
potentials above and below -0.2 V, respectively, whereas
B2red and B1ox cannot be detected at any potential. Thus,
for these systems, only the coupled redox /conformational
equilibria can be probed rather than pure redox pro-
cesses.23

Dynamics of the Interfacial Electron-Transfer
Reactions.
On CO2-SAMs and at high protein coverage, Cyt c exists
largely in the native B1 state and the contribution of the
conformational B2 state is negligibly small even at short
chain lengths and positive potentials.16,21 Under these
conditions, potential jumps induce only the ET reaction
between the adsorbed B1 and the electrode such that TR
SERR spectra probe a one-step relaxation process. The

quantitative analysis of the TR spectra that were measured
as a function of the delay time δ with respect to the
potential jump affords the ET rate constants. For potential
jumps to the redox potential corresponding to a driving
force of 0 electronvolt (eV), one obtains the formal
heterogeneous ET rate constant kET.

For B1 on CO2-SAMs, kET was determined as a function
of the chain length (Figure 7).18 For long-range ET in the
nonadiabatic regime, one expects an exponential increase
of kET with decreasing dc (or n) according to

where â is the tunneling parameter.30 The increase of kET

by a factor of ca. 600 from n ) 16 to 11 corresponds to A
) 1.45 × 1012 s-1 and â ) 1.28 Å-1 (eq 2).18 Both values
are in line with previous results for long-range ET of
different redox proteins in solution.31 This agreement,
albeit based on only two data points, indicates that at long
distances, corresponding to low electric field strengths,
the rate constants refer to an electron tunneling process.
However, at shorter distances, kET only slightly increases
to 134 s-1 at n ) 6 and remains essentially unchanged at
n ) 3 and 2.18 This deviation from the “normal” expo-
nential distance dependence indicates that at high electric
fields the rate-limiting step is no longer electron tunneling
but must be due to a different process.

ET at Low Electric Fields. The reorganization energy
λ of the ET reaction can be determined in the electron-
tunneling regime, i.e., at long SAM lengths. In one
approach, the driving force, corresponding to the over-
potential η ) Ef - E°, is systematically varied and the rate
constants kET(η) determined from the TR SERR experi-
ments are analyzed according to the semiclassical Marcus
theory32

FIGURE 6. Relative concentrations of B2ox of Cyt c on various
anionic surfaces as determined by SERR spectroscopy. Cn refers to
CO2-SAMs of n total carbon atoms.

FIGURE 7. Distance dependence of kET(0) (top) and the KIE (bottom)
for Cyt c (B1) electrostatically adsorbed on various SAM- and sulfate-
coated Ag electrodes. Cn refers to CO2-SAMs of n total carbon
atoms.

kET ) A exp(-dcâ) (2)
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where kET(0) refers to the rate constant at a driving force
of 0 eV (Figure 8). Equation 3 provides an excellent fit to
the experimental data with λ ) 0.22 eV.20 This value is in
good agreement with the results obtained from temper-
ature-dependent time-resolved and stationary SERR spec-
troscopic measurements.19

The reorganization energy of the electrostatically im-
mobilized Cyt c is distinctly lower than the value deter-
mined for the protein in solution (ca. 0.6 eV).33 This
decrease is primarily ascribed to the solvent reorganization
energy, which is lowered because of the (partial) exclusion
of water molecules from the binding domain. Further-
more, for the remaining solvent molecules in the electrical
double layer of the SAM/solvent interface that contribute
to the hydration shell of the immobilized protein, the
static dielectric constant is substantially smaller compared
to the bulk solution.19

ET at High Electric Fields. The nonexponential dis-
tance dependence of kET of Cyt c immobilized on short
CO2-SAMs (Figure 7) has also been observed in electro-
chemical experiments and debated controversially.18,19,25,34

In contrast to long chain lengths, the ET rate of Cyt c at
short CO2-SAM is independent of the overpotential
(Figure 8).19,21 Thus, the largely constant value for kET

determined for n e 6 18 cannot be taken as an indication
for a change from nonadiabatic to adiabatic regime as it
was suggested for Cyt c directly wired to the electrode via
Py-SAMs.25 Instead, for CO2-SAM with n e 6 or high
electric fields, a different process that is not ET becomes
rate-limiting.

In view of the viscosity dependence of kET in the
nonexponential regime (n < 11), this limiting step was
attributed to a reorientation of the immobilized protein.34

However, this explanation cannot account for the H/D
kinetic isotope effect (KIE) observed in TR SERR experi-
ments.18 It was found that the onset of the nonexponential
distance dependence is accompanied by a steadily in-
creasing KIE from 1.2 (n ) 6) to 4.0 (n ) 2), whereas in
the electron-tunneling regime (n g 11) kET(0) is the same
in H2O and D2O (Figure 7).18 Thus, the KIE on the
measured ET rate implies that the interfacial process
involves the transfer of proton(s), which becomes rate-
limiting at short distances.

On the other hand, an increase of the viscosity affects
the ET rate at values that are much larger than that of
D2O (1.2 cP), and a decrease of the ET rate by a factor of
4, corresponding to the KIE on CO2-SAM with n ) 2,
requires a viscosity as high as 1.7 cP.21 Thus, the results
indicate that the interfacial ET includes protein motion
and a proton transfer (PT) process. This PT may be
associated with redox-linked alterations of the hydrogen-
bonded interactions in the protein and in the protein/
SAM interface. In fact, the hydrogen-bond network in the
interior of Cyt c differs in the ferric and the ferrous form35

such that a rearrangement of the hydrogen bonds is an
essential part of the structural reorganization that is a
prerequisite for electron tunneling.

This PT becomes rate-limiting only under the specific
reaction conditions for Cyt c adsorbed at the electrode
interface, i.e., under the influence of strong electric fields,
because in solution, no KIE has been observed. A possible
explanation is that the activation energy for the PT steps
increases with the electric field strength, i.e., with a
decreasing thickness of the SAM. In fact, temperature-
dependent TR SERR measurements yield substantially
higher activation enthalpies for the redox process of Cyt
c at n ) 3 (24.2 and 34.3 kJ mol-1 in H2O and in D2O,
respectively) than at n ) 16 (13 kJ mol-1 in both sol-
vents).19 The ratio of the preexponential factors at n ) 3
is A(D2O)/A(H2O) ) 0.82, whereas ∆H° and ∆S° of the
entire redox process are largely independent of the electric
field and the solvent.19 The large difference in the activa-
tion enthalpies of 10.1 kJ/mol for n ) 3 cannot be
understood within the framework of semiclassical over-
the-barrier H/D transfer.18,19 Therefore, a quantum-me-
chanical-tunneling contribution for the PT process36 has
to be considered for the interfacial redox process of Cyt
c.

In D2O, the distance-dependence of kET at CO2-SAM
displays a maximum at n ) 6 in contrast to the rate
constant in H2O that remains largely unchanged for n e

6 (Figure 7).18 Evidently, the electric field strength at CO2-
SAMs that can be obtained even for n ) 2 is not
sufficiently strong to raise the energy barrier for the PT
step such that the kET decreases again. This decrease,
however, is observed for PO3-SAM (0.045 s-1),21 for which
the ET rate constant was found to be ca. 1000 times
smaller than the one for a carboxyl-terminated SAM of
similar length. Conversely, this low value as well as the
one for the sulfate-coated electrode (3.3 s-1)14 can be
understood based on an electric-field-dependent activa-
tion barrier for rate-limiting PT steps (Figure 9).

Hydrophobic SAM coatings represent the other extreme
case, i.e., very low electric fields. Although in such systems,
ET reactions are strongly coupled with conformational
transitions, it is at least possible to estimate the order of
magnitude of the ET rate constant that indicates a normal
exponential distance dependence at least down to n )
5.23

FIGURE 8. Overpotential dependence of kET for Cyt c (B1) bound
to CO2-SAM with n ) 16 (b) and n ) 2 (0). The solid line
represents a fit of eq 3 to the experimental data that were obtained
from TR SERR experiments.

kET(η) ) kET(0)

1 - erf
F(η + λ)

2xFλRT

1 - erf
Fλ

2xFλRT

(3)
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Conformational Dynamics
Also the conformational dynamics are controlled by the
electric field. Whereas on hydrophobic coatings specific
conformational transitions, i.e., the formation of the B1red

or B2ox, occur within less than 1 ms;23 substantially slower
rates are observed at high electric fields at least for the
transition to the ferric B2 state.14,21 For Cyt c immobilized
on CO2-SAM with n ) 2 at low protein coverage, a
detailed analysis for the transition from B1red to B2ox

reveals that the initial fast ET to B1ox (kET ) 130 s-1) is
followed by the dissociation of the Met-80 ligand from the
heme with a rate constant of ca. 25 s-1 up to a relative
contribution that corresponds to a change of the concen-
tration of B2ox5cHS of ca. 5%.21 On the time scale of
seconds, the remaining B1ox decays to the 5cHS and 6cLS
configurations of B2ox that coexist in a rapid equilibrium.
Thus, the main part of the conformational transition
occurs at a rate that is ca. 6000 times slower than the redox
reaction, indicating that the electric field, local electro-
static interactions, or both effects impose substantial
constraints on the dynamics of the peptide segments that
are involved. The slow conformational transitions are
affected by the viscosity in the solution but do not exhibit
an H/D KIE.21

Electric-Field-Dependent Modulation of
Biological Redox Processes
Although the complexity of the supramolecular structure
and self-organization of amphiphiles is much lower in the
coatings of electrodes than in biological membranes, local
electric field strengths experienced by peripherally bound
or integral proteins may be comparable in both cases
(Figure 1).1,16 In addition, some characteristic features of
the interfacial processes of Cyt c on electrodes have
already been identified for this protein interacting with
its natural reaction partner CcO. First, the B2 state has
been detected in the fully oxidized complex with CcO even
in the absence of external electric fields, and the portion
of B2 correlates with the enzymatic activity of CcO toward
Cyt c.11 Second, the enzymatic reaction can be drastically
slowed for CcO reconstituted in phospholipid vesicles
when the transmembrane potential and thus the electric
field strength are increased.37 Thus, it may well be that
similar to coated electrodes the electric field represents a

crucial determinant for the redox process of Cyt c also
under physiological conditions.

A possible mechanism that has been proposed previ-
ously suggests that the alterations of the transmembrane
potential brought about by ion gradients may modulate
the local electrostatic interactions of Cyt c in the complex
with CcO.19 At low potentials, corresponding to weak
electric fields, ET and conformational transitions are
sufficiently fast to form B2ox within the lifetime of the Cyt
c/CcO complex, after interprotein ET. Thus, unproductive
rereduction of the Cyt c is avoided. When the transmem-
brane potential during the enzymatic turnover is in-
creased, the increasing electric field may eventually block
ET and conformational transitions such that the enzymatic
activity is strongly reduced. Thus, this effect may consti-
tute the basis for a regulatory mechanism.

The SERR spectroscopic studies described in this
Account may not only contribute to the elucidation of the
natural redox process of Cyt c because the dramatic
electric field effects on the structure as well as on the
reaction mechanism and dynamics are not a unique
property of this specific protein. Electric field modulation
has also been observed for other redox and nonredox
proteins as discussed previously.38 Therefore, the electric
field must be considered as an essential parameter for
controlling interfacial processes in electrochemistry and
biology in general.
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