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Medium and Temperature Effects on the Redox Chemistry of Cytochrome ¢
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Cytochromes c (cytc) are ubiquitous heme-containing metal-
loproteins that shuttle electrons in a variety of electron-trans-
port chains, most often central to the production of the chem-
ical energy necessary for cell life. The reduction potential
(E°") of the Fe3*/2* couple is central to the physiological role
of these species in that it influences the thermodynamic and
kinetic features of electron-exchange reactions with redox
partners. In the last two decades, voltammetric techniques
exploiting the heterogeneous electron exchange between
cytc and solid electrodes have proved to be particularly valu-
able for the determination of E°' values for these species and
for characterizing the mechanistic and kinetic aspects of the
redox process for the various cytc conformers under a variety
of solution conditions. The understanding of how, and to
what extent, different molecular factors control the E°’ value
in these species has been the subject of much debate. First
coordination sphere effects on the heme iron and the interac-
tions of the heme group with the surrounding polypeptide

chain and the solvent are the main factors affecting E°’ in
cytc. These interactions are sensitive to medium effects such
as the pH and the nature and ionic composition of the solv-
ent. E°' is also strongly affected by the temperature. This art-
icle summarizes the authors’ work on the effects on the se-
lective stabilization of the two redox states of class I
cytochromes c exerted by acid-base equilibria, general ionic
strength effects, specific anion binding, the presence of non-
aqueous solvents, and the temperature. The temperature de-
pendence of E°" allows the determination of the enthalpy and
entropy changes that accompany protein reduction. These
parameters have proved to be informative with regard to the
interplay between first coordination sphere effects and elec-
trostatics at the heme—protein interface, including solvent di-
poles, which mainly affect the reduction enthalpy, and solv-
ent reorganization effects and differences in protein dy-
namics between the two oxidation states, which control the
reduction entropy instead.
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Introduction

Biological electron-transport (ET) chains in photosyn-
thetic and aerobic and anaerobic respiratory processes are
the main source of chemical energy in living systems.!!-?]
Electron flow occurs among membrane-bound multi-com-

techniques.

copper, and iron—sulfur proteins.
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ponent protein complexes that feature a variety of mono-
or polynuclear metal centers (heme, type I and type II cop-
per, and Fe-S) capable of switching between two stable ox-
idation states. Electrons are shuttled between these com-
plexes by mobile carriers, which may be either organic mo-
lecules (e.g. the ubiquinone/ubihydroquinone system) or
small metalloproteins such as cytochromes ¢, blue copper
proteins, and iron-sulfur proteins.!'-?!

Cytochromes c¢ (cytc) are ubiquitous species: their re-
markable stability in vitro and ease of purification>~>!
made them the system of choice for an impressive amount
of biophysical research on biological ET.[**! In their native
form, these monomeric proteins contain one or more heme
groups covalently bound to the polypeptide chain through
two thioether bonds involving two cysteines; in addition,
two residues (either His,Met or His,His) serve as axial li-
gands to the heme iron. The latter thus resides in a six-
coordinate (distorted octahedral) geometry and has a typ-
ical low-spin state. Cytochromes ¢ can be classified into
four subclasses on the basis of their structural properties. !
The most widely studied species belong to class I, found in
both eukaryotes and prokaryotes, which are small positively
charged globular proteins (M, = 10—15 kDa) possessing a
His,Met pair of axial heme iron ligands and are character-
ized by a largely preserved polypeptide folding. These spe-
cies constitute the main focus of this article. The mitochon-
drial species shuttle electrons between the last two mem-
brane-bound components of the electron-transfer chain of
oxidative phosphorylation, namely ubiquinol-cytochrome ¢
reductase and cytochrome ¢ oxidase, whereas the species
from photosynthetic bacteria, generally denoted as
cytochromes ¢,, act as electron donors to the photooxidized
photosynthetic reaction center.>>!

Class III cytochromes ¢ are multiheme proteins of bac-
terial origin featuring bis(histidine) coordination.[*~l
Classes II and IV include cytochromes c¢’, in which the
heme iron is high-spin pentacoordinate with an axial histid-
ine ligand, and bacterial tetraheme proteins containing
either bis(His) or His,Met-coordinated heme.*!

As for any other redox protein, the reduction potential
(E°") is a key property of cytc. On the one hand, it regulates
the biological function influencing both the thermodynamic
and kinetic aspects of electron-exchange reactions with
redox partners, as a result of which extensive work has been
devoted to unravelling the complex interplay of molecular
factors and medium effects that modulate it. On the other
hand, E°' can be profitably exploited as a tool for the in-
vestigation of several aspects of the solution chemistry of
cytc. In fact, the reduction potential of cytc is remarkably
sensitive to any changes in the properties of the heme and
the protein matrix, and can nowadays be measured with
relative ease thanks to the development of direct electro-
chemical (voltammetric) techniques for redox proteins.

This article summarizes the authors’ work on both the
above aspects, which are closely related, focusing mainly on
how the E°’ of cytc is influenced by the ionic composition
and pH of the aqueous medium, by the presence of organic
solvents, and on temperature effects. The temperature de-
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pendence of E°" allows the determination of the enthalpy
and entropy changes that accompany reduction of oxidized
cytc: these parameters have proved to be informative with
regard to understanding the molecular factors that control
the reduction potential in these species. This aspect will also
be covered in detail. No details are given here of the theor-
etical and experimental aspects of the voltammetric tech-
niques or of the operational conditions that allow the at-
tainment of fast heterogeneous electron transfer between
the freely diffusing protein in solution and the solid elec-
trode, for which the reader is referred to the original
literature.”~ "1 It is worth mentioning, however, that under
the conditions of variable pH, temperature, and solvent
composition employed in these studies, the electrochemical
processes involving cytc at surface-modified gold electrodes
were invariably found to be one-electron, electrochemically
reversible or quasi-reversible, and diffusion-controlled (as
an example, a typical cyclic voltammogram of freely diffus-
ing native cytochrome ¢ obtained on a 4-mercaptopyridine
surface modified gold electrode at pH = 7 is shown in Fig-
ure 1, a). These conditions warrant that the electron trans-
fer between the protein and the electrode is fast and that no
protein adsorption and denaturation occurs at the electrode
surface. Therefore, the half-wave potentials obtained from
the voltammograms can be confidently assumed to repres-
ent the thermodynamic E°’ values.

1. The Reduction Potential of the Native Form of
Class I Cytochromes ¢

The native His,Met-ligated form (state III) of class I
cytochromes ¢ from mitochondrial and bacterial sources
has reduction potentials in the range of +0.2 to +0.38 V
(vs. SHE) (all the potential values reported herein are re-
ferred to the standard hydrogen electrode, SHE).[*!? Two
main factors have been recognized as contributing to these
remarkably positive E°’ values. One is the m-electron ac-
cepting character of the thioether sulfur atom of the me-
thionine axially bound to the iron, which stabilizes the re-
duced (Fe?") state.['>~!4 The other is the poor accessibility
of the solvent to the heme and its burial within a hydro-
phobic pocket, which induce a further significant enthalpic
stabilization of the ferrous over the ferric state.'?! Against
this background, electrostatic interactions of the charge at
the redox center with net charges and polar groups on the
protein and solvent dipoles are responsible for the fine-tun-
ing of E°.[%5157181 Theoretical and experimental ap-
proaches have been directed towards an understanding of
how and to what extent these interactions modulate £°" in
cytochromes ¢.1*! Models for the calculation of the electro-
static interaction energies of the heme with polar and
charged residues and solvent dipoles were able to reproduce
the differences in E°° among cytc from different
sources.['8720 Evidence has been obtained from experi-
ments involving chemical modification, site-directed muta-
genesis, and specific anion bindingt*2! =23 that modification
of internal net charges, such as those of the heme propion-
ates, induces variations in E°’ (50—65 mV per charge) that
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Figure 1. Cyclic voltammograms of beef heart cytochrome ¢ at a
4-mercaptopyridine surface modified gold disc electrode: (a) pH =
7, T=293K, sweep rate 50 mV s~! protein concentration
0.17 mM; (b) pH = 9.13, T = 293 K, sweep rate 50 mV s~ !, protein
concentration 0.25 mM; I and II refer to the waves of the native
and alkaline conformers, respectively; supporting electrolyte 0.1 m
sodium acetate (reproduced by permission from G. Battistuzzi et
al., Biochemistry 1999, 38, 7900—7907; copyright American Chem-
ical Society, 1999)

are more pronounced than those due to surface charges
(10—30 mV per charge). The overall effect depends on sev-
eral factors, such as the heme—charge distance and the di-
electric properties of the intervening medium, which can be
described by an “effective dielectric constant™; the latter is
different for each particular interaction and involves contri-
butions from both the solvent and the protein.*16:21-23.23]

Our recent work on the thermodynamics of cytc reduc-
tion, carried out by means of variable-temperature E°’
measurements (see Section II), has elucidated the role of
entropic effects in determining the reduction potential. Re-
duction entropy is likely to be largely controlled by differ-
ences in dynamic and solvation properties between the two
redox states, although no detailed understanding of the fac-
tors involved at a molecular level has yet been achieved.
However, it is clear that this thermodynamic contribution
strongly affects £°'I”l and may contribute to the differences
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in E°" between cytc from different sources, as found for
other classes of electron-transport metalloproteins.2-27]

A wealth of data is now available on the way in which
the pH, temperature, ionic composition, and dielectric con-
stant of the solvent influence the electrostatic interactions
at the heme—protein/solvent interface, axial coordination to
the heme iron, and the dynamic and solvation properties of
both redox forms, and hence how they ultimately affect £°.
These effects, which constitute the focus of this review, in-
dicate that the properties of the medium exert a critical in-
fluence on the redox behavior of cytochrome ¢ in vitro and,
in principle, may also affect its function in vivo.

II. Temperature Dependence of E°': Reduction
Thermodynamics

The redox behavior of class I cytochromes ¢ is temper-
ature-sensitive. The reduction potential of the conformers
for which the voltammetric signal due to the Fe’*/Fe>"
couple falls in the potential range accessible in diffusion-
controlled direct electrochemistry experiments at surface-
modified gold or graphite electrodes (from +1.3 to —0.60
V), namely the native His,Met-ligated form (state III) and
the alkaline His,Lys-ligated form (state IV), invariably de-
creases with increasing temperature between 5 and 65 °C.
However, the E°'/T profiles are pH-dependent and differ
slightly for species from different sources.l'>?$737 In par-
ticular, the E°’ of the native form of cytc from mammalian
mitochondria shows a monotonic linear decrease with in-
creasing temperature at slightly acidic and neutral pH
values (Figure 2, a), whereas at higher pH values the E°’ vs.
T plot clearly becomes biphasic with a transition point at
approximately 50 °C (Figure 2, b). This behavior has been
ascribed to a reversible conformational transition between
two states of the oxidized native form involving fractional
proton loss on going from the low-7 to the high-7" con-
former,*3! which is indeed consistent with the decrease in
the transition point temperature observed with increasing
pH.[21 Spectroscopic studies indicate that the low-7 and
high-7 native conformers are not significantly different in
the surroundings of the heme.'?! An additional effect of
increasing temperature is a depression of the pK, for the
alkaline transition (see Section II1.2).

The E°'/T profiles for the native form of class I cytc from
plant mitochondria and photosynthetic bacteria are similar
to those outlined above, but show some interesting differ-
ences (Figure 3).'>28] In particular: (i) the transition be-
tween the low-7 and high-T7 native forms occurs at lower
pH values and lower temperatures (35—40 °C), (ii) the tem-
perature of the transition point decreases with increasing
pH, (iii) the 7-induced decrease in the pK, for the alkaline
transition is more marked as compared to that of their
mammalian analogues (for these species, formation of the
alkaline form can be observed at pH values as low as 7—7.5
at temperatures of approximately 35—40 °C).[!2.28]

The temperature dependence of E°’ can be profitably ex-
ploited to measure the thermodynamic parameters of cytc
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Figure 2. Temperature dependence of the reduction potential of
beef heart cytochrome ¢ at pH = 6.9 (a), 7.5 (b), and 8.3 (c); sup-
porting electrolyte 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 conformers, respectively (reproduced by permis-
sion from G. Battistuzzi et al., Biochemistry 1997, 36,
16247—16258; copyright American Chemical Society, 1997)

reduction. In particular, the use of a so-called “non-iso-
thermal” electrochemical cell, in which the reference elec-
trode (SCE) is kept at constant temperature while the half-
cell containing the working electrode and the junction to
the reference electrode is under thermostatic control,*®! al-
lows determination of the standard entropy (AS°’..) and
enthalpy (AH®',.) changes associated with reduction of the
oxidized protein.l'>28:30=371 In particular, with this experi-
mental configuration, the reaction entropy for reduction of
the oxidized form is given by the following
Equation. 3438401

ASO/I‘C — SO/red _ So,ox — nF(dEor/dTv)

Thus, AS®’,. can be determined from the slope of the plot
of E°' versus temperature, which turns out to be linear un-
der the hypothesis that AS°®’,. is constant over the limited
temperature range investigated. With the same assumption,
the enthalpy change (AH®',.) can be obtained from the
Gibbs—Helmholtz equation, namely from the slope of the
E°'/T versus 1/T plot.
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Figure 3. Temperature dependence of the reduction potentials of
bacterial and plant cytochromes c¢: (a) pH = 7.5 (plant), 7 (bac-
terial); (b) pH = 8.5:1'2281 plant cytochromes c: spinach (M), cu-
cumber (@), sweet potato (A); bacterial cytochromes ¢,: Rps. pa-
lustris (), Rb. sphaeroides (O), Rb. capsulatus (A); supporting elec-
trolyte 0.1 m NaCl in 10 mm phosphate buffer; least-squares fits to
the data points are omitted for clarity; I and II refer to the reduc-
tion potentials of wave I (native cytc) and wave II (alkaline cytc),
respectively

Analysis of the thermodynamic parameters of protein re-
duction for several mitochondrial and bacterial class I
cytochromes ¢ (Table 1) allowed further insight to be gained
into the interplay between the enthalpic and entropic con-
tributions to the reduction potential (see ref.['?] for an over-
view on the available thermodynamic data for cytc reduc-
tion determined by several authors using a variety of tech-
niques under different solution conditions). It can clearly
be seen that the high reduction potentials of these species
are largely enthalpic in origin, arising from the remarkably
negative AH®' . values, which can confidently be ascribed
to the stabilization of the ferroheme by ligand binding inter-
actions and the hydrophobicity of the heme
environment.['22873% Conversely, the entropic term invari-
ably disfavors protein reduction (AS®’,. < 0),I1>32 yielding
a negative contribution to the £°’ values. The entropic term
is generally smaller than the enthalpic term, but it neverthe-
less plays an important role in the modulation of the reduc-
tion potential in these species.'>2873% Solvent reorganiza-
tion effects and changes in protein flexibility, the latter ex-
pressed as the sum of the conformational (vibrational, tor-
sional) degrees of freedom, associated with reduction of
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cytc play a major role in determining the AS®'.
values.[>12:287311 In particular, the entropy loss upon reduc-
tion is consistent with the decreased flexibility of the re-
duced state as compared to the ferri form determined by
NMR in solution.[*!=431 However, it is still the case that
the contribution of the reduction-induced changes in the H-
bonding network within the hydration sphere of the molec-
ule remains largely uncharacterized.

Table 1. Reduction potentials for the native and alkaline forms of
class I cytochromes ¢, and AH°,. [kJ'mol™'] and AS”
[J-mol~!-K~!] values determined from the temperature dependence
of the reduction potential (from refs.[!228])

pH Eo 1 E I AS°'rC[b] AH®' [b]
cytc native alkaline native alkaline
beef heart 6.9 +0.263 —44 —38

7.5 +0.262 —43 —38

-96 =55
83 +0.261 —0.0751 -37  -50 —-36 -9
—125 —65
spinach 7.0 +0.268 -29 =35
—58 —43
7.5 +0.268 -0.112 -27 =33 =34 +1
—58 —43
84 +0.267 -0.121 =20 —40 -32 0
—58 —43
cucumber 7.0 +0.271 -23 -33
—58 —44
7.5 +0.270 —0.164 —-19 —38 —-32 +4
—64 —46
85 +0.268 —0.173 —13  —41 =30 +4
—64 —46
sweet potato 7.0 +0.274 =31 -36
=71 =50

7.6 +0.274 —0.145 -24 —41 -34  +2

=79 =51

84 +0.272 -0.153 —-17 —47 =31 +1

-106 -59
cyt ¢
Rps. palustris 7 +0.362 —67 —62 =55 —14
—151 —81
8.5 +0.359 -0.056 —-60 —62 —-52 —13
—152 —80
Rb. sphaeroides 1 +0.354 -69  —63 —55 -13
—152 —81
9 +0.353 —0.054 -63 -6l =53 13
—154 —82
Rb. capsulatus 7 +0.347 -66 —-60 —-52 -9
—-9%4 —61
9 +0.345 —0.095 -58 —61 =50 -9
-89 —60

[al Subscripts N and A denote native and alkaline forms, respect-
ively. — [PI At 25 °C. Measurements were performed in 10 mm phos-
phate buffer, 0.1 M NaCl. Values in the upper and lower rows for
the native species refer to the low-7 (N;) and high-7 (N,) con-
formers, respectively. Average errors in the AH®' . and AS®’,. values
are =2 kJ'mol~! and =6 J-mol~-K !, respectively. — [ E},, value
at 55 °C for an electrochemically quasi-reversible wave (AE, =
0.07 V).
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A similar balance between the enthalpic and entropic
contributions to the E°’ value of cytc has been observed
for all the other classes of high-potential electron-transport
metalloproteins, namely blue copper proteins and high-po-
tential iron—sulfur proteins (HiPIPs).[26-27:46:471 Therefore,
it is apparent that Nature uses the same strategy to control
the reduction potential of these species; the reasons for this
are still unclear and define a fascinating field for future in-
vestigations.

The alkaline conformer(s) of cytc are characterized by
lower (negative) E°’ values as compared to the native con-
formers (Table 1). This decrease in E°’' is almost entirely
enthalpic in origin, since the AS®’ . values for this form are
found to be comparable to those for the native form,
whereas the AH®' .. values are much less negative (Table 1)
(see Section III.2.a for details).l'248]

I11. Acid-Base Equilibria

Acid-base equilibria involving ionizable groups such as
axial ligands, heme propionates, and distal residues influ-
ence the electronic properties of the heme, axial heme liga-
tion, and polypeptide folding. Therefore, the reduction po-

tential of class I cytc is remarkably pH-depend-
ent [4.5:28.49,50]

II1.1. Equilibria Occurring Between Acidic and Neutral pH
Values

The native His,Met-ligated form (state III) transforms
into a low-pH conformer (state IT) with an apparent pK, of
2.5. In this conformer, the axial ligands are protonated and
are detached from the iron (which indeed becomes high-
spin): the free coordination positions are most likely occu-
pied by water molecules.'*>! The E°’ of this form cannot be
determined owing to the worsening of the electrochemical
response at low pH caused by protonation of the promoter
adsorbed onto the electrode surface and the probable dis-
ruption of the adsorbed layer.*]

At intermediate pH values (approximately from pH = 5
to 8), the pH dependence of the reduction potential of nat-
ive cytc is species-dependent. In particular, no acid/base
equilibria affect the redox properties of mitochondrial
(mammalian and plant) cytc in this pH range. In fact, His26
(present in all eukaryotic cytc) and the heme propionate-7
are characterized by low pK, values. In particular, the for-
mer residue, which controls the accessibility of the solvent
to the hydrophobic core of cytc influencing the global pro-
tein stability and that of the ligating Met80,5' has a pK,
value lower than 3.6 in horse heart cytc, probably due to
its non-polar environment,*3->21 which is maintained also
in the plant proteins.’3! The pK, of the heme propionate-7
in oxidized mammalian cytochromes ¢ is lower than
45450 In contrast, the E° values of some bacterial
cytochromes ¢, have been found to be sensitive to the pro-
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Figure 4. pH dependence of the reduction potentials of
cytochromes ¢, from: (a) Rm. vannielii, (b) Rps. viridis, (c) Rb. cap-
sulatus (reproduced by permission from G. R. Moore, G. W. Pettig-
rew Cytochromes c: Evolutionary, Structural and Physicochemical
aspects, Springer-Verlag, Berlin, 1990)

tonation state of a non-ligated histidine residuel*16-22-30-34]
or heme propionate, the pK, of which falls in the range 6—8
(Figure 4).43% The deprotonation of an ionizable residue
induces the typical sigmoidal decrease in E°’ because of the
electrostatic stabilization of the oxidized form due to the
decrease of the overall positive charge of the protein: the
extent of the change in E°' depends on the solvation prop-
erties of the residue, the distance from the heme, and the
properties of the intervening medium.

II1.2. The Alkaline Transition

The moderate affinity of the axial methionine sulfur for
the ferric ion in the native form of cytochrome ¢ renders
this residue susceptible to substitution by endogenous li-
gand(s) at high pH, leading to the “alkaline” isomer(s)
(state 1V), in which the iron retains the low-spin ferric
state.[4:312:28730:48,49.55-60] The spectroscopic and redox
changes induced by this equilibrium have been exploited to
determine the thermodynamics and kinetics of the isomeriz-
ation, to identify the nature of the substituting ligands, and
to determine the role of the residues neighboring the heme
in the relative stabilization of the two conformers. The over-
all reaction turns out to be a two-step process, in which a
fast residue deprotonation triggers a slow and thermodyn-
amically favored conformational change leading to the re-
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placement of the methionine by a surface lysine in axial
heme ligation, with an apparent pK, in the range 8.5—9.5
depending on the species.*>! The ionizable residue has not
yet been unambiguously identified, and no information is
available on the structural features of the alkaline con-
formers. The existence of two alkaline isomers in a pH-de-
pendent ratio suggests that at least two Lys residues can
replace the methionine at high pH.[?8-30-48,56=59]

The alkaline conformers of cytc give rise to a single vol-
tammetric wave (wave II) (Figure 1, b), which is diffusion-
controlled and chemically irreversible at the potential sweep
rates employed for detection of the voltammetric wave for
native cytc (wave I) (20—200 mVs™!). The reduction poten-
tials of the alkaline isomers of various cytc’s are lower than
those of the native forms by 0.3—0.5 V (falling in the range
-0.05 to —0.18V) (Figure2, ¢, and Fig-
ure 3).[12:28,29.48,49.551 [t has been found that this remarkable
decrease in the reduction potential is mainly due to the dif-
ferent coordination properties of methionine and lysine: the
latter is a stronger donor ligand that selectively stabilizes
the ferric form.l'” The chemical irreversibility of wave 11 is
due to the fact that the reduced alkaline conformer is un-
stable and tends to transform rapidly into the reduced nat-
ive form through the uptake of a proton. With increasing
sweep rate, the reduced alkaline isomer has no time to
transform prior to re-oxidation, and indeed the intensity of
the anodic counterpart of wave II becomes comparable to
that of the cathodic peak using scan rates higher than 0.6
V s~ ! (for beef heart cytc).['”!

Upon increasing the pH in the range 7.5—10.5, the cath-
odic peak current of wave II increases to the detriment of
that of native cytc, while the sum of the two currents re-
mains constant. Moreover, at each pH value, the cathodic
peak currents of both waves (as well as their E°’ values) are
independent of the potential sweep rate in the range 0.02—1
Vs~ 11481 Individual peak intensities simply depend on the
root square of the scan rate, as expected for diffusion-con-
trolled processes.[*®! Thus, waves I and II turn out not to be
“kinetic waves” (in the range of potential sweep rates used)
and, at each pH value, their currents are those determined
by the chemical equilibrium between the native and alkaline
forms.[*8:611 Therefore, the measured currents can be used to
determine the apparent equilibrium constants. The current
intensity (i) of the cathodic peak of wave I was measured
as a function of pH at different temperatures from 5 to 65
°C.1"8 The fit of the sigmoidal decrease of i with increasing
pH to a one-proton equilibrium equation yields the appar-
ent pK value (pK,,,) for the alkaline transition at a given
temperature (Figure 5). This value was found to decrease
from 9.8 to 8.6 on increasing the temperature from 5 to 65
°C at 0.1 M ionic strength (acetate).[*8] The latter effect is a
direct consequence of the endothermicity of the overall pro-
cess of the alkaline isomerization (see Section III.2.a).

It is worthy of note that the alkaline transition is also
greatly influenced by the properties of the medium. The
pK,pp decreases with decreasing dielectric constant of the
medium, as noted in mixed water/dimethyl sulfoxide solu-
tions (see Section V). This effect is of potential relevance
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Figure 5. pH dependence of the current intensity of the cathodic
peak (i) of wave I for beef heart cytochrome ¢ at different temper-
atures in sodium acetate at / = 0.1 m; 7 [°C] = 5 (@), 10 (H), 20
(A), 30 (V), 40 (®), 50 (), and 60 (O); the pH values were cor-
rected for temperature; solid lines are fits to a conventional one-
proton equilibrium equation (reproduced by permission from G.
Battistuzzi et al., Biochemistry 1999, 38, 7900—7907; copyright
American Chemical Society, 1999).

from a physiological point of view since it has been reported
that there is a decrease in the dielectric constant near the
surface of phospholipid membranes and that the alkaline
form of cytochrome ¢ is involved in the interaction with
synthetic anion phospholipid vesicles.[°>%3] Interestingly,
monoclonal antibody binding studies indicate that only the
native form is present in live cells, where cytochrome ¢ acts
as an electron shuttle near the inner mitochondrial mem-
brane, whereas the presence of the alkaline isomers has
been detected in apoptotic and necrotic cells.l®! The alkal-
ine isomers are formed in the early stages of apoptosis and
necrosis, possibly as a result of the translocation of
cytochrome ¢ through the mitochondrial membrane (or of
its association with membranes altered during the process
of death). It is therefore possible that the phospholipid-in-
duced conformational changes associated with the forma-
tion of the alkaline isomers are connected with the signaling
role of cytochrome ¢ during apoptosis, although experi-
mental evidence seems to indicate that these isomers are not
involved in the interaction with Apaf-1 to form apopto-
somes.[63:64]

The pK,,, for the alkaline transition also increases with
increasing ionic strength (see Section II1.2.a).48! This is
likely to be one of the factors that hampers separation of
the alkaline form in the crystal state from the usually high
ionic strength solutions (ammonium sulfate) used in the
crystallization procedure.

Upon increasing the pH beyond 10, another state (state
V) becomes accessible, in which a hydroxide ion is probably
axially bound to the heme iron.® The remarkably low re-
duction potential of this species is outside the potential win-
dow accessible with the present techniques.

I11.2.a The Thermodynamics of the Alkaline Transition

The thermodynamic parameters of the alkaline transition
have been investigated in some detail.*%6>=%71 We have
measured the apparent equilibrium constant (K,,,) of the
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alkaline transition (AT) of beef heart cytochrome ¢ by me-
ans of pH titrations of the current intensities in cyclic vol-
tammetry experiments. These were carried out at different
temperatures (from 5 to 65°C) and at different ionic
strengths (I = 0.01—0.2 m).8] The ionic strength of the
solution was varied using acetate, which has been found not
to bind specifically to beef (and horse) heart cytc, but rather
to simply exert an ionic atmosphere effect (see Section
1v).23

The temperature profile of the pK,,, values was found to
be biphasic (Figure 6). Two distinct sets of AH®' ot and
AS°’ o1 values were obtained below and above approxim-
ately 40 °C (Table 2). In the low-temperature range, the pro-
cess is endothermic and is accompanied by a small positive
entropy change, whereas at higher temperatures it becomes
less endothermic and involves a moderate entropy loss. Li-
gand substitution should not be responsible for the endo-
thermicity of the process, given the higher affinity of the
lysine nitrogen atom for the ferric ion as compared to the
methionine sulfur atom. Therefore, other factors, such as
transition-induced changes in the hydrogen-bond network
(also including ordered water molecules on the protein sur-
face) and in the electrostatic interactions between the metal
site and the protein environment and the solvent must be
responsible for the positive AH®' o1 values. The slightly pos-
itive or negative AS°’ st values cannot be easily rational-
ized. In fact, this isomerization has been proposed to in-
volve a number of processes, which would increase the num-
ber of degrees of freedom of the molecule, such as the net
release of a proton, the formation of multiple
conformers,’°~>°1 the opening of the heme crevice through
the disruption of two key stabilizing interactions on the
protein surface,[®”! and the probable disruption of a hydro-
gen-bond network involving the internal water molecule
and protein residues due to the detachment of Met80.18]
Therefore, other opposing (structure-making) processes
must be operative, which most probably involve a re-
arrangement of the solvation sphere of the protein (in a way

10.0
9.5
9.0
8.5

pK'PP

8.0
7.5

7.0 T T T T
28 30 32 34 36 338

1T x 10° (K)

Figure 6. Apparent pK values for the alkaline transition of beef
heart cytochrome ¢ as a function of 1/7 at various ionic strengths
(sodium acetate); / = 0.01 m (@), 0.02 m (H), 0.05 M (A), 0.1 M (V),
and 0.2 M (®); the pK values extrapolated to I =0 (O) are true
thermodynamic equilibrium constants; solid lines are least-squares
fits to the data points (reproduced by permission from G. Battis-
tuzzi et al., Biochemistry 1999, 38, 7900—7907; copyright American
Chemical Society, 1999)
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Table 2. Thermodynamic parameters for the alkaline transition
(AT) of beef heart ferricytochrome ¢ at various ionic strengths ob-
tained from the pK,,, vs. 1/T plots of Figure 6 (from ref.*8)

I A AH ap [KJmol '[P AS® sy [Jrmol~T-K 1]
low-T71¢ high-T low-T high-T

0ot 0 +49 +23 +12 =70

0.01 0.063 +52 +23 +8 —86

0.02 0.076 +52 +22 +5 -90

0.05 0.096 +52 +24 +1 —88

0.1 0.109 +52 +21 -1 —100

0.2 0.12  +53 +22 0 -98

[al Sodium acetate. — [ Average errors in the AH® o1 and AS® st
values are =2 kJ-mol~! and =6 J-mol~ "K', respectively. — [ En-
thalpy and entropy values in the low-7 and high-7 ranges refer to
the N; and N, conformers, respectively (see text). — 91 Data ob-
tained from the pK, values extrapolated at f(7) = 0 at various tem-
peratures (see Figure 6). These values are true standard thermodyn-
amic parameters.

which is presently unknown, but that might involve forma-
tion of internally hydrogen-bonded ordered molecular ar-
rays within the hydrophobic heme crevice or a net release
of water molecules from the hydration sphere of the protein
to the bulk solvent) and/or a suppression of vibrational,
rotational, and torsional motions in the A form as com-
pared to the N form. However, no clear definition of the
molecular details of the processes underlying the entropy
change is yet available.

The change in transition thermodynamics observed
above approximately 40 °C is most likely the result of the
thermal transition of native ferricytochrome ¢ from a low-
T to a high-T conformer, which occurs at alkaline pH
values at a comparable temperature (see Section II). Thus,
it is apparent that the transitions of the two native con-
formers to the corresponding alkaline forms are thermo-
dynamically distinct processes. It is suggested that this dif-
ference either arises from peculiar transition-induced
changes in the hydration sphere of the protein or is due to
the preferential binding of different lysines to the heme iron
in the two temperature ranges. Extrapolation of the K,
values at zero ionic strength allowed determination of the
thermodynamic equilibrium constants (K,) at each temper-
ature, and hence of the “true” standard thermodynamic
parameters of the transition. The pK, value at 25 °C was
found to be 8.0. A pK,,, value of 14.4 was calculated for
the alkaline transition of ferrocytochrome ¢ at 25 °C and
I = 0.1 M. The much greater relative stabilization of the
native state in the reduced as compared to the oxidized
form turns out to be almost entirely enthalpic in origin, and
is most likely due to the greater affinity of the methionine
sulfur for the Fe!' ion.[8]

The pK,,, values for the alkaline transition of cytc are
influenced by the ionic strength in a fashion that can be
explained, at least qualitatively, by the finite-ion version of
the Debye—Hiickel theory,*®! analogously to the ionic
strength dependence of the reduction potential (see Section
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IV). In particular, the pK,,, values measured at different
ionic strengths were found to conform to Equation (1).

VI 2 2
1+6ﬁ = pKa +O'5(chu-l —-ch‘_)~f(1) (1)

Here, zcyqp and z.y~ are the net charges of the neutral
and alkaline forms, respectively (Figure 7).14% The slope of
the plots (approximately +10) is almost twice that expected
from the net charges of the native and alkaline forms,
namely 0.5-(6> — 5%) = +5.5. This difference is most likely
due to the intrinsic limits of the Debye—Hiickel theory as
applied to a complex electrolyte such as a protein (see be-
low), although it might also be due to the specific binding
of one acetate ion to a surface site of the alkaline form. In
fact, although the acetate ion was shown not to interact
specifically with neutral cytc, nothing is known about its
interaction with the alkaline conformer.

pK,,, = pK, +05(z2y -2 _)-

app eyt

0.0

=
" %

8.0 4

pK'PP

Figure 7. Apparent pK values for the alkaline transition of beef
heart cytochrome c¢ as a function of f{7) = VI/(1 + 6VI) at various
temperatures; 7 [°C] = 5 (@), 10 (O), 20 (W), 30 (OJ), 40 (A), 50
(¥), 55 (A), 60 (®), 65 (V); solid lines are least-squares fits to the
data points (reproduced by permission from G. Battistuzzi et al.,
Biochemistry 1999, 38, 7900—7907; copyright American Chemical
Society, 1999)

Comparison of the AH®' ot and AS®’ st values at differ-
ent ionic strengths (Table 2) indicates that the increase in
the pK,,, values with increasing ionic strength is almost
entirely entropic in origin. Thus, the expected selective sta-
bilization of the native conformer (which has one more pos-
itive charge than the alkaline form) by the negative ionic
atmosphere that surrounds the protein has little or no ef-
fect. This result cannot be readily rationalized at present
owing to the uncertainty regarding the factors responsible
for the transition entropy.

IV. The Effects of the Ionic Composition of the
(Aqueous) Medium on E°’

The ionic composition of the medium is known to affect
the interaction of cytc with redox partners!’?! and phospho-
lipid membranes.”!! Salt-induced effects on the reduction
potential of cytc are of two types: (i) changes in the activity
coefficients of both redox states, known as “general’ ionic
strength effects; (ii) specific protein—anion interactions at
surface sites (cytc is positively charged at neutral pH). The
former effect is related to the shielding of the protein charge
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by the surrounding “ionic atmosphere”, which is greater for
the oxidized state since it bears the greater positive charge.
As a consequence, the oxidized state will be selectively sta-
bilized with respect to the reduced state, leading to a de-
crease in the reduction potential with increasing ionic
strength (see Section IV.2). A combination of the Nernst
and extended Debye—Hiickel equations, using a model in
which the protein behaves as a low dielectric cavity bearing
a net charge uniformly distributed on the surface, with no
specific ion—protein interactions, yields Equation (2) for
the changes in E° of cytc induced by the ionic atmo-
sphere.[472.73]

0.5-VT

RT | » 2]
E0=E9 42303252, -2 | —=¥°
=0 aF Lred T 033 0 T &)

Here, I is the ionic strength, E°;_, is the reduction poten-
tial extrapolated to zero ionic strength, z,.q4 and z, are the
charges of the reduced and oxidized protein, and « is the
“ion-size parameter”’, defined as the mean distance of clos-
est approach between the protein and an ion of opposite
charge belonging to the ionic atmosphere. The value of a
lies between the sum of the crystallographic radii and the
sum of the solvated radii. An a value of 18 A has been used
for bovine ferricytochrome c¢. By defining Equation (3),
Equation (2) becomes Equation (4) which predicts a linear

decrease in E° with increasing f{/), with a slope given by
0.059(z2.q — 224).

D) = (0.5VD/(1 + 0.33aV1) 3)
E° = E°1—o + 0.059(z7eq — 220D “

Despite the roughness of the model, especially regarding
the dielectric properties of the polypeptide matrix, this ap-
proach proved to be surprisingly effective in describing the
ionic strength dependence of E°’ for native and chemically
modified class I cytochromes c.[?!~23:6%72=741 This might be
ascribed, at least in part, to the facts that these species are
roughly spherical, that there are only subtle oxidation state
induced structural changes!*?>#%73! (which fits with an impli-
cit assumption of the model), and that the metal center is
almost totally embedded in the protein matrix. Indeed, we
found that the Debye—Hiickel theory works less well for
the cucumber basic protein (which possesses a type I copper
center), in which the metal site is more exposed to the solv-
ent (hence the dielectric constant of the metal environment
can no longer be regarded as low and homogeneous) and
which shows more pronounced oxidation state induced
changes in solvation properties and a stronger asymmetry
in charge distribution as compared to cytochrome ¢.[76-77]

Specific binding of anions to surface sites of cytc (inten-
ded as more or less localized surface regions of positively
charged potential),”® occurring either on one or both redox
states, would result in a decrease in the net positive protein
charge, related to the charge of the anion and the number
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of protein-bound anions. This would alter the slope of the
E°'[f(I) profile as compared to the free protein. Therefore,
the above equations were exploited to detect specific
anion—cytc interactions and to determine the stoichiometry
of binding for a wide variety of anions either occurring in
biological systems in vivo (such as CI~, HPO,>~, HCO; "),
or used as components of buffer systems in vitro (NO3~,
SO,2~, citrate’, oxalate®>).2!=23 Several anions were
found to possess peculiar binding properties,!’87! often in-
cluding sequential binding due to the presence of multiple
protein binding sites with different affinities for the
anion.?! =23 In parallel, these studies allowed evaluation of
the electrostatic effect on E°' resulting from anion-induced
neutralization of net positive protein surface charge(s). In
the following we will briefly illustrate some details of the
binding properties of biologically important anions and the
relationships between surface charges and E°’ which were
obtained with this approach.

IV.1. Specific Anion Binding Effects

IV.1.a. Anion—Protein Binding Stoichiometries

Some examples of the E°’ vs. f(I) plots obtained for bo-
vine and horse heart cytochromes c¢ interacting with differ-
ent anions are shown in Figure 8. Linear plots are invari-
ably obtained, according to Equation (4), showing either a
constant slope or biphasic behavior. The latter plots, which
yield two sets of protein charges at low and high anion con-
centrations, are interpreted as being indicative of sequential
anion binding. The protein charges obtained from the
slopes of the plots allowed an estimate to be made of the
number of anions bound to the two redox states of bovine
and horse heart cytc, which are listed in Table 31231 [it is
worth noting that evaluation of two unknowns, z,.q and z,,
from only one experimental parameter (z2q — z2,) can only
be achieved by introducing a number of constraints on the
charge values, for which the reader is referred to the original
literature].?! =231 The main results can be summarized as
follows: (i) all anions other than acetate interact specifically
with both proteins, (ii) in many cases, the number of anions
bound per protein molecule increases with increasing anion
concentration, indicating sequential anion binding due to
the presence of low and high affinity sites, (iii) chloride and
phosphate bind to both species to a greater extent as com-
pared to the other anions and show different binding stoi-
chiometries toward the two closely sequence-related pro-
teins (97% identity). In particular, one less chloride ion
binds to the bovine protein as compared to the equine spe-
cies: it is tempting to attribute this effect to the presence of
one less lysine residue in the bovine species as compared to
the horse species (a Gly residue in the former replaces
Lys60 in the latter). However, since Lys60 is proposed as
not being directly involved in the anion binding sites,[%-3%
the observed effect is likely to be due to a decrease in the
overall positive charge of bovine cytc and to a change in
the distribution of the surface electrostatic potential.
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Figure 8. Selected E°’ vs. f(I) plots for horse and bovine heart
cytochromes c in the presence of various anions: (A) bovine protein
with acetate (@), sulfate (V), bicarbonate (H); (B) bovine protein
with chloride (@) and oxalate (V¥); horse protein with chloride (O)
and oxalate (V); solid straight lines are fits to Equation (4) (repro-
duced by permission from G. Battistuzzi et al., Eur. J. Biochem.
1996, 241, 208 —214; copyright Blackwell Science Ltd., 1996)

The presence of two phosphate binding sites on the horse
protein at low anion/protein molar ratios was also indicated
by different approaches, some of which involved chemical
modification of surface lysines.[®79-8178] With increasing
anion concentration, the electrochemical data indicate the
binding of a third phosphate anion (except to the reduced
horse protein). As also indicated by ion chromatography
data,[®! phosphate displays a distinct binding preference to-
ward the oxidized forms of both proteins as compared to
the reduced forms. This is in contrast to chloride, which
shows the opposite behavior. This indicates that for both
proteins the lysine-based binding sites for the two anions
are different and are subject to different reduction-induced
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changes that affect anion affinity. In addition, phosphate,
unlike chloride, binds to a greater extent to the bovine
cytochrome, in spite of the smaller positive charge as com-
pared to the horse species. No obvious explanation for this
effect can be offered at present. As noted elsewhere,[®] these
facts demonstrate that even a few amino acid substitutions
perturb the positive surface potential field of the protein in
such a way as to significantly alter the number, magnitude,
and/or location of the potential energy minima for anion in-
teraction.

Only one bicarbonate ion binds to both of these proteins,
in agreement with studies of chemical modification of sur-
face lysines, from which it was proposed that lysines 72
and/or 73 and 86 and/or 87 are involved in anion bind-
ing.[” It is possible that one of the nitrate binding sites
corresponds to the bicarbonate site, in view of the structural
similarity of the two anions.

Sulfate and citrate show the same binding properties. For
both proteins and redox states, the number of anions bound
per protein molecule increases from one to two with in-
creasing anion concentration. This suggests the presence of
two protein sites with different affinities for the two anions
in both of the cytochromes, possibly corresponding to those
for phosphate, given the close similarity of sulfate and phos-
phate in terms of geometry, dimensions, and charge. Con-
sistently, citrate has previously been shown to have at least
one binding site in common with phosphate.[¢7:7-80]

Given that a number of anions show different binding
stoichiometries toward horse and bovine cytc, which are
highly sequence-related, the anion binding data for a bac-
terial cytochrome ¢, from Rps. palustris (which shows only
about 38% sequence identity with the mitochondrial spe-
cies) were expected to be quite distinctive. However, it has
been found that, although some anions such as chloride,
phosphate (at concentrations below 0.06—0.08 M), acetate,
and oxalate do indeed show peculiar binding properties to-
ward different species (e.g. chloride does not bind to the
bacterial species), many others, including perchlorate, bicar-
bonate, nitrate, phosphate (at concentrations above
0.06—0.08 M), sulfate, and citrate exhibit the same binding
stoichiometries (Table 3).2! 723 These two groups of anions
do not differ in their structural and charge characteristics,
or in their ability to form hydrogen bonds, hence intrinsic
anion properties are not responsible for this distinct be-
havior. Therefore, the invariance of the binding data for the
latter group of anions is most probably a consequence of
the fact that the binding sites are maintained in the different
species: this would suggest the existence of (a) more or less
extended region(s) of relatively conserved electrostatic po-
tential in the three cytochromes. It is known that the distri-
bution of lysines around the perimeter of the heme crevice
at the “front” of the molecule is largely retained in eukary-
otic cytochromes ¢ and bacterial cytochromes ¢,, which also
share the main features of the overall polypeptide
folding.®7=°! This also appears to be the case for Rps. pa-
lustris cytochrome ¢,.>!1 No other regions show analogous
similarities in the location of lysine residues. As a con-
sequence, the “frontside” region of these cytochromes,
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Table 3. Number # of specifically bound anions for horse and bovine heart cytochromes ¢ and Rps. palustris cyt c,, determined from the
ionic strength dependence of the redox potential in the presence of various anions, according to Equation (2); 7' = 25 °C; measurements
for chloride, perchlorate, nitrate, and sulfate were carried out at pH = 7; for the basic anions the pH varied from 8 to 9.3 depending on
anion concentration; in the case of sequential anion binding, values in the upper and lower rows refer to low and high anion concentra-

tions, respectively (from refs.?!=23])
Anion Bovine cyt ¢ Horse cyt ¢ Rps. palustris cyt ¢,
¢ [M] Nox Nyed ¢ [M] Nox Nyed ¢ [M] Nox Mred
Cl™ 1 2 3
> 0.04 2 3 > 0.04 3 4
ClO4~ 1 1 1 0 1 1
> (.02 1 1
HCO;~ 1 1 1 0 1 1
> (.02 1 1
CH;COO~ 0 0 0 0 1 1
NO;~ 1 2 1 2 1 2
HPO,*~ 3 2 2 2 1 1
> (.08 3 3 > 0.06 3 2 > (.06 3 3
SO~ 1 1 1 1 1 1
> (.08 2 2 > (.08 2 2 > 0.1 2 1(2)
C,0,2~ 1 1 1 1 2 1(2)
> 0.06 2 2 > 0.08 3 3
citrate3~ 1 1 1 1 1 1
> 0.1 2 2 > 0.1 2 2 > 0.08 2 2

which has been proposed to correspond to the likely site of
interaction with  physiological —oxidoreductases,®! =4
should also serve as a site of interaction with a number
of anions. Accordingly, the proposed binding site for the
bicarbonate ion to the horse protein!’ as well as the com-
mon binding site for phosphate and citrate (“Phosphate Site
I’ formed by Lys86, Lys87, and Lys88)7%-81-821 fall in this
region. As a consequence, the sites for chloride and acetate,
as well as the additional low-affinity site(s) for phosphate,
are probably located elsewhere.

IV.1.b. Relationships between Surface Charges and E°’

The role of net surface charges in determining the reduc-
tion potential in redox metalloproteins has been the subject
of much debate.[1618:95798] In the various protein families,
net charges contribute to the E°’ value only by approxim-
ately 10—30 mV per charge, depending on their location
with respect to the metal center. These data were obtained
through mutation or chemical modification of surface res-
idues and pH titration studies. This moderate effect can
mainly be attributed to the screening of the coulombic in-
teraction by the dielectric effect of water. However, recent
work from this laboratory®! has shown that enthalpy-en-
tropy compensation phenomena also contribute in minimiz-
ing the resulting E°’ change.

Anion binding to specific surface sites of cytochrome c¢
may be exploited as an additional tool to monitor the effect
of changes in charge on the E°’ value.?! =23 In fact, since
NMR and X-ray data indicate that increasing anion con-
centrations induce only minor structural modifications,
which leave the overall protein folding and conformational
flexibility of the molecule largely unaffected,**!1%9 it is
reasonable to assume that the £°' change caused by specific
anion binding is mainly electrostatic in origin, due to the
partial neutralization of positive surface charges. The rela-
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tionships between E°’ and charge were obtained as
follows.”! =231 When only one anion is bound per protein
molecule, in both redox states, extrapolation of the linear
E°' vs. f(I) plot to f{(I) = 0 allows determination of the E°’
value at zero ionic strength (E°';_ ) for the protein, the
surface charge of which is decreased by that of the bound
anion. The value E°'; _ ( for the ion-free protein is taken as
that extrapolated in the plot for the non-binding anion
(acetate and chloride for the mitochondrial and bacterial
species, respectively). The difference between E°'; _  for the
ion-free and the electrostatically perturbed protein (AE®'; — )
yields an estimate of the fall in reduction potential due
to the neutralization of n positive surface charges (at zero
ionic strength). The AE°';_, and dE°'/dg(dE°'/dq =
change in E°’ per unit charge) values obtained for the three
cytochromes studied are listed in Table 4. A number of ob-
servations can be made. First, the dE°'/dg values for the
multiply charged anions, such as sulfate, oxalate, and cit-
rate, interacting with the mitochondrial species range from
14.6 to 16.5 mV. They are intermediate between the theoret-
ical value of 12 mV predicted by the smeared charge model
for a sphere of radius 1.5 nm in water™ and 23 mV deter-
mined from a comparison of the reduction potentials of a
series of proteins bearing different charges.'°!l They com-
pare very well with the dE°'/dg value at zero ionic strength
of 11-14 mV determined from mutation of surface
lysines,['%?) while they appear to be somewhat higher than
the 5—10 mV estimated from chemical modification and
pH titration studies.[*l Second, the dE°'/dg values for the
two monovalent anions, perchlorate and bicarbonate, are
somewhat greater, especially those for the latter ion (24 and
25 mV for beef and horse heart cytc, respectively). This may
be due to a closer approach of these anions to the heme,
consistent with the existence of a specific “bicarbonate
site”.[7]
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Table 4. AE®'; _ ; and dE°'/dq values (see text) for beef and horse heart cytochromes ¢ and Rps. palustris cytochrome ¢, determined upon
anion binding to one site in both redox states of the proteins (from refs.[?! ~23)

Anion AE°';_ o [mV] dE°'/dgq
horse bovine Rps. palustris cyt ¢, horse bovine Rps. palustris cyt ¢,

ClO4~ 21 20 23 21 20 23

HCO;~ 25 24 33 25 24 33

SO~ 31 31 31 15.5 15.5 15.5

C,0,2 33 33 - 16.5 16.5 -

citrate3~ 44 45 41 14.6 15 14

CH;COO~ - - 28 - - 28

HPO,>~ - - 32 - - 16

Overall, the dE°'/dg values determined using the present
approach are in line with those previously estimated for
mutated or chemically modified species. The picture that
emerges is that the effect of alteration of one net surface
charge of the protein on the reduction potential of the
heme, although being small, as discussed above, is measur-
able and is also significant at physiological ionic strengths.
Thus, besides the general ionic strength effects related to
the charge shielding of the protein as a whole due to the
surrounding ionic atmosphere, the ionic composition of the
medium may also induce protein charge neutralization at
specific site(s), which determines an additional alteration
(decrease) in the reduction potential. Hence, the salt effects
on the rate of electron transfer between cytochrome ¢ and
redox partners may not only be due to changes in orienta-
tion and/or distance of the redox centers in the complex,
but a contribution may also arise from changes in the driv-
ing force.

IV.1.c. Effects on the Alkaline Transition

Recently, the thermodynamic parameters of the alkaline
transition of beef heart ferricytochrome ¢ have been meas-
ured using the procedure illustrated in Section II.2.a in the
presence of various sulfate concentrations.['%3 Sulfate is
known to bind specifically to cytochrome ¢ in a sequential
manner at two surface sites.?*! It has been found that the
effects of such a specific binding reflect the thermodyn-
amics of the transition and can be satisfactorily interpreted
within the frame of the Debye—Hiickel theory with simple
electrostatic considerations. In particular, the increase in the
thermodynamic pK, values (extrapolated to 7 = 0) upon se-
quential sulfate binding turns out to be a fully enthalpic
effect, which can be accounted for, at least qualitatively,
simply by considering the coulombic effects of charge modi-
fication due to the formation of ionic couple(s) on the pro-
tein surface. In particular, according to Equation (1), the
pK,pp values increase linearly with increasing f(I) (Fig-
ure 9). It is worthy of note that: (i) the discontinuity in the
pKapp vs. fUl) plot corresponds to the sulfate concentration
(0.08 m) above which the number of sulfate anions specific-
ally bound to the protein is known to increase from one to
two;[?3 (ii) the measured slopes are in close agreement with
those expected from the decrease in protein charge upon
binding of one and two binegative anions to both the alkal-
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ine and neutral isomers. These two observations, taken to-
gether, clearly indicate that the biphasic profile of the pK,
values as a function of sulfate concentration is the result of
the electrostatic effect of sequential anion binding to pro-
tein surface sites.

10.0

PKapp

9.0 -

‘s -ﬁ

0.08

0.14
D

Figure 9. Apparent pK values for the alkaline transition of beef
heart cytochrome ¢ as a function of f{I) = VI/(1 + 6 VI) (sodium
sulfate) at various temperatures; 7' [°C] = 5 (@), 20 (H), 40 (A),
50 (), 55 (A), 60 (O); solid lines are least-squares fits to the data
points (reproduced by permission from G. Battistuzzi et al., Arch.
Biochem. Biophys. 2001, 386, 177—122; copyright Academic
Press, 2001)

IV.2. General Ionic Strength (“Ionic Atmosphere”) Effects

The reduction potential of native beef heart cytochrome
¢ has been measured as a function of the temperature in the
presence of increasing concentrations of the non-binding
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anion acetate, in order to quantify the influence of the gen-
eral ionic strength effect, namely of non-specific electro-
static interactions due to the ionic atmosphere that sur-
rounds the protein, on the thermodynamics of protein re-
duction.[3”! Most of the previous investigations on salt-in-
duced effects on the physicochemical properties of
cytochromes ¢ were carried out using either phosphate or
chloride to adjust the ionic strength of the solution, which,
as seen above, do in fact bind specifically to both redox
states of cytochrome ¢.[21723:69791 The E°'/T profiles at dif-
ferent ionic strengths and the E°'/f(]) plots at different tem-
peratures measured at three pH values (7, 8, and 9) are
shown in Figure 10 and Figure 11, respectively. At pH = 7
and 8, the reduction enthalpy and entropy become less
negative with decreasing ionic strength. The reduction en-
tropy extrapolated to zero ionic strength is approximately
zero, indicating that in the absence of the screening effects
of the salt ions on the network of the electrostatic interac-
tions at the protein—solvent interface, the solvation proper-
ties and the conformational flexibilities of the two redox
states are comparable. At the same pH values, the reduction
potential of cytc slightly decreases with increasing ionic
strength at constant temperature (Figure 11). For example,
AE®'1s = (E°");—oaM — (E°");— oM = —0.035 V at 25 °C,
which corresponds to a AAG®' g value of +3.3 kJ-mol~!.[3]
Since X-ray and NMR studies have shown that salt effects
do not alter the overall protein folding and the conforma-
tional flexibility of cytc,[190-104=106] the positive AAG®' s
value can mainly be attributed to the selective stabilization
of the ferri form by the exclusively electrostatic effects of
the salt ions. Such a free energy change turns out to be
composed of a AAH® 1 [= (AH® );— o1 M — (AH®'); - g M]
term of —85kJmol™! and a TAAS°g term of
—11.8 kJ'-mol~! (analogous quantitative relationships be-
tween the enthalpic and entropic terms hold at the other
pH values and temperatures).2% Enthalpy-entropy com-
pensation phenomena in the hydration of
biopolymers!!®7~ 11l must be taken into account to identify
the molecular effect responsible for the positive value of
AAG®'1s. In particular, since the salt-induced changes in the
hydration sphere of the two redox states of cytc are likely
to be responsible for the negative TAAS®'1s term, a com-
pensating enthalpic effect of the same sign and magnitude
should contribute to the measured AAH® ;5. Thus, once the
compensating enthalpic and entropic effects of the change
in solvation properties are factorized out, the measured
AAG®’ (g value of +3.3 kJ'mol ! turns out to be entirely due
to a AAH®' term attributable to the electrostatic effect of
the negatively charged ionic atmosphere that surrounds
cytc, which should indeed stabilize the ferri form (which
bears a greater positive charge than the reduced state). This
would nicely explain why at pH = 7 the E°' vs. f(I) plot
follows the simple electrostatic model of the extended
Debye—Hiickel equation [Equation (4)], yielding a negative
slope that at most temperatures is that expected for the un-
perturbed protein (z,q = 5+ and z,, = 6+). Notably, at
pH = 8, the gradient of such a slope decreases, and at pH =
9 it becomes positive (Figure 11, b, ¢).3% We attribute this
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effect to the specific binding of the hydroxide ion to surface
sites of the protein, which results in a decrease in the posit-
ive charge of both redox states. The positive slope at pH =
9 would indicate that such a binding occurs preferentially
to the oxidized form, as observed elsewhere for a number
of anions.[?1723.6%]

V. The Effects of Non-Aqueous Solvents

Solvent—solute interactions play a significant role in de-
termining the reduction potentials of redox metalloproteins,
affecting both the enthalpic and entropic contributions to
the free energy change of the reduction process.[>¢-27-2
Some theoretical models reproduce the experimental
E°" values of families of homologous ET proteins
reasonably well, treating the solvent as a dielectric
continuum. 311271151

It has been proposed that there is a decrease in the dielec-
tric constant near the surface of the cell membrane, which
induces conformational transitions in some proteins that
are central to their physiological role.[''®~ 118 The behavior
of cytochrome ¢ has been investigated in mixed water/alco-
hol solutions of low average dielectric constant and at low
pH, conditions that, in principle, simulate those in the prox-
imity of the inner mitochondrial membrane.[!!16:119:1201 Tyo
alcohol-induced conformational transitions have been de-
tected at intermediate and high alcohol concentrations. The
former leads to a compact species which retains most of the
secondary structure of the native state but lacks most fea-
tures of the tertiary structure (molten globular state),
whereas the latter is a more helical state that differs from
the extensively unfolded state obtained at high concentra-
tions of strong denaturants such as guanidine hydrochloride
or urea.l''® Much less is known about the effects of other
organic solvents, or about the redox properties of
cytochrome ¢ in not purely aqueous media in general. We
have investigated the redox behavior of bovine heart cytc in
mixed water/dimethyl sulfoxide (DMSO) solutions con-
taining up to 40% (v/v) DMSO. We used cyclic voltamme-
try, under varying conditions of temperature and pH, and
we also monitored the effects on protein conformation by
means of '"H NMR and circular dichroism.*”) The main
observations can be summarized as follows. The redox be-
havior of cytc in solutions containing less than 10% DMSO
is very similar to that in water. An increase in the propor-
tion of DMSO induces a number of effects, which are differ-
ent for the native and alkaline forms. Regarding the native
form, at constant temperature, its E°’ decreases to a similar
extent as that determined in aqueous solution following an
increase in temperature reproducing the same dielectric
constant as that of the mixed solvent. This indicates that
the effect of DMSO on E°’ is mainly determined by the
decrease in the average dielectric constant of the solvent. It
would appear that DMSO does not significantly alter the
protein conformation, as indicated by the absence of appre-
ciable DMSO-induced changes in the hyperfine-shifted 'H
NMR resonances and CD spectra of native cytc. Regarding
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Figure 10. Temperature dependence of the reduction potential of
beef heart cytochrome ¢ at various ionic strengths (sodium acetate);
1=10.01 m(®),0.02Mm(V¥),0.05M (A), 0.1 m (W), and 0.2 M (@);
(a) pH = 7, (b) pH = 8, (c) pH = 9; solid lines are least-squares
fits to the data points [those for intermediate ionic strength in (c)
are omitted for clarity] (reproduced by permission from G. Battis-
tuzzi et al., J Biol Inorg. Chem. 1999, 4, 601—607; copyright
Springer, 1999)
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Figure 11. Reduction potential of beef heart cytochrome ¢ as a
function of f{I) = VI/(1 + 6VI) at various temperatures; 7 [°C] =
5 (0), 10 (O), 15 (A), 20 (V), 25 (#), 30 (A), 35 (O), 40 (O), 45
(V), 50 (@), 55 (M), 60 (A), 65 (V); (a) pH = 7, (b) pH = 8, ()
pH = 9; solid lines are least-squares fits to the data points (repro-
duced by permission from G. Battistuzzi et al., J. Biol. Inorg. Chem.
1999, 4, 601—607; copyright Springer, 1999)

the alkaline form(s), at constant pH, the electrochemical
wave corresponding to the alkaline conformer(s) of cytc
(wave II) increases in intensity to the detriment of wave I
(Figure 12). This is paralleled by a decrease in the apparent
pK, value for the transition of native cytc to the alkaline
form, estimated from the pH dependence of the peak cur-
rents (not shown). Moreover, the electrochemical reversibil-
ity of wave II increases (Figure 12) and detectable changes
are observed in the '"H NMR and CD spectra of the alkal-
ine form. These data indicate that, in contrast to the native
form, DMSO affects to some extent the conformation of
alkaline cytc and stabilizes both redox states of this form
to the detriment of the native form. The latter effect is not
unexpected since the alkaline species is less positively
charged and therefore should be preferentially stabilized
over the neutral species by a decrease in solvent polarity.

Eur. J. Inorg. Chem. 2001, 2989—3004
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Figure 12. Cyclic voltammograms for bovine heart cytc at a 4-mer-
captopyridine surface-modified gold electrode in (a) water, pH =
6.7; (b) 30% DMSO, pH* = 6.1; (c) 40% DMSO, pH* = 6.3; scan
rate 50 mVs~!; waves I and II are due to native and alkaline cytc,
respectively; protein concentration 0.2 mm; 7 = 55 °C (this fairly
high temperature allows the effects of DMSO on the current and
reversibility of wave II to be better visualized) (reproduced by per-
mission from G. Battistuzzi et al., Inorg. Chim. Acta 1998, 272,
168—175; copyright Elsevier Science S.A., 1998)

The highly homologous horse heart cytc was previously
found to behave in a similar manner in water/methanol mix-
tures at pH = 6.1121]
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