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ABSTRACT

The redox properties of cytochromes (cyt) c, a ubiquitous class of heme-containing electron transport proteins,
have been extensively investigated over the last two decades. The reduction potential (E° 9 ) is central to the chem-
istry of cyt c for two main reasons. First, E° 9 influences both the thermodynamic and kinetic aspects of the elec-
tron exchange reaction with redox partners. Second, this thermodynamic parameter is remarkably sensitive to
changes in the properties of the heme and the protein matrix, and hence can be profitably used for the investi-
gation of the solution chemistry of cyt c. This research area owes much to the exploitation of voltammetric tech-
niques for the determination of E°9 for metalloproteins, which dates back to the late 1970s. Since then, much ef-
fort has been devoted to the comprehension of the molecular factors that control E° 9 in cyt c, which include first
coordination sphere effects on the heme iron, the interactions of the heme group with the surrounding polypep-
tide chain and the solvent, and also include medium effects related to the nature and ionic composition of the sol-
vent, pH, the presence of potential protein ligands, and the temperature. This article provides an overview of the
most significant advances made in this field recently. Antioxid. Redox Signal. 3, 279–291.
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INTRODUCTION

RESPIRATORY AND PHOTOSYNTHETIC PROCESSES

include multistep thermodynamically dri-
ven electron transport chains that involve mul-
tisubunit protein complexes anchored to the
cell membrane, containing a variety of metal
redox cofactors, and mobile electron carriers
that shuttle electrons among the former species
(29, 40). These electron carriers may consist of
organic molecules (for example, the ubiqui-
none/ubihydroquinone system) or small met-
alloproteins (Mr 5 10–15 kDa), such as cy-
tochromes c (cyt), blue copper proteins, and
iron-sulfur proteins (29, 40).

Considerable effort has been devoted to the
elucidation of the molecular details of biologi-
cal electron transport, which is still one of the
leading areas of biophysical research (40). In

this context, the comprehension of the molecu-
lar determinants of the reduction potential (E°9)
of the redox centers involved in the electron
transfer chains appears to be of paramount im-
portance. In fact, the E°9 values determine the
direction of the electron flow and control the
driving force of each electron transfer step (53),
thereby influencing both the thermodynamic
and kinetic aspects of the process. The reduc-
tion potential reflects the relative stability of the
oxidized and reduced forms of the metallo-
protein and is the result of a delicate interplay
between the properties of the metal center and
those of the polypeptide chain (29, 40, 55, 59).
Any alteration of this equilibrium modifies the
E°9 value of the protein and may therefore
heavily affect its functional properties.

Cyt c are by far the most thoroughly charac-
terized electron transfer metalloproteins, due
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to their diffusion (they are present virtually in
all living systems), stability, and ease of purifi-
cation (13, 40, 59, 63, 70). These species are
monomeric heme proteins in which the heme
group(s) is covalently linked to the polypeptide
chain through two thioether bonds involving
two cysteines and two axial ligands to the iron
(either His, Met or His, His). Cyt c are grouped
into four subclasses on the basis of their struc-
tural properties (59). The most widely studied
species belong to class I, found in both eu-
karyotes and prokaryotes, which feature a low-
spin six-coordinate heme iron possessing a His-
Met axial coordination, which constitute the
main focus of this article, and to class III, which
are multiheme proteins with bishistidinyl co-
ordination of bacterial origin (59, 63, 70).
Classes II and IV include cyt c9, in which the
heme iron is high-spin pentacoordinate with an
axial histidine ligand, and bacterial tetraheme
proteins containing bis-His and His-Met coor-
dinated heme, respectively (59).

Class I cyt c, which participate in mitochon-
drial respiration and bacterial photosynthesis
and are involved in several metabolic path-
ways, contain a single heme near the N-termi-
nus with a histidine and a methionine residue
acting as axial iron ligands (Fig. 1). These small
globular proteins (Mr 5 10–15 kDa) are highly

basic and show a quite conserved polypeptide
folding. The heme is surrounded by a hy-
drophobic environment and is exposed only
slightly to the solvent ( , 4%). These features
contribute to the quite positive reduction po-
tentials of these species (59), which place them
at the upper end of the electron transfer chains,
and prevent formation of oxo-ferryl species
typical of redox heme-enzymes, as cyt P450, per-
oxidases, and catalases. Cyt c from photosyn-
thetic bacteria, generally indicated as cyt c2, act
as electron donors to the photooxidized pho-
tosynthetic reaction center, whereas the mito-
chondrial proteins shuttle electrons between
the last two membrane-bound components of
the electron transfer chain of oxidative phos-
phorylation, namely, ubiquinol-cyt c reductase
(complex III, Mr 5 150 kDa) and cyt c oxidase
(complex IV, Mr 5 200 kDa) (13, 40, 59, 70).

Mitochondrial cyt c acts also as a key regu-
lator in apoptosis, the programmed cell death
(47, 57, 80). After its release from the mito-
chondrial periplasmic space into the cytosol,
cyt c forms a protein complex with Apaf-1, cas-
pase-9, and ATP, called apoptosome, which ac-
tivates the degradation phase of apoptosis (47,
48, 57, 64, 80). Apparently, this process does not
imply any electron transfer, because Zn- and
Cu-substituted cyt c, which are redox-inactive,
are as effective as native cyt c in forming apop-
tosomes (49, 64). However, it is worthy of note
that the release of cyt c from the mitochon-
drial periplasmic space leads irreversibly to cell
death, either by apoptosis or by necrosis, due
to the inactivation of the electron transfer chain
involved in respiration, which prevents ATP
synthesis and induces the formation of dan-
gerous radical species, such as superoxide (47,
48, 57, 80). Cyt c therefore exerts an important
antioxidant action by indirectly controlling the
amount of superoxide anion produced at the
ubiquinone site of ubiquinol-cyt c reductase
(complex III) (57) and by participating in the
reduction of the potentially dangerous hydro-
gen peroxide catalyzed by the redox enzyme
cyt c peroxidase, one of its physiological redox
partners (29, 40, 59, 70). The analysis of the in-
teraction between mitochondrial cyt c and the
latter protein provided much of the present
knowledge about the mechanism of electron
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FIG. 1. Ribbon view of horse heart cyt c (8) showing
the iron axial ligands (His18 and Met80) and the thioether
bonds (involving Cys14 and Cys17).
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exchange in biological systems (40, 59, 70). The
electron transfer reaction between the two pro-
teins is a collision-dependent process involving
the formation of transient protein–protein com-
plexes (62) stabilized by highly specific elec-
trostatic interactions between regions of oppo-
site charge, in which the positively charged
domain formed by the clustered lysines sur-
rounding the exposed heme edge of cyt c plays
a key role (56, 62, 83). Fast electron transfer oc-
curs within the complex, which immediately
dissociates thereafter (58). The rate of the over-
all electron transfer reaction depends on a
number of variables, such as the distance and
the reciprocal orientation of the redox centers,
the nature of the intervening polypeptide ma-
trix, the difference between the reduction po-
tentials of the two metal centers, and the prop-
erties of the solvent, which remarkably
influence the formation of the protein–protein
complex (30, 40, 58, 82).

DIRECT ELECTROCHEMISTRY OF CYT c

The kinetics of heterogeneous electron trans-
fer between proteins and bare electrodes is, in
general, too slow to allow a successful appli-
cation of direct electrochemistry techniques
(cyclic voltammetry and square wave voltam-
metry), at variance with that of simple coordi-
nation compounds and organic molecules. The
most severe obstacle is the denaturing adsorp-
tion of protein molecules onto the electrode
surface, which leads to the formation of a sort
of nonconducting film that prevents the elec-
tron exchange of the freely diffusing species (2).
Other disfavoring factors are related to the low
diffusion coefficients of proteins due to the
high molecular mass, the burial of the metal
center within the protein matrix, and the ab-
sence of surface-specific interactions, which in-
stead occur between biological redox partners.

These problems were brilliantly solved for
class I cyt c at the end of the 1970s, with the in-
troduction of solid electrodes functionalized
with promoters (34, 35). Promoters are organic
molecules with a rigid conjugated structure
that strongly adsorb on the electrode surface in
a monolayer. In this way, they prevent protein

denaturation and, interacting transiently with
some part of the protein surface, help the cor-
rect orientation of the molecule to be obtained,
which allows for fast electron transfer with the
solid electrode (27, 42, 44). Therefore, the over-
all effect of promoters is to facilitate electron
transfer between the redox center of the pro-
tein and the electrode, without being involved
in the redox reaction itself (27, 42, 44). The fea-
sibility of direct electrochemistry at solid elec-
trodes (Fig. 2) [which is now possible for elec-
tron transport metalloproteins and redox
enzymes with molecular masses up to , 200
kDa (3, 4, 44)] opened the way to the detailed
characterization of the redox properties of class
I cyt c and to the comprehension of the factors
influencing it at a molecular level. In fact, the
application of time-resolved voltammetric
techniques allows insight to be gained on both
the thermodynamic and kinetic aspects of the
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FIG. 2. Cyclic voltammograms of beef heart cyt c at a
4-mercaptopyridine surface-modified gold disc elec-
trode. (a) pH 6.95, (b) pH 9.13. Conditions were as fol-
lows: temperature, 293 K; base electrolyte, 0.1 M sodium
acetate; scan rate, 50 mV/s21. I and II refer to the waves
of the native and alkaline conformer, respectively.
Reprinted by permission from Battistuzzi et al. Biochem-
istry 38: 7900–7907, 1999. Copyright 1999 American
Chemical Society.
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electron transfer process and of coupled chem-
ical reactions involving one or both redox
states, such as acid–base and conformational
equilibria (14, 16, 20–22, 24, 36). Moreover, vari-
able-temperature E°9 measurements allows de-
termination of the enthalpy and entropy
changes associated with the reduction process
(19, 21, 24–26, 46, 50, 51, 76, 77), which are of
use for the characterization of the determinants
of the reduction potential of these species (see
below).

THE REDUCTION POTENTIAL OF 
CLASS I CYT c

The E°9 values of class I cyt c vary from 10.2
to 10.35 V (versus saturated hydrogen elec-
trode) (59). A significant contribution to these
high reduction potentials arises from the p-
electron acceptor character of the thioether sul-
fur atom of the methionine axially bound to the
iron, which stabilizes the reduced (12) state.
Redox studies of a heme octapeptide (a prote-
olytic fragment of cyt c retaining the heme and
the axial histidine in which the second axial po-
sition can be occupied by various ligands) (78)
and of model porphyrin complexes (52) show
indeed that His-Met axial coordination induces
an increase in E°9 of , 0.16 V as compared with
bis-His coordination, typical of the multiheme
class III cyt c. The E°9 values for the latter
species fall in the range from 20.4 to 20.1 V.
Hence, this exquisitely coordinative effect ac-
counts per se for about one third of the differ-
ence between the redox potentials of these
classes of cyt c (59).

The electrostatic interactions of the charge of
the redox center with buried and surface
charges, polar groups of the protein, and sol-
vent dipoles are additional important effectors
of E°9 (40, 41, 55, 59, 70, 78, 79). In particular,
the poor accessibility of the heme to the solvent
and the burial of the heme within a hydropho-
bic pocket induce a significant enthalpic stabi-
lization of the ferrous over the ferric state, thus
contributing to the high redox potential of cyt
c (19). The hydrophobicity of the heme envi-
ronment should strengthen the electrostatic in-
teractions between the redox center and the po-
lar and charged groups within the protein (41,

55, 78, 79), whereas the electrostatic effect of the
net or fractional charges on the protein surface
should be quenched by the high dielectric con-
stant of water. The question of how and to what
extent these interactions control E°9 in cyt c has
attracted the interest of many workers, who ad-
dressed the problem with theoretical and ex-
perimental approaches (59). The former fo-
cused mainly on the development of models
for the calculation of the electrostatic interac-
tion energies of the heme with polar and
charged residues and solvent dipoles able to re-
produce the differences in E°9 among different
cyt c (28, 66, 79). The latter, which involved ex-
periments of chemical modification, site-di-
rected mutagenesis, and specific anion binding,
sought to quantify the effects exerted on the E°9
value by internal or surface charges (15, 17, 18,
31, 59, 65). Evidence has been obtained that the
alteration of internal net charges of cyt c, such
as the heme propionates, induces variations in
E°9 (50–65 mV) that are more pronounced than
those due to surface charges (5–15 mV). The
overall effect depends on several factors, such
as the heme–charge distance and the dielectric
properties of the intervening medium, which
can be described by an “effective dielectric con-
stant,” which is different for each particular in-
teraction and involves contributions from both
the solvent and the protein (15, 17, 18, 55, 59,
65).

A further important contribution to the re-
duction potential of class I cyt c originates from
the differences in dynamic and solvation prop-
erties between the two redox states. In fact, it
is recognized that solvent reorganization ef-
fects and changes in protein flexibility, the lat-
ter intended as the sum of the conformational
(vibrational, torsional) degrees of freedom, as-
sociated with reduction of cyt c play a major
role in determining the entropic contribution to
E°9 (6–9, 12, 13, 19–21, 24, 25). Reduction turns
out to be invariably disfavored on entropic
grounds (DS°9rc , 0) (19, 26): although this is
consistent with the decreased flexibility of the
reduced state as compared with the ferri form
determined by nuclear magnetic resonance in
solution (8–12), the reduction-induced changes
in the H-bonding network within the hydration
sphere of the molecule that contribute to the
entropy loss are still largely uncharacterized.
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The entropic term strongly affects E°9 (19). Nev-
ertheless, this term is most often neglected in
the discussions concerning the determinants of
the differences in E°9 among cyt c from differ-
ent sources, which focus solely on electrostatic
and coordinative effects, which are exquisitely
enthalpic effects.

Many of the contributions to E°9, such as the
differences in solvation properties between the
two redox forms, the electrostatic interactions
at the heme-protein/solvent interface, and
even axial coordination to the heme iron, are
strongly influenced by the pH, ionic composi-
tion, and dielectric constant of the solvent.
These effects are particularly relevant from the
physiological point of view: they clearly indi-
cate that the function of cyt c is strongly af-
fected by the properties of the environment,
which consequently plays a major role in the
control of the biological electron transfer reac-
tions in vivo (40, 59).

pH DEPENDENCE OF E°

The polypeptide folding, the electronic dis-
tribution onto the heme, axial heme ligation
and, consequently, the redox potential of class
I cyt c are sensitive to acid–base equilibria in-
volving ionizable groups such as the axial li-
gands, the heme propionates, and distal
residues (16, 21, 59, 60, 70). At least five pH-de-
pendent conformational states have been char-
acterized for the ferri form (49). For example,
the native His,Met-ligated form (state III) orig-
inates a low-pH conformer (state II, with an ap-
parent pKa of 2.5) in which the axial ligands are
protonated and detached from the iron, which
becomes high spin, and are likely substituted
by water molecules. The E°9 of this form (which
is expected to be remarkably high) cannot be
detected owing to the worsening of the elec-
trochemical response at low pH caused by the
protonation of the promoter and the likely dis-
ruption of the adsorbed layer (16). At alkaline
pH values, state III undergoes a transition to
an “alkaline conformer” (state IV, with appar-
ent pKa of , 9), which involves replacement of
the axial methionine with an endogenous li-
gand, most probably a lysine. This conformer
is characterized by a negative potential (see be-

low). Upon increasing the pH above 10, an-
other state (state V) becomes accessible, in
which probably a hydroxide ion is axially
bound to the heme iron (32).

The potential of native cyt c (state III) is also
sensitive to acid–base equilibria due to residues
such as the heme propionates or distal his-
tidines (55, 59) (Fig. 3). The deprotonation of an
ionizing residue induces a decrease in E°9 be-
cause of the electrostatic stabilization of the ox-
idized form due to the decrease of the overall
positive charge of the protein. The extent of the
E°9 change depends on the solvation properties
of the residue, the distance from the heme, and
the properties of the intervening medium. The
pH dependence of E°9 has a typical sigmoidal
shape, which can be fitted by the equation:
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in which E°9a is the limit E°9 value for the pro-
tein containing the ionizing residue in the fully
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FIG. 3. pH dependence of the redox potential of cyt c2
from (a) Rm. vannielii, (b) Rps. viridis, and (c) Rb. cap-
sulatus. Reprinted by permission from Moore GR, and
Pettigrew GW. Cytochromes c: Evolutionary, Structural and
Physicochemical Aspects. Berlin: Springer-Verlag, 1990.
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protonated form, and Kox and Kred are the pro-
ton dissociation constants for the oxidized and
reduced protein, respectively (33, 59, 60). This
equation is based on the higher proton affinity
of reduced cyt c as compared with the oxidized
form, owing to its lower positive charge. As a
consequence, whereas at extreme pH values
the residue involved in the proton equilibrium
is protonated or deprotonated in both redox
states, at intermediate pH values it is proto-
nated mainly in the reduced form. This ap-
proach has a general validity and can be ex-
tended also to more complex situations
involving multiple acid–base equilibria (59).

The moderate affinity of the axial methion-
ine sulfur for the ferric ion in the native form
of cyt c (state III) renders this residue suscepti-
ble to substitution by endogenous ligand(s) at
high pH, leading to the “alkaline” isomer(s)
(state IV), in which the iron retains the low-spin
ferric state (14, 16, 19–22, 24, 32, 37, 45, 59, 67,
70, 75). The spectroscopic and redox changes
induced by this equilibrium have been ex-
ploited to determine the thermodynamics and
kinetics of the isomerization, to identify the na-
ture of the substituting ligands, and to deter-
mine the role of the residues neighboring the
heme in the relative stabilization of the two
conformers. The overall reaction turns out to
be a two-step process in which a fast residue
deprotonation triggers a slow and thermody-
namically favored conformational change that
leads to the replacement of the methionine by
a surface lysine as heme axial ligand, with an
apparent pKa in the range 8.5–9.5, depending
on the species (59, 70). The ionizing residue has
not been unambiguously identified yet, and no
detailed information is available on the struc-
tural features of the alkaline conformers. The
existence of two alkaline isomers in a pH de-
pendent ratio suggests that at least two lysine
residues can substitute for the methionine at
high pH (19, 21, 22, 32, 37, 45, 67).

The alkaline isomerization has a dramatic ef-
fect on the redox properties of cyt c. In fact, the
reduction potential of the alkaline isomers for
various species is lower than that of the native
form by 0.3–0.5 V (falling in the range 20.05 V
to 20.15 V) (14, 16, 20–22, 24, 42) (Fig. 2). It has
been found that this remarkable difference is
mainly due to the different coordination prop-

erties of the native methionine and the substi-
tuting lysine: the latter is a stronger donor li-
gand that selectively stabilizes the ferri form,
thereby inducing a remarkable decrease in the
redox potential (19).

The alkaline transition is greatly influenced
by the temperature and the properties of the
medium. This isomerization turns out to be en-
dothermic (22). Therefore, the pKa decreases
with increasing temperature (Fig. 4). This effect
is particularly relevant for cyt c from plants and
photosynthetic bacteria for which the alkaline
isomer appears at pH values as low as 7 upon
increasing the temperature above , 40°C (33).
The pKa also decreases with decreasing dielec-
tric constant of the medium, as noted in mixed
water/dimethyl sulfoxide solutions (20). This
effect is of potential relevance from a physio-
logical point of view because it has been re-
ported that a decrease of the dielectric constant
occurs near the surface of phospholipid mem-
branes and that the alkaline form of cyt c is in-
volved in the interaction with synthetic anion
phospholipid vesicles (72–74). Interestingly,
monoclonal antibody binding studies indicate
that only the native form is present in live cells,
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FIG. 4. pH dependence of the current intensity of the
cathodic peak (i) of wave I for beef heart cyt c at dif-
ferent temperatures in sodium acetate at I 5 0.1 M. Tem-
peratures are 5°C (d ), 10°C ( j ), 20°C ( m ), 30°C ( . ), 40°C
(r ), 50°C (u ), and 60°C ( s ). Reprinted by permission
from Battistuzzi et al. Biochemistry 38: 7900–7907, 1999.
Copyright 1999 American Chemical Society.
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where cyt c acts as an electron shuttle near the
inner mitochondrial membrane, whereas the
presence of the alkaline isomers has been
clearly detected in apoptotic and necrotic cells
(47). The alkaline isomers are formed in the
early stages of apoptosis and necrosis, possibly
as a result of the translocation of cyt c through
the mitochondrial membrane (or of its associa-
tion with membranes altered during the death
process). It is therefore possible that the phos-
pholipid-induced conformational changes as-
sociated with the formation of the alkaline iso-
mers are connected with the signaling role of
cyt c during apoptosis, although experimental
evidence seems to indicate that these isomers
are not involved in the interaction with Apaf-
1 to form apoptosomes (47, 64).

Finally, the pKa increases with increasing
ionic strength (22). This is likely one of the fac-
tors that hamper separation of the alkaline
form in the crystal state from the usual high-
ionic strength solutions (ammonium sulfate)
used in the crystallization procedure.

IONIC STRENGTH AND SPECIFIC ION
BINDING EFFECTS ON E°9

The ionic composition of the medium affects
significantly the reactivity of cyt c. In particu-
lar, it influences the interactions with the redox
partners (58) and phospholipid membranes
(43). But salt effects also modulate the reduc-
tion potential of cyt c. Two main effects can be
recognized. The first is the general ionic
strength effect that alters the activity coeffi-
cients of both redox forms. The second is due
to specific protein–anion interactions at surface
sites (cyt c is positively charged at neutral pH).
The former effect causes a decrease in E°9 be-
cause of the stabilization of the oxidized form
(which carries the larger positive charge) due
to the shielding of the surface charges of the
protein by the surrounding “ionic atmo-
sphere.” With the assumption that the protein
behaves as a low dielectric cavity carrying a net
charge uniformly distributed on the surface,
and combining the Nernst and extended De-
bye–Huckel equations, Margalit and Schejter
obtained the following expression for the

changes in E°9 of cyt c induced by the ionic
atmosphere, in the absence of specific ion–pro-
tein interactions (38, 54, 59):
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where I is the ionic strength, E°I50 is the redox
potential extrapolated at zero ionic strength,
zred and zox are the charges of the reduced and
oxidized proteins, respectively, and A is the
“ion-size parameter,” defined as the mean dis-
tance of closest approach between the protein
and an ion of opposite charge belonging to the
ionic atmosphere. The value of A is comprised
iof the sum of the crystallographic radii and the
sum of the solvated radii. An A value of 18 Å
has been used for bovine ferricytochrome c. By
assuming

f(I) 5 (0.5ÏIw)/(1 1 0.33 ? A ? ÏIw) (3)

Eq. 2 becomes:

E° 5 E°I50 1 0.059(z2red 2 z2ox)f(I) (4)

which predicts a linear decrease in E° with in-
creasing f(I), with a slope given by 0.059(z2red 2
z2ox). Despite the roughness of the model, es-
pecially regarding the dielectric properties of
the protein medium, this approach proved to
be surprisingly effective in describing the ionic
strength dependence of E° for native and chem-
ically modified class I cyt c (5, 15, 17, 18, 22, 24,
38, 39, 54, 69).

The analysis of the thermodynamics of the
redox reaction of mitochondrial cyt c in the
presence of increasing concentrations of non-
binding anions allowed further insight to be
gained into the effect of the “ionic atmosphere”
on E°9 (24). In particular, it has been found that:
(i) the moderate decrease in E°9 observed with
increasing ionic strength is mainly due to the
stabilizing enthalpic effect that the negatively
charged ionic atmosphere exerts on the ferri
form; and (ii) in the absence of the screening
effects of the salt ions on the network of the
electrostatic interactions at the protein–solvent
interface, the solvation properties and the con-
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formational flexibility of the two redox states
are comparable, because the reduction entropy
extrapolated at null ionic strength is approxi-
mately zero.

Specific anion-binding to one or both redox
forms of the protein alters the net charges, in-
ducing a change in the slope of E°9 versus f(I)
as compared with the free protein. These
changes have been exploited to determine the
stoichiometry of specific ion–protein interac-
tions for a wide variety of biologically rele-
vant anions (15, 17, 18). Several showed pe-
culiar binding properties, often including
sequential anion binding due to the presence
of multiple binding sites (1, 61) with different
affinities for the anion. Comparison of anion
binding data for a number of class I cyt c in-
dicates that several anion binding sites are
conserved in proteins from different sources,
also with low sequence identity. This is in
agreement with the existence of regions of rel-
atively conserved electrostatic potential in
these species, which are most likely those in-
volved in the interaction with physiological
partners (54).

As nuclear magnetic resonance and x-ray
data clearly indicate that increasing anion con-
centrations induce only minor structural mod-
ifications, which leave the overall protein fold-
ing and conformational flexibility of the
molecule largely unaffected (9, 68), it is rea-
sonable to assume that the modification of E°9
caused by specific anion binding is mainly elec-
trostatic in origin, due to the partial neutral-
ization of positive surface charges. Therefore,
the difference between the E°9 value extrapo-
lated at f(I) 5 0 (E°I50) in the presence of anions
forming a 1:1 complex with both redox forms
of the protein (which corresponds to the E°9 of
a protein whose overall charge is decreased by
that of the bound anion) and that of the anion-
free protein yields an estimate of the decrease
in redox potential due to the neutralization of
a number of positive charges equal to that of
the bound anion. The data obtained indicate
that neutralization of a net surface charge due
to anion binding induces a decrease in E°9 of
, 15–20 mV (15, 17, 18), which is a value quite
similar to those obtained previously for mu-
tated or chemically modified cyt c (55, 59).

TEMPERATURE DEPENDENCE OF E°9

Temperature strongly affects the redox be-
havior of class I cyt c. The reduction potential
of class I cyt c invariably decreases with in-
creasing temperature between 5 and 65°C.
However, the temperature profile of E°9 is pH-
dependent and differs slightly for species from
different sources (19–21, 24–26, 46, 50, 51, 76,
77). In particular, the E°9 of the native His,Met-
ligated form of cyt c from mammalian mito-
chondria shows a monotonic linear decrease
with increasing temperature at slightly acidic
and neutral pH values, whereas at higher pH
values the E°9 versus temperature plot becomes
clearly biphasic with a transition point at
, 50°C (Fig. 5). This behavior has been ascribed
to a reversible nonequilibrium conformational
transition between two states of the oxidized
native form, which implies a fractional loss of
proton on passing from the low-temperature to
the high-temperature conformer (46). The de-
crease of the temperature of the break in the
E°9/temperature profile with increasing pH is
consistent with this proposal (19). Spectro-
scopic studies indicate that the low- and high-
temperature native conformers do not differ
significantly in the surroundings of the heme
(19). The temperature profiles of E°9 for class I
cyt c from plant mitochondria and photosyn-
thetic bacteria are similar to the above, but
show some significant differences (19, 21). In
particular: (i) the transition between the low-
and the high-temperature native forms occurs
at lower pH values and lower temperatures
(35–40°C); (ii) the temperature of the transition
point sensibly decreases with increasing pH;
and (iii) the temperature-induced decrease in
the pKa for the alkaline transition is greater as
compared with that in their mammalian ana-
logues.

An additional effect of increasing tempera-
ture is the depression of the pKa for the alka-
line transition, as mentioned above.

The temperature dependence of the E°9 of cyt
c allows determination of the thermodynamic
parameters of the electron transfer process. In
particular, the use of nonisothermal electro-
chemical cells, in which the reference electrode
(saturated calomel electrode) is kept at constant
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temperature, whereas the half-cell containing
the working electrode is kept under thermo-
static control (81), allows the standard entropy
(DS°9rc ) and enthalpy (DH°9rc ) changes associated
with reduction of the oxidized protein to be de-
termined directly from the slope of the plots of
E°9 versus temperature and of E°9/T versus 1/T,
respectively (19, 21, 24–26, 46, 50, 51, 76, 77).
The analysis of the thermodynamic parameters
of protein reduction for mitochondrial and bac-
terial class I cyt c (Table 1), carried out in the
light of the extensive information on their
structural and dynamic properties, allowed
further insight to be gained into the factors af-
fecting the reduction potential. The picture that
comes out is that the high redox potential of
these proteins has mainly an enthalpic origin,
due to the stabilization of the ferroheme by li-
gand binding interactions and the hydropho-
bicity of the heme environment (19–21, 24). The
entropic term, which is linked to solvation and
dynamic properties of the molecule, instead in-
variably disfavors protein reduction and tends
to lower the E°9 values. Although smaller than
the enthalpic term, DS°9rc plays an important role
in the modulation of the reduction potential 
in these species (19–21, 24). A similar balance
between the enthalpic and entropic contribu-
tions to E°9 has been determined for all the
other classes of high-potential metalloproteins,
namely, blue copper proteins and high poten-
tial iron-sulfur proteins (23, 71). Therefore, it is
apparent that nature uses the same strategy to
control the redox potential of these species for
reasons that are still unclear and that constitute
a fascinating field for future investigations.

The comparison of the DS°9rc and DH°9rc values
for the native and the alkaline isomers of class
I cyt c clearly indicates that the difference be-
tween their redox potentials is almost entirely
an enthalpic effect, consistent with the stronger
donor properties of the substituting lysine as
compared with the native methionine (19, 22).

CONCLUDING REMARKS

The E°9 of cyt c, as that of any other electron
transport metalloprotein, is determined by: (i)
bonding interactions at the metal center; (ii)
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FIG. 5. Temperature dependence of the reduction po-
tential of beef heart cyt c at pH 6.9 (a), pH 7.5 (b), and
pH 8.3 (c). Base electrolyte was 0.1 M sodium chloride.
Solid lines are least-squares fits to the data points. I and
II refer to the waves of the native and alkaline conformer,
respectively. Reprinted by permission from Battistuzzi et
al. Biochemistry 36: 16247–16258, 1997. Copyright 1997
American Chemical Society.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308601300185232&iName=master.img-004.png&w=212&h=549


electrostatic interactions between the redox
center and buried and surface net charges, po-
lar groups within the protein, and solvent
dipoles; (iii) the binding of exogenous ligands
to the protein (i.e., protons or ions); and (iv) the
conformational differences between the two re-
dox forms of the protein (affecting mainly the
entropic term). Direct electrochemistry at solid
electrodes proved to be a valuable tool for ad-
dressing the problem of the relationships of the
redox properties of cyt c with structural fea-
tures [especially in combination with site-di-
rected mutagenesis techniques that provides a
virtually infinite number of proteins with sin-

gle and multiple-point mutations in selected
positions (55)], nature of the medium and tem-
perature. The thermodynamic and kinetic data
(E°9, DS°9rc, and DH°9rc values and rate constants
of reactions coupled with the electron trans-
port) obtained with these techniques, inter-
preted with the aid of the structural informa-
tion provided by the modern techniques of
structural biology and computer chemistry,
constitute an important resource to improve
our understanding of the factors affecting the
redox properties, hence the biological function,
of these ubiquitous electron transport metallo-
proteins.
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TABLE 1. E°9, DH°9rc, AND DS°9rc VALUES FOR THE NATIVE AND ALKALINE FORMS OF SELECTED CLASS I CYT c

DS°9rc DH°9rc

Cyt c pH E°9N E°9A Native Alkaline Native Alkaline

Beef heart 6.9 10.263 0244 238
7.5 10.262 0243 238

0296 255
8.3 10.261 20.075 0237 250 236 029

2125 265
Spinach 7.0 10.268 0229 235

0258 243
7.5 10.268 20.112 0227 233 234 011

0258 243
8.4 10.267 20.121 0220 240 232 010

0258 243
Cucumber 7.0 10.271 0223 233

0258 244
7.5 10.270 20.164 0219 238 232 014

0264 246
8.5 10.268 20.173 0213 241 230 014

0264 246
Sweet potato 7.0 10.274 0231 236

0277 250
7.6 10.274 20.145 0224 241 234 012

0279 251
8.4 10.272 20.153 0217 247 231 011

2106 259
Rps. palustris cyt c2 7 10.362 0267 262 255 214

2151 281
8.5 10.359 20.056 0260 262 252 213

2152 280
Rb. sphaeroides cyt c2 7 10.354 0269 263 255 213

2152 281
9 10.353 20.054 0263 261 253 213

2154 282
Rb. capsulatus cyt c2 7 10.347 0266 260 252 029

0294 261
9 10.345 20.095 0258 261 250 029

0289 260

E°9 (V), DH°9rc (kJ/mol), and DS°9rc (J/mol/K) values for the native (N) and alkaline (A) forms of selected class I cyt
c are presented. The DS°9rc and DH°9rc values for the native species in the upper and lower rows refer to the low- and
high-temperature conformers, respectively. The temperature was 25°C. Data are taken from references 19 and 21.
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