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ABSTRACT: The apparent equilibrium constant (Kapp) of the alkaline transition (AT) of beef heart cytochrome
c, obtained from pH titrations of the current intensities in cyclic voltammetry experiments, has been
measured as a function of the temperature from 5 to 65°C, at different ionic strength (I ) 0.01-0.2 M).
The temperature profile of the pKapp values is biphasic and yields two distinct sets of∆H°′AT and∆S°′AT

values below and above approximately 40°C. In the low-temperature range, the process is endothermic
and is accompanied by a small positive entropy change, while at higher temperatures it becomes less
endothermic and involves a pronounced entropy loss. The temperature dependence of the transition
thermodynamics is most likely the result of the thermal transition of native ferricytochromec from a
low-T to an high-T conformer which occurs at alkaline pH values at a temperature comparable with
above (Ikeshoji, T., Taniguchi, I., and Hawkridge, F. M. (1989)J. Electroanal. Chem. 270, 297-308;
Battistuzzi, G., Borsari, M., Sola, M., and Francia, F. (1997)Biochemistry 36,16247-16258). Thus, it is
apparent that the transitions of the two native conformers to the corresponding alkaline form(s) are
thermodynamically distinct processes. It is suggested that this difference arises from either peculiar
transition-induced changes in the hydration sphere of the protein or to the preferential binding of different
lysines to the heme iron in the two temperature ranges. Extrapolation of theKapp values at null ionic
strength allowed the determination of the thermodynamic equilibrium constants (Ka) at each temperature,
hence of the “true” standard thermodynamic parameters of the transition. The pKa value at 25°C was
found to be 8.0. A pKapp value of 14.4 was calculated for the alkaline transition of ferrocytochromec at
25 °C andI ) 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(II) ion. Finally, it is found that the Debye-Hückel
theory fits the ionic strength dependence of the pKappvalues, at least qualitatively, as observed previously
for the ionic strength dependence of the reduction potential of this protein class. It is apparent that the
increase in the pKapp values with increasing ionic strength is for the most part an entropic effect.

Axial ligation to the heme iron in oxidized cytochromes
c is sensitive to changes in pH, temperature, ionic strength,
and solvent composition. In particular, the moderate affinity
of the methionine sulfur for the ferric ion in the native form
(state III) makes this residue susceptible to substitution by
an endogenous ligand at high pH or when the protein is
moderately heated or subjected to a chemically induced
partial denaturation (1, 2). This transition, leading to the
“alkaline” isomer (state IV) in which the ferric ion retains a
low-spin state, is accompanied by spectroscopic changes such
as the loss of the 695 nm band in the electronic spectra, the
appearance of new set(s) of hyperfine-shifted resonances in
the 1H NMR spectra, and changes in the vibrational modes
of the heme pocket in resonance Raman spectra (3-26).
These changes have been exploited to determine the equi-
librium and kinetic properties of this isomerization and to
identify the nature of the substituting ligands and the role of
residues neighboring the heme in the relative stabilization
of the two conformers. At present, the overall picture which

is generally accepted is that of a two-step mechanism in
which a fast residue deprotonation with a pK of ap-
proximately 11 triggers a slow and thermodynamically
favored conformational change (pK ) -2) to a new low-
spin Fe(III) state (Scheme 1) (27-30). Consistently, the
apparent pKa for the neutral to alkaline transition measured
at equilibrium from electronic and NMR spectra and
electrochemical measurements is approximately 9 (1, 2, 20).
The ionizing residue has not been unambiguously identified
yet. The possible candidates include a surface lysine, the iron-
binding His18, the heme propionate-6, and a buried water
molecule (13, 31, 32). A wealth of experimental evidence
indicates that the conformational change involves replace-
ment of Met80 with a surface lysine in axial heme ligation
(1-9, 11-14, 16, 27-29). The existence of two alkaline
isomers in a pH-dependent ratio for all mitochondrial cyt1 c
suggested that at least two Lys residues can substitute for
the methionine at high pH (7, 12). Recent studies on site-
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directed mutants of yeast iso-1 cytc indicated Lys79 and
Lys73 as the iron ligands (3, 4, 7, 33). The most likely
candidates in horse heart cytc are Lys79 and Lys72 (3, 4,
6, 9). An increase in temperature at neutral or mild alkaline
pH was shown to cause the same residue substitution in axial
heme ligation (5, 8), most likely as a consequence of the
T-induced decrease of the overall pKa of the alkaline
transition. Evidence has been provided for the involvement
of a third alkaline isomer at high T in horse heart cytc (8).
Additional conformers have been detected in strong alkaline
solutions (state V), in which an hydroxide ion is likely to
act as the sixth axial ligand (4). Although much effort has
been devoted to the characterization of the IIIf IV transition
through a variety of experimental approaches, still no detailed
information is available on the structural features of the
alkaline conformers.

We have recently focused on the thermodynamic param-
eters of the electron exchange for cytochromesc and other
electron transport metalloproteins, determined through vari-
able temperature direct electrochemistry experiments (34-
37). The enthalpy and entropy changes accompanying protein
reduction proved to be a valuable tool to interpret differences
in E°′ among the members of the same protein family, as
well as temperature- and pH-induced changes inE°′ for a
given species. It is known that at alkaline pH values native
ferricytochromec undergoes a reversible temperature-induced
conformational transition (above 35-50 °C, depending on
the species) with no changes in axial heme ligation (34, 38-
42). The reduction thermodynamics of the low-T and high-T
native isomers (N1 and N2, respectively) were found to differ
sensibly, indicating that the thermal transition affects to some
extent the heme-protein interface and/or the dynamic and
solvation properties of the polypeptide chain (34). This
prompted us to check whether this T-induced conformational
change has an effect on the thermodynamic parameters of
the alkaline transition. Here, we show that this is the case.
In particular, we describe the results of the determination of
the apparent equilibrium constant for the alkaline isomer-
ization of beef heart cytochromec, carried out through direct
electrochemistry over a wide temperature range (5-65 °C),
from which two distinct sets of transition thermodynamics
were obtained, that are clearly attributable to the low-T and

high-T native isomers. In addition, we have measured the
ionic strength dependence of the apparent equilibrium
constant at different temperatures. This allowed determination
of the thermodynamic equilibrium constants (at null ionic
strength) and of the “true” thermodynamic parameters of the
transition. Overall, this work provides a detailed picture of
the contribution of the enthalpic and entropic terms to the
free-energy change of the alkaline isomerization of cyto-
chromec (Scheme 1), and of how this process is affected
by the ionic composition of the medium (43). These data
complement the as yet poor structural information in gaining
a deeper understanding of this transition that for some aspects
has been suggested to possess a functional relevance (21,
22, 28, 44-46).

EXPERIMENTAL PROCEDURES

Materials.Beef heart cytochromec was purchased from
Sigma and further purified by cation-exchange chromatog-
raphy (SP-Sepharose HP). Removal of bound anions was
achieved following the procedure described elsewhere (47).
All chemicals were reagent grade. Nanopure water was used
throughout.

Electrochemical Measurements.Cyclic voltammetry ex-
periments were carried out with a Potentiostat/Galvanostat
PAR mod. 273A at different scan rates (0.02-1 V s-1) using
a cell for small volume samples (V ) 0.5 mL) under argon.
A 2 mm diameter gold disk was used as working electrode,
and a Pt sheet and a saturated calomel electrode (SCE) as
counter and reference electrode, respectively. The electric
contact between the SCE and the working solution was
obtained with a Vycor set. Potentials were calibrated against
the MV2+/MV + couple (MV ) methyl viologen) (48). All
of the redox potentials reported here referred to the standard
hydrogen electrode (SHE). The working electrode was
cleaned by first dipping it in ethanol for 10 min and then
polishing it with an alumina (BDH, particle size of about
0.015 mm) water slurry on cotton wool; finally the electrode
was treated in an ultrasonic pool for about 10 min. To
minimize residual adsorbed impurities, the electrode was first
set at+1 V (vs SCE) for 180 s and then subjected to 10
voltammetric cycles between+0.7 and-0.6 V at 0.1 V s-1.
Modification of the electrode surface was performed by
dipping the polished electrode into a 1 mM solution of
4-mercaptopyridine for 30 s and then rinsing it with
Nanopure water. Sodium acetate in different concentration
was used as the base electrolyte. Protein solutions were
freshly prepared before use and their concentration, varying
over 0.1 to 0.3 mM, was checked spectrophotometrically.
The pH was changed by adding small amounts of concen-
trated NaOH or acetic acid under fast stirring. The ionic
strength (I) was adjusted with sodium acetate and the realI
value was calculated taking into account also the concentra-
tion of the cytochrome. The experiments were performed
several times, and the reduction potentials were found to be
reproducible within( 2 mV. In the pH titrations at different
temperatures the reference electrode was kept at constant
temperature (21( 0.1 °C), while the half-cell containing
the working electrode and the Vycor junction to the reference
electrode were under thermostatic control and the temperature
was varied from 5 to 65°C.

Scheme 1: Minimal Reaction Scheme for the Alkaline
Isomerization of Cytochromec (27-29)

Reference is made to the low-T neutral conformer in its resting state,
N1H, in the deprotonated state, N1, and in the lysine-ligated alkaline
forms, A. Subscript rc stands for “redox couple” and indicates the
thermodynamics of reduction determined from non-isothermal variable
temperature experiments (30, 74). Subscript AT stands for alkaline
transition.
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RESULTS

Apparent Equilibrium Constant of the Alkaline Isomer-
ization.A typical cyclic voltammogram of the neutral form
(N) of beef heart cytc, obtained on a gold electrode surface
modified with 4-mercaptopyridine, is shown in Figure 1a.
The electrochemically reversible, one-electron and diffusion-
controlled voltammetric signal (wave I) at a potential (E°′)
of +0.263 V at pH 7 and 25°C is due to the Fe3+/Fe2+

equilibrium of the heme iron (34, 49-51). If the pH is
increased above 8 at room temperature (25°C), a new
diffusion-controlled chemically irreversible signal (wave II)
is observed at negative potentials (Epc ) -0.040 V vs SHE)
(Figure 1b), which is due to the lysine-ligated alkaline
conformer(s) (A) (29, 34, 52, 53). The intensity of the anodic
counterpart increases with increasing sweep rate and becomes
comparable to that of the cathodic peak using scan rates
higher than 0.6 V s-1. The electrochemical behavior of wave
II improves with increasing temperature, as observed else-
where for other class I cytochromesc (29, 34, 54). Upon
increasing the pH in the range 7.5-10.5 the cathodic peak
current of wave II increases to the detriment of that of wave
I, while the sum of the two currents remains constant.
Moreover, at each pH value, the cathodic peak currents of
both waves (and their E°′ values as well) are independent
of the potential sweep rate in the range 0.02-1 V s-1. This
holds for all ionic strengths and temperatures considered in
this work. Individual peak intensities simply depend on the
root square of the scan rate, as expected for diffusion-
controlled processes (Figure 2). Thus, at variance with the
case of the Phe82His variant of yeast iso-1-cytc (55), waves

I and II are not “kinetic waves” (in the range of potential
sweep rate used), and at each pH value, their currents are
those determined by the chemical equilibrium between the
native and alkaline forms. In fact, the absence of sweep rate-
dependent changes of the cathodic current intensity of the
two waves indicates that, at variance with the above mutant,
thekf andkb values for the overall process of ligand exchange
are much smaller than the rate of the process of electron
uptake in the range of potential sweep rates used in this work;
hence, the reduction process for wave I (wave II) is invariably
over before significant Af N (N f A) conversion can take
place (56). As a consequence, the concentrations of the
neutral and alkaline forms at each pH at the solution/electrode
interface are not perturbed appreciably with respect to those
at equilibrium in the bulk of the solution; therefore the
measured currents can be used to determine the apparent
equilibrium constant. The current intensity (i) of the cathodic
peak of wave I was measured as a function of pH at 5, 10,
20, 30, 40, 50, 55, 60, and 65°C. The fit of the sigmoidal
decrease ofi with increasing pH to a one-proton equilibrium
equation yields the apparent pK value (pKapp) for the alkaline
transition at a given temperature (Figure 3). In the pH range
investigated, the anodic and cathodic peak potentials of both
waves decrease by about 15-25 mV, depending on the
temperature and ionic strength.

Equilibrium Constants and Thermodynamic Parameters
at Different Ionic Strength.Measurement of the pKappvalues
at different ionic strength allows evaluation of the effects of
the screening of the protein charge by the ionic atmosphere
on the relative stability of the two protein forms and
determination of the thermodynamic equilibrium constant of
the transition (through extrapolation of the pKapp values atI
) 0). The pKapp values at each temperature were measured
as described above at different ionic strength (I ) 0.01-0.2
M) obtained with sodium acetate. The acetate ion was chosen
because it was shown previously not to interact with beef
(and horse) heart cytc at specific sites up to 0.2 M
concentration (49). Hence acetate simply exerts a general
ionic strength effect. The only influence ofI on the
voltammetric response was a cathodic shift of E°′ due to
the selective stabilization of the more positively charged
oxidized state of the protein by the surrounding ionic

FIGURE 1: Cyclic voltammograms of beef heart cytochromec at a
4-mercaptopyridine surface-modified gold disk electrode; (a) pH
6.95, T ) 293 K, sweep rate, 50 mV s-1, protein concentration,
0.17 mM; (b) pH 9.13,T ) 293 K, sweep rate, 50 mV s-1, protein
concentration, 0.25 mM. I and II refer to the waves of the native
and alkaline conformer, respectively: base electrolyte, 0.1 M
sodium acetate.

FIGURE 2: Current intensity of the cathodic peak of wave I (b)
and II (9), corresponding to the native and alkaline isomers,
respectively, as a function of the root square of the potential sweep
rate: pH) 9.13; base electrolyte, 0.1 M sodium acetate;T ) 293
K.
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atmosphere (1, 49, 57-62). Peak separations (∆Ep) in wave
I were of 60( 2 mV for acetate concentrations lower than
0.2 M. At higher salt concentrations,∆Ep increased up to
70 mV, indicating a slight decrease in electrochemical
reversibility, possibly due to either partial anion-induced
disruption of the conduction layer formed by the promoter
bound to the metal surface and/or alteration of the promoter-
cytochrome interaction which facilitates electron transfer.Kapp

is related to the thermodynamic equilibrium constant (Ka)
by the following relationship:

The mean ionic activity coefficientγ( of a solvated ion at a
given ionic strength can be calculated by the extended
Debye-Hückel equation within the finite-ion-size model
(63). In particular,

where z is the charge of the ion anda is the “ion-size
parameter”, defined as the mean distance of closest approach
between the ion and one of opposite charge belonging to
the ionic atmosphere. The value ofa is comprised between
the sum of the crystallographic radii and the sum of the
solvated radii.A andB are dimensionless constants related
to solvent properties such as density and permittivity, which
are dependent onT-3/2 and T-1/2, respectively. In water at
25 °C, A ) 0.51 andB ) 0.33× 108 (63). In the temperature
range considered in this work the influence of the temperature
on A andB is very small. It has been previously shown that
the activity coefficient of a cytochromec (which is positively
charged up to pH values slightly above 10) can be success-
fully expressed within this theoretical framework under the
assumption that the protein behaves like a low-dielectric
cavity with the charge uniformly distributed on the surface,

embedded in an ionic atmosphere of equal and opposite net
charge (1, 59, 60, 62). In particular

wherez is the net protein charge anda is given the value of
18 Å (47, 62) by assuming an average radius of 15 Å for
bovine ferricytochromec. Substitution of eq 3 into eq 1 yields
the following:

wherezcytH andzcyt- are the net charges of the neutral and
alkaline form, respectively (1, 47). Hence, the intercept of
the pKapp vs f(I) plot yields the thermodynamic equilibrium
constant for the conversion of the neutral to the alkaline
conformer. The plots of pKappvs f(I) at different temperatures
are shown in Figure 4. The pKapp values increase linearly
with increasing f(I), according, at least qualitatively, to eq
4. The transition thermodynamics (∆H°′AT and∆S°′AT, where
AT stands for alkaline transition) can then be evaluated from
the integrated van’t Hoff equation:

namely from the plot of pKapp vs 1/T. These plots for the
pKapp values at each f(I) and the pKa values extrapolated at
f(I) ) 0 are reported in Figure 5. They invariably consist of
two linear segments which intersect at approximately 40°C.
The enthalpy and entropy changes for the alkaline transition
in the two temperature ranges, obtained according to eq 5 at
different ionic strengths, are listed in Table 1. These biphasic
behaviors closely parallel that of the temperature profile of
E°′ for the native form of beef (and horse) heart cytc at pH
values above 7, in which an analogous break point is
observed at approximately the same temperature (34, 38-

FIGURE 3: pH dependence of the current intensity of the cathodic
peak (i) of wave I for beef heart cytochromec at different
temperatures in sodium acetate atI ) 0.1 M: T ) 5 (b), 10 (9),
20 (2), 30 (1), 40 ([), 50 (0), and 60 (O) °C; sweep rate, 50
mVs-1. The pH values were corrected for the temperature (73).
Solid lines are fits to a conventional one-proton equilibrium
equation.

pKapp) pKa + log
γ(cyt-

γ(cytH
(1)

-log γ( ) Az2xI

1 + BaxI
(2)

FIGURE 4: Apparent pK values for the alkaline transition of beef
heart cytochromec as a function of f(I) ) xI/(1 + 6xI) at
different temperatures:T (°C) ) 5 (b), 10 (O), 20 (9), 30 (0), 40
(2), 50 (1), 55 (4), 60 ([), 65 (3). The temperature dependence
of f(I), due to the parameterB (63), was taken into account. Solid
lines are least-squares fits to the data points.

-log γ( ) 0.5z2xI
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42). The∆H°AT and∆S°AT values obtained from the linear
fits of the pKa values (extrapolated atI ) 0), are true standard
thermodynamic parameters (Table 1). From these data, a pKa

value of 8.0 at 25°C is calculated.

DISCUSSION

The voltammetric wave II which appears above pH 7 with
increasing pH and/or temperature (Figure 1b) is due to the
alkaline conformers (A) (29, 34, 52, 53). The harder base
character of theε-amino group of the lysine ligand as
compared to the thioether sulfur of the native methionine
appears to be the main determinant of the dramatic decrease
in E°′ of the A form(s) as compared to the native conformer,
which was shown indeed to be largely due to an enthalpic
stabilization of the ferriheme (34). Since only one wave of
the alkaline form is observed, the redox behavior of the
various lysine-ligated conformers turns out to be the same,
at least within the resolution of the technique: the shape of
the voltammetric signal sets the upper value for the difference
in reduction potentials, if any, at about 0.015 V. Since the
electrochemical measurements were carried out on species
at chemical equilibrium, the pK values and thermodynamic
parameters determined here refer to the overall process of
alkaline isomerization and must be considered average values

for the various alkaline conformers. The observation of the
anodic counterpart of wave II only for high scan rates is
due to the fact that the reduced alkaline form is unstable
and transforms rapidly in the corresponding neutral form (29,
34).

Thermodynamics of the Alkaline Transition. The overall
transition from the neutral to the alkaline conformer of
cytochromesc turns out to be an endothermic process
involving a small positive entropy change at low temperature
and a moderate entropy loss at higher temperatures (Table
1). The∆H°′AT values have coordinative and noncoordinative
sources. Due to the higher affinity of the lysine nitrogen for
the ferric ion as compared to the methionine sulfur, ligand
substitution should not contribute to the endothermicity of
the process. Hence, the determinants of the positive∆H°′AT

values must include the residue ionization and other non-
coordinative factors such as transition-induced changes in
the hydrogen bonding network (also including ordered water
molecules on the protein surface) and in the electrostatic
interactions between the metal site and the protein environ-
ment and the solvent. Several contributions also concur to
determine the transition entropy,∆S°′AT. The transition
involves a net release of a proton, and it is known to originate
multiple conformers. Moreover, it has been argued elsewhere
that it may involve opening of the closed heme crevice
structure through disruption of two key stabilizing interac-
tions on the protein surface between Lys13 and Glu90 and
between Lys79 and Ser/Thr47 (20). Furthermore, molecular
graphics observations indicate that the Met80 side chain, once
detached from the iron, would cause the displacement of the
internal water molecule with the consequent disruption of
the hydrogen bond network that connects it with the side
chains of Tyr67, Asn52, and Thr78 (23). All of these
processes would increase the degrees of freedom of the
system; hence they would result in an increase in entropy.
The fact that the∆S°AT values are either slightly positive or
negative must be ascribed to the presence of opposing
contributions. The rearrangement of the solvation sphere of
the protein may play a significant role in this effect. In
particular, we suggest two alternative hypotheses. First, there
might be an increase in solvent exposition of the heme
crevice in the alkaline form: for example, water molecules
could originate internally hydrogen-bonded ordered molec-
ular arrays within the hydrophobic crevice. The fact that the
alkaline conformers in D2O were found to experience greater
isotope effects on the vibrational modes of the heme pocket
as compared to the native species (4) may be consistent with
this hypothesis. Second, the transition may induce a net
release of water molecules from the hydration sphere of the
protein to the bulk solvent, which is a solvation effect that
was shown to result in an entropy loss (64-67). We note
that also a depression of vibrational, rotational, and torsional
motions in the A form as compared to the N form, and
specific anion binding to the alkaline forms (as mentioned
below) would cause a decrease in entropy. Nevertheless, at
this stage clear definition of the molecular details of the
processes underlying the entropy change is not at hand.

The biphasic profile of the pKapp vs 1/T plots (Figure 5)
shows that, independently of the ionic strength, the thermo-
dynamics of the alkaline transition of cytochromec undergo
a sizable modification above approximately 40°C. The most
reasonable explanation of this effect relies on the well-known

FIGURE 5: Apparent pK values for the alkaline transition of beef
heart cytochromec as a function of 1/T at different ionic strength
(sodium acetate):I ) 0.01 M (b); 0.02 M (9), 0.05 M (2), 0.1 M
(1), and 0.2 M ([). The pK values extrapolated atI ) 0 (O) are
true thermodynamic equilibrium constants. Solid lines are least-
squares fits to the data points.

Table 1: Thermodynamic Parameters for the Alkaline Transition
(AT) of Beef Heart Ferricytochromec at Different Ionic Strengthsa

Obtained from the pKApp vs 1/T Plots of Figure 5b

∆H°′AT (kJ mol-1) ∆S°′AT (J mol-1 K-1)

I (M) f( I) low-Tc high-T low-T high-T

0d 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

a Sodium acetate.b Average errors on∆H°′AT and∆S°′AT values are
( 2 kJ mol-1 and( 6 J mol-1 K-1, respectively.c Enthalpy and entropy
values in the low- and high-T range refer to the N1 and N2 conformers,
respectively (see text).d Data obtained from the pKa values extrapolated
at f(I) ) 0 at different temperatures (see Figure 3). These values are
true standard thermodynamic parameters.
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existence of two neutral conformers of cytochromec [N1

(low-T) and N2 (high-T)] which are stable below and above
approximately the same temperature (34, 38-42), and would
imply that the alkaline transitions involving the two con-
formers are thermodynamically distinct processes. Table 1
clearly shows that the positive free-energy change for the
N1 f A transition is entirely enthalpic in origin, because
the entropy change is very small and positive. Both∆H°′AT

and ∆S°′AT decrease for the N2 f A transition: now the
isomerization is less enthalpically disfavored but involves a
negative entropy change. The two effects are compensative;
hence the pKapp values do not change dramatically in the
two temperature ranges. A detailed discussion on the
molecular bases of the differences between the two sets of
transition thermodynamics is hampered by the absence of
structural information on both the high-T native and the
alkaline conformers. However, we note that the average
values of∆∆H°′AT [) (∆H°′AT)N1 - (∆H°′AT)N2 ) +29 kJ
mol-1] and ∆∆S°′AT [) (∆S°′AT)N1 - (∆S°′AT)N2 ) +93 J
mol-1 K-1] calculated from Table 1 could be indicative of
differences between N1 and N2 in the number of water
molecules released in the transition to the alkaline form. In
fact, a loss of a water molecule from the hydration sphere
of the protein may be responsible for a (compensating)
decrease in entropy and enthalpy up to 29 J mol-1 K-1 and
8.7 kJ mol-1, respectively (64-67), and the above∆∆S°′AT

and∆∆H°′AT values would be consistent with the transition-
induced release of three more water molecules from the
hydration sphere of N2 as compared to N1. The two native
isomers were already proposed to differ to some extent in
terms of protein conformation around the heme and/or in
solvation properties (34, 38, 42, 68). Nevertheless, a con-
tribution to the observed effect from peculiarities of the
alkaline isomer(s) formed in the two temperature ranges
cannot be excluded. In fact,∆∆H°′AT and∆∆S°′AT values
comparable with those above (approximately+28 kJ mol-1

and +90 J mol-1 K-1, respectively) have been recently
determined for two different mutants of yeast iso-1 cytc
differing in the binding lysine (Lys 79 or Lys73) (3). Thus,
at least part of the difference in the transition thermodynamics
could originate from a temperature-induced change in the
molar ratio of the two alkaline conformers possessing a
different liganding lysine (detected indeed in1H NMR
experiments (54)), or to the possible formation of a third
alkaline isomer (8).

Previous estimates of the thermodynamics of the alkaline
transition in cytochromec were made by reference to a
simple equilibrium between two protein conformations
[“cold” and “hot” (19, 20) or “reducible” and “nonreducible”
(by ascorbate) (18)], without the involvement of a residue
deprotonation. Hence, the previous apparent constants differ
from the present “absolute” values by a factor corresponding
to the pH at which the measurements were made. The
transition enthalpies, which are given by the slope of the
pKapp vs 1/T plot, are in good agreement: atI ) 0.2 M,
∆H° ) +54.3 kJ mol-1 (18), +64.4 kJ mol-1 (20), and
+61.1 kJ mol-1 (19) vs +53 kJ mol-1 of the present work
(69). However, as a direct consequence of the above scaling
factor in the pKapp’s, the entropy values, which are obtained
from the intercept of the van’t Hoff plots, are much higher
[at I ) 0.2 M and 20°C, ∆S° ) +187 J mol-1 (18), +199

J mol-1 (20), and+180 J mol-1 (19)] than that determined
here (0 J mol-1 K-1) and have no real meaning.

The thermodynamics of the neutral to alkaline transition
for the reduced cytochromec can be evaluated with the
simple thermodynamic cycle shown in Scheme 1 (29). We
used the enthalpy and entropy values of the low-T neutral
ferricytochrome [since the reduced cyt c does not undergo
the thermal transition (38)] in acetate atI ) 0.1 M. We
obtained∆H°′AT,red ) +81 kJ mol-1 and ∆S°′AT,red ) -3
JK-1mol-1, which correspond to a pKapp value of 14.4 at 25
°C. This value somewhat differs from that determined
elsewhere for horse heart cytc from direct electrochemistry
experiments using the same cycle (pKapp ) 16.8) (29). This
discrepancy is likely to arise mainly from the different
solution conditions used therein (a mixed buffer system plus
sodium chloride), as noted elsewhere (43). Chloride is known
to bind to both redox states of class I cytochromesc, inducing
changes inE° (47, 49). The alkaline transition for the
ferrocytochrome turns out to be disfavored as compared to
that of the ferri-form almost exclusively on enthalpic
grounds, since the transition entropy is almost the same
(Table 1). This is a direct consequence of the fact that the
reduction entropies of the N1 and A species are almost
coincident [∆S°′rc ) -43 and-45 J K-1 mol-1 in acetate,
I ) 0.1 M, respectively (54)]. Thus, the much greater affinity
of the methionine sulfur for the Fe(II) ion as compared to
the amino nitrogen of the lysine would appear to be the major
factor responsible for the oxidation state-induced difference
in the pK values for the alkaline transition in cytochromec.
The stability of the reduced alkaline forms is enhanced in
mixed water-DMSO solutions (43). In this case it was
shown that DMSO causes a structural change of the alkaline
conformers, altering the thermodynamics of reduction and
particularly the entropic term.

The Ionic Strength Dependence of the Apparent Constant
for the Alkaline Transition.The pKapp values for the Nf A
transition linearly increase with increasing f(I), as expected
from eq 4 (Figure 4). The slope of the plots is approximately
+10. It decreases slightly with increasing temperature,
consistent with the fact that the factorA in eq 4 is
proportional toT-3/2 (63). However, this slope is almost twice
that expected from the net charge of the native and alkaline
forms, namely 0.5× (62 - 52) ) +5.5. This difference is
most likely due to the intrinsic limits of the Debye-Hückel
theory applied to a complex electrolyte such as a protein
(see below). However, we simply note that the observed
slope would be exactly that expected in case the transition
involved the loss of two positive charges [0.5× (62 - 42)
) +10]. Since it is well-established that the alkaline
isomerization for the mitochondrial species is a one-proton
process (1, 2), this result could be due to the specific binding
of one acetate ion to a surface site of the alkaline form. In
fact, while the acetate ion was shown not to interact
specifically with neutral cytc, nothing is known about its
interaction with the alkaline conformer. The ability of the
finite-ion-version of the Debye-Hückel theory to reproduce,
at least on qualitative grounds, the ionic strength dependence
of the pKapp values for the alkaline transition parallels that
shown for the ionic strength dependence of the redox
potential of a number of eukaryotic and bacterial cyto-
chromesc (49, 57, 58, 60-62). The fact that in some cases
the ion size parametera had to be modified to fit the
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experimental data (60) is not restricted to proteins, but reflects
the main drawback of the theory, which is the nature ofa as
an adjustable parameter which takes into account all of the
factors that make the real system deviate from ideality (63).
For proteins, these include the irregular shape of the
molecule, the protein dielectric which can be assumed as
low and homogeneous only as a rough approximation, the
asymmetry in charge distribution, specific ion binding with
the formation of electrically neutral ion pairs, the involvement
of short-range non-Coulombic forces such as dispersion
forces in the ion-ion interactions, and specific solvent effects
besides that of providing the dielectric medium for the
Coulombic interactions. We believe that, as long as thea
parameter possesses a physical meaning, namely, it assumes
reasonable positive values in keeping with the geometrical
features of the molecule, the contribution of the above factors
are such as to not invalidate the basic assumptions of the
theory. This appears to be the case of cytochromesc. Hence,
with a phenomenological reasoning, this model must be
considered suitable to describe at least the main physico-
chemical features of the shielding of the protein charge by
the ions in solution. We suggest that at least part of the
success of this theory applied to the ionic strength depen-
dence of the redox properties of cytochromesc could be due
to the fact that these species are roughly spherical, there are
only subtle oxidation state-induced structural changes (which
fits with an implicit assumption of the model) (70-72), and
the metal center is almost totally embedded in the protein
matrix. We observed elsewhere (35) that the Debye-Hückel
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 solvent (hence the dielectric constant
of the metal environment can hardly 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
c.

Table 1 indicates that the ionic strength does not affect
the transition enthalpy of both N1 and N2. Thus, the expected
selective stabilization of the native conformer (which has
one more positive charge than the alkaline form) by the
negative ionic atmosphere which surrounds the protein has
little or no effect. Of course, the possibility that the invariance
of ∆H°AT is the result of compensating effects arising from
opposite contributions cannot be ruled out, although we
believe it is rather improbable. The present data thus indicate
that thegeneralionic strength effect which determines the
increase in the pKapp values is almost entirely entropic in
origin. This result cannot be easily justified at present, owing
to the uncertainty regarding the determinants of the transition
entropy (see above). An increase in salt concentration of the
solution could (i) influence the solvation effects suggested
to be involved in the entropy change; (ii) induce a depression
of the flexibility of the polypeptide chain of the alkaline
species as compared to the native form; and (iii) determine
an increase in the number of acetate anions specifically bound
to the alkaline conformers (if any). The increase in pKa

observed with increasing concentration of other ions such
as phosphate and chloride (20), which bind to the protein at
specific sites (20, 49), may involve electrostatic effects that
stabilize the neutral form, as suggested elsewhere (20).
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