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Abstract The thermodynamics of the electron transfer
(ET) process for beef heart and yeast cytochromes ¢ and
the Lys72Ala/Lys73Ala/Lys79Ala mutant of the latter
species subjected to progressive urea-induced unfolding
was determined electrochemically. The results indicate the
presence of at least three protein forms which were
assigned to a low-temperature and a high-temperature His-
Met intermediate species and a bis-histidinate form
(although the presence of a His-Lys form cannot be
excluded). The much lower E° value of the bis-histidinate
conformer as compared to His-Met ligated species is lar-
gely determined by the enthalpic contribution induced by
axial ligand substitution. The biphasic E°' versus T profile
for the His-Met species is due to a difference in reduction
entropy between the conformers at low and high temper-
atures. Enthalpy—entropy compensation phenomena for the
reduction reaction at varying urea concentration for all the
forms of the investigated cytochromes ¢ were addressed
and discussed.
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1 Introduction

Cytochrome ¢ is a single-heme protein which plays a
central role in biological electron-transport chains, during
which the heme iron switches between the Fe(III)/Fe(Il)
states [1-3]. The molecular determinants of the formal
reduction potential E*, along with effects of temperature,
ionic strength, solvent composition, pH-induced confor-
mational changes and ligand binding have been
investigated extensively [4—8]. Significant insight into the
functional properties of cytochrome ¢ can also be gained
from the investigation of the folding and unfolding process,
in particular the mechanisms controlling the formation of
the functionally active three-dimensional structure of the
protein [9-14]. Myer et al. [15] proposed a denaturation
mechanism summarized by the scheme:

N=X=X,=D

where N is the native protein (0 M urea) and D a species in
which the heme center is coordinated by two His residues
(>7 M urea). X; and X, are two intermediate and partially
unfolded forms. The transition N = X, involves loosening
of the frontal section of the heme crevice with conse-
quently an increase of heme exposure to the solvent. No
change in the heme coordination sphere occurs. The tran-
sition X| = X, entails conformational perturbations, again
without alteration of the coordination of the heme iron. The
transition X, = D involves rupture of the Fe—S(Met80)
bond, its substitution with a linkage to another His residue
(at neutral pH) or an H,O molecule (at acidic pH), loos-
ening of the tryptophan-heme domain and an almost
complete rearrangement of the polypeptide conformation
of the protein. More recently, however, more complicated
mechanisms have been proposed [14, 16-21]. Concerted
unfolding units (foldons) have been claimed to determine
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the folding-unfolding behavior of cytochrome ¢ [16-21]. In
particular the N-yellow Q loop (residues 40-57) is sug-
gested to be involved in the first step of the unfolding
pathway [21]. Moreover, on the basis of '"H NMR mea-
surements, a non-native form attributed to the replacement
of Met80 with one lysine side chain has been observed
under mild (partially) denaturing conditions [14]. This
form has been proposed to originate the bis-histidinate
form under stronger denaturing conditions.

The relationship between protein structure and electron
transfer thermodynamics can be better understood through a
detailed investigation of the electrochemical aspects of the
unfolding processes. For this reason, several studies have
been devoted to the characterization of ET processes of
cytochrome c in solution in the presence of denaturant agents
[22-24], and recently the structural perturbation in the heme
cavity due to the unfolding processes was investigated
through analysis of the reorganization energy A [25].

In this paper, we have investigated the thermodynamic
aspects of the electron transfer process of bovine heart
cytochrome ¢, recombinant untrimethylated yeast iso-1-
cytochrome ¢, and its triple mutant Lys72Ala/Lys73Ala/
Lys79Ala in the presence of urea, a well-known unfolding
agent. The residues Lys72, Lys73 and Lys79 are distributed
around the heme crevice and are involved in molecular
recognition with the redox partners and pH-induced con-
formational transitions [1-3, 26, 27]. The replacement of
these three positively charged residues with neutral ones
perturbates the charge distribution on the crevice, affecting
the network of hydrogen bonds that is responsible for the
stabilization of the protein 3D structure [15, 24].

As a consequence, the unfolding process and the func-
tional properties of the intermediate forms could be
remarkably affected by the modification of the charge
distribution around the heme crevice. Recent resonance
Raman studies have shown that the heme of ferricyto-
chrome c¢ at high urea concentration and at neutral pH
features a bis-histidine ligation [22]. In the present work,
the redox thermodynamics of this protein variant has been
characterized and compared with that of the native form.
Although the unfolding effect of urea on cytochromes c is
discussed at a fundamental level, the implications of this
systems in biocatalysis are worth considering. In fact, the
peroxidase activity of cytochrome c increases substantially
upon unfolding [28, 29].

2 Experimental procedures
2.1 Materials

Beef heart cytochrome ¢ (bhcc, hereafter) was purchased
from Sigma and further purified by cation exchange
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chromatography. Wild type recombinant untrimethylated
C102T Saccharomyces cerevisiae iso-1-cytochrome c (ycc,
hereafter) and the variant Lys72Ala/Lys73Ala/Lys79Ala
(KtoA, hereafter) were expressed in E. coli and purified
following the procedures described elsewhere [26, 27, 30],
tyrosine replaces the cysteine at position 102 in both spe-
cies. This substitution prevents dimerization and minimizes
autoreduction while resulting in retention of the spectral
and the functional properties of the protein [31, 32]. All
chemicals were of reagent grade. Urea was purchased from
Sigma-Aldrich. Nanopure water was used throughout.

2.2 Electrochemical measurements

A Potentiostat/Galvanostat mod. 273A (EG&G PAR, Oak
Ridge, USA) was used to perform cyclic voltammetry (CV,
hereafter). Experiments were carried out at different scan
rates (0.02-2 V s_l) using a cell for small volume samples
(0.5 mL) under argon. A 1 mm-diameter polycrystalline
gold wire was used as working electrode, 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 achieved with a Vycor®
(from PAR) set. Potentials were calibrated against the
MV2T/MV™ couple (MV = methylviologen) [33]. All the
redox potentials reported here are referred to SHE. The
working gold electrode was cleaned by flaming it in oxi-
dizing conditions; afterwards, it was heated in concentrated
KOH for 30 min then, after rinsing in water, in concen-
trated sulfuric acid for 30 min. To minimize residual
adsorbed impurities, the electrode was subjected to 20
voltammetric cycles between +1.5 and —0.25V at
0.1 Vs~ 'in 1 M H,S0,. Finally, the electrode was rinsed
in water and anhydrous ethanol. The Vycor® set was
treated in an ultrasonic pool for about 5 min. Modification
of the electrode surface was performed by dipping the
polished electrode into a 1 mM solution of 4-mercapto-
pyridine for 30 s, then rinsing it with MILLIQ water.
Protein solutions were freshly prepared before use and their
concentration (typically 0.2 mM) was carefully checked
spectrophotometrically (Jasco mod. V-570 spectropho-
tometer). 0.01 M NaCl + 0.01 M phosphate buffer at pH 7
were used as base electrolytes and urea concentrations
were varied between 0 and 10 M. The formal reduction
potentials E® were calculated from the average of the
anodic and cathodic peak potentials [33] and found almost
independent of scan rate in the range 0.02-2 V s™'. In all
cases the linear dependence of iy. on v’ (v = scan rate)
indicates a diffusion controlled electrochemical process.
For each species, the experiments were performed at least
five times and the reduction potentials were found to be
reproducible within +0.002 V. The CV experiments at
different temperatures were carried out with a cell in a
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“nonisothermal” setting [33], namely in which the refer-
ence electrode was kept at constant temperature
(21 £ 0.1 °C) whereas the half-cell containing the working
electrode and the Vycor® junction to the reference elec-
trode was under thermostatic control with a water bath. The
temperature was varied from 5 to 55 °C. With this exper-
imental configuration, the reaction entropy for reduction of
the oxidized protein (ASY)) is given by [33-35]:
dEO/

S = nF (1)

AS:CI = Ored dT

Thus, ASY, was determined from the slope of the plot of
E® versus temperature which turns out to be linear
consistent with the assumption that ASY is constant over
the limited temperature range investigated. Under the same
assumption, the enthalpy change (AH!) was obtained from
the Gibbs-Helmholtz equation, namely as the negative
slope of the E°/T versus 1/T plot. The nonisothermal
behavior of the cell was checked carefully by determining
the AH? and AS;/ values of the ferricyanide/ferrocyanide
couple [33-35].

3 Results

The voltammetric response and the temperature dependence
of E° for bhec, ycc and KtoA were studied in solution as a
function of urea concentration on a polycrystalline gold
electrode functionalized with 4-mercaptopyridine. All the
proteins show a very similar electrochemical behavior.
Typical CV signals obtained for ycc in the presence of 0, 3
and 7 M urea are shown in Fig. 1. The CV curves obtained
up to 4 and 2 M urea for bhcc and the other species,
respectively, are similar to those recorded in the absence of
denaturant: a single quasi-reversible wave (wave I) is
observed. The anodic and cathodic currents increase line-
arly with the square root of the scan rate (not shown),
indicating that the electrochemical signal corresponds to a
diffusion controlled process. The current ratio iyu/ipc is
approximately 1 for all the investigated temperatures and
scan rates, and the peak-to-peak separation increases with
scan rate. At higher urea concentrations (>4 M for bhcc,
>2 M for the other species) a new cathodic peak (wave II)
at negative potentials is observed (Fig. 1), which is irre-
versible at low scan rate (<0.05V s~ '). This wave
increases in intensity to the detriment of the cathodic peak
of wave I with increasing urea concentration (Fig. 1,
Table 1). At urea concentrations above 8 M the cathodic
peak of wave I disappears whereas the corresponding ano-
dic counterpart still partially exists. The anodic counterpart
of wave II is observed only at high urea concentrations
(=6 M for bhcc, >3 M for the other species) and its
intensity increases with increasing sweep rate. As for wave
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Fig. 1 CV curves of ycc at different urea concentrations.

v =0.05V s~ base electrolytes: 0.01 M NaCl and 0.01 M phos-
phate buffer, pH 7, T = 278 K

Table 1 Cathodic peak currents of different cytochromes ¢ from CV
measurements at different urea concentrations

Curea bhcc yce KtoA

(mol L™ : : - : :
e lpc lpe  lpe e lpc
(A (A (A (A (A (nA)

Wave I Wavell Wavel Wavell Wave I Wave Il

5.11 0 5.05 0 5.08 0

5.02 0.04 4.96 0.05 5.01 0.03
4.88 0.14 4.82 0.14 4.82 0.17
4.67 0.24 4.22 0.63 3.92 0.96
4.50 0.27 2.82 1.90 2.65 2.10
4.33 0.29 1.67 2.90 1.24 3.35
3.85 0.61 1.02 3.39 0.63 3.80
2.96 1.32 0.70 3.54 0.39 3.87
1.33 2.78 0.49 3.58 0.14 3.95
0.60 3.33 0.21 3.67 0.04 3.86
0.28 3.47 0.09 3.62 0 3.73

W

© W N hE W N = OO

T=278K, v=005Vs~!, base electrolytes: 0.01 M NaCl and
0.01 M phosphate buffer at pH 7

? Average error = +0.02 pA

I, the cathodic current of wave II linearly increases with the
square root of the sweep rate. The E°' values of waves I and
II slightly decrease at increasing the urea concentration
(Tables 2, 3 and 4).

At low urea concentrations (<3 M for bhcc, <1 M for
the other species), the E° value of wave I shows a
monotonic linear decrease with increasing temperature
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Table 2 Redox thermodynamic parameters of bhcc at different urea concentrations

Curea His-Met ligated forms His-Lys/bis-histidinate forms
(mol L™ (at Cyrea > 8 mol L™ bis-histidinate
form only)
Low-T form High-T form
EY  ASY AH? Toreax  E ASY AH? E® AS? AH?
(V)*  (dmol™'K™) ®mol™) (K) VP Imol'K™H ®Wmol™) (V) (molT'KH (kI mol™h
0 0269 —36 —36.5 - - - - - - -
0.5 0268 —34 —358 - - - - - - -
1 0267 —35 —36.0 - - - - - - -
2 0265 —42 —37.8 - - - - —0.211 37 312
3 0262 —50 —39.9 313 0.232 —c —c —0.213 37 31.4
4 0258 —58 —41.9 308 0.228 —101 —53.6 —0.215 38 31.9
5 0256 —60 —423 308 0225 —107 —55.2 —0.217 39 324
6 0254 —61 —42.4 308 0221 —111 —56.1 —0.219 39 32.6
7 0253 —62 —426 303 0219 —114 —56.8 —0.220 40 33.0
8 0252 —63 —42.8 303 0219 —115 —572 —0.221 40 33.0
9 0251 —64 —43.0 298 0217 —117 —576 —0.222 41 33.4

Base electrolytes: 0.01 M NaCl and 0.01 M phosphate buffer at pH 7. Average errors on E¥,

+2 J mol™" K™' and 0.3 kJ mol ™', respectively

T =293 K
®T7=313K

¢ Not evaluable

Table 3 Redox thermodynamic parameters of ycc at different urea concentrations

ASY! and AH; values are +0.002V,

Curea His-Met ligated forms His-Lys/bis-histidinate forms
(mol L") (at Cyrea > 8 mol L™! bis-histidinate
form only)
Low-T form High-T form
E” ASY AH?! Toreax  E”  ASY AH?! E* AS? AH?!
V) (@mol™'K™H (mol™h) (K V)P mol'KH &mol™hH (V) I molT'KH (kI mol™h)
0 0260 —43 -37.7 - - - - - - -
0.5 0259 —43 —37.6 - - - - - - -
1 0257 —44 —37.7 313 0.243 —c —c - - -
2 0252 —46 —37.8 308 0238 77 —47.1 —0.155 54 30.8
3 0.248 —55 —40.0 308 0232 —84 —48.7 —0.157 54 31.0
4 0246 —62 —419 308 0228 —97 —524 —0.158 55 314
5 0245 —63 —42.1 303 0226 —101 —53.4 —0.161 55 31.7
6 0244 —64 —423 303 0223 —105 —54.4 —0.163 56 32.1
7 0.243 —65 —425 303 0222 —107 —54.9 —0.165 57 32.6
8 0242 —66 —427 298 0222 —108 —55.2 —0.166 57 32.7
9 0241 —67 —429 298 0218 —110 —55.5 —0.167 58 33.1

Base electrolytes: 0.0l M NaCl and 0.01 M phosphate buffer at pH 7. Average errors on E®, ASY and

+2 J mol™" K™' and 0.3 kJ mol ™', respectively

T =293 K
®7T=313K

¢ Not evaluable
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Table 4 Redox thermodynamic parameters of KtoA at different urea concentrations

Curea His-Met ligated forms His-Lys/bis-histidinate forms
(mol L™ (at Cyrea > 8 mol L™ bis-histidinate
form only)
Low-T form High-T form
E ASY AH® Toreax  E” ASY AH? E* AS? AH?!
(V*  (mol 'K ®mol™ (K VP dmol™'K™H Wmol™) (V)  mol'KH (kI mol™h)
0 0.264 —58 —425 - - - - - - -
0.5 0263 —57 —42.1 - - - - - - -
1 0262 —58 —423 313 0.249 — — - - -
2 0.256 —63 —43.2 308 0242 —79 —48.1 —0.163 65 34.8
3 0251 =70 —44.7 308 0236 —86 —49.7 —0.165 65 35.0
4 0.248 —76 —46.2 303 0233 —98 —532 —0.167 66 35.5
5 0247 =77 —46.4 303 0232 —104 —549 —0.169 66 35.6
6 0.246 —78 —46.6 303 0230 —108 —56.0 —0.171 67 36.1
7 0.246 —79 —46.9 298 0229 —110 —56.5 —0.174 67 36.4
8 0.245 —80 —47.1 298 0227 —114 —57.6 —0.176 68 36.9
9 - - - - - - - —0.177 68 37.0

Base electrolytes: 0.01 M NaCl and 0.01 M phosphate buffer at
+2 J mol™" K™' and 0.3 kJ mol ™', respectively

*T=293K
®T=313K
¢ Not evaluable

from 5 to 45 °C (Fig. 2a, Tables 2, 3 and 4). The electro-
chemical process is reversible throughout the temperature
range investigated. At higher urea concentrations, the E*
versus T plots become biphasic with a transition point
(Tprea) depending on the urea concentration (Fig. 2a,
Tables 2, 3 and 4). Similar E® versus T profiles were
previously observed for several cytochromes at alkaline pH
values [33, 36-39]. The E® versus T plots for wave II for
all the investigated proteins show invariably a monotonic
linear increase of E° with increasing temperature (Fig. 3a,
Tables 2, 3 and 4).

The thermodynamic parameters ASS, and AHS! of the
redox processes corresponding to waves I and II obtained
at different urea concentrations have been calculated from
the E° versus T (Figs. 2a, 3a) and E°/T versus 1/T
(Figs. 2b, 3b) plots, respectively, and are reported in
Tables 2, 3 and 4.

4 Discussion

The slight decrease in the E® value of wave I for urea
concentrations from 0 to about 9 M indicates that this
signal can be attributed to the His-Met ligated cytochrome
c subjected to moderate conformational perturbations [24].
The appearance of a new wave (wave II) at potentials
approximately 0.5 V lower than that of wave I (Fig. 1,

pH 7. Average errors on E®, ASY and AH{ values are +0.002 V,

Tables 2, 3 and 4) most likely corresponds to the formation
of a new conformer with an altered heme iron axial coor-
dination [14, 22-24].

The slight shift in E° of wave I observed at increasing
urea concentration derives from remarkable and opposite
changes in AS;/ and AH{! values: this has been shown to be
the result of the progressive increase in exposure of the
redox center to the solvent with no changes in the coor-
dination sphere of the metal [40-43]. However, here we
adopt the model by Myer et al. [15] to interpret the elec-
trochemical behavior of cytochrome ¢ in the presence of
urea without specific structural considerations which would
be rather speculative. Therefore, the E° shift at low urea
concentration can in principle be correlated with the pro-
gressive unfolding of the N-yellow Q loop [21], but no
further info on the role of this foldon can be gained. It is a
fact, however, the Myer’s model and the “foldons” theory
do not conflict.

For the above, wave I can be assigned to the Fe(IIl)/
Fe(Il) equilibrium of the heme iron in the native and
intermediate species (N, Xi, X, vide infra) with the shift in
E° value corresponding to the progressive transition
N = Xj,. Under our experimental conditions the X; and
X, forms can not be observed individually, probably
because the structural and electrochemical properties of X,
and X, are rather similar, as are the electron transfer
parameters [24]. The properties of wave II suggest its
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Fig. 2 E® versus T (a) and E°/T versus 1/T (b) plots for the His/Met
ligated forms of ycc at different urea concentrations. Base electro-
lytes: 0.01 M NaCl and 0.01 M phosphate buffer, pH 7

assignment to a species subjected to substitution of the
axial ligand Met80 by a harder base such as a nitrogen
atom of a histidine or lysine residue. At high urea con-
centrations ([urea] > 8 M) it is well established that a bis-
histidinate form of the cytochrome c¢ is the prevailing
species [14, 22, 23] while at low urea concentrations
(4 < [urea] < 8) an equilibrium between a His-Lys form
and the bis-histidinate one has been proposed [14].

The more basic character of the nitrogen atom(s) of the
histidine (or lysine) ligand compared to the thioether sulfur
of the native methionine stabilizes the ferriheme and is
likely to be mainly responsible for the dramatic decrease in
E® value of wave II as compared to wave 1. Due to the
similar donor properties of the nitrogen from histidine and
lysine, the effect of the S — N substitution on the E*
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Fig. 3 E® versus T (a) and E®/T versus 1/T (b) plots for the His-Lys/
bis-histidinate forms of ycc at different urea concentrations. At
[urea] = 8 M the bis-histidinate species is the only form present in
the solution. Base electrolytes: 0.01 M NaCl and 0.01 M phosphate
buffer, pH 7

values is expected to be similar for both the aminoacid
residues [4, 22-24, 26, 27]. For this reason, an unique CV
curve, corresponding to wave II, should be observed when
the methionine ligand is substituted by a histidine or lysine.
From the electrochemical point of view, the His-Lys and
bis-histidinate forms cannot be distinguished. The small
decrease in E° value observed increasing the urea con-
centration is consistent, however, with the progressive
substitution of the lysine with the histidine. At [urea]
> 8 M the His-Lys form is no more present and the bis-
histidinate species is the only form present in the solution
[14, 22-24].
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The poor reversibility of wave II (Fig. 1) has already
been observed [23, 44] and was attributed to the effects of
the cathodic reduction of water occurring in the same
potential range corresponding to the reduction of the bis-
histidinate form of the cytochromes [23]. At high urea
concentrations ([urea] > 8) the anodic counterpart of wave
II appears and the shape of the CV curves becomes similar
to that of a reversible process. The progressive replacement
of water molecules at the electrode-solution interface by
urea has been suggested to be responsible of the more
efficient electron-exchange reaction of the proteins [23].
However, it should be noticed that an increase in the anodic
current of wave II can be observed also by increasing the
scan rate. The absence and/or the low intensity of the
anodic peak could be therefore related also to the insta-
bility of both the reduced His-Lys and bis-histidinate forms
of the cytochrome ¢ which transform rapidly into the
reduced His-Met ligated form.

This is not surprising since the reduced form of cyto-
chrome c in solution retains its His-Met ligation up to 9 M
urea [22, 45] and a similar behavior has been already
observed for the ‘“alkaline” form of cytochrome ¢ in
solution, in which the axial ligand Met80 is substituted by a
lysine ligand [33, 46].

All the investigated proteins, therefore, are able to
convert to a His-Lys form and then to the bis-histidinate
species. The ratio of the cathodic peak currents of waves I
and II at each urea concentration can be assumed with good
approximation equal to the ratio of the concentrations of
His-Met and (His-Lys + bis-histidinate) ligated forms of
the cytochrome c. As a consequence, under the hypothesis
that only these protein species are present at the urea
concentrations investigated, the distribution curves of
cytochrome forms (Fig. 4) can be easily calculated using
the data in Table 1 in which we report the measured
cathodic peak currents at different urea concentrations. The
decrease in the sum of the cathodic peak currents of waves
I and II (Table 1) is probably related to the considerable
change in solution viscosity due to the urea addition [23,
44, 47]. From the curves of Fig. 4 it is apparent that the
ease of the transition follows the order: KtoA > ycc >
bhcc. The urea concentrations corresponding to the mid-
point of transition result to be about 6.5, 3.5 and 3.2 M for
bhce, ycc and KtoA, respectively. The His-Met form of
bhcc shows a remarkably lower propensity toward transi-
tion to the His-Lys/His-His forms compared to the other
species, according to the behavior already observed for
horse heart cytochrome ¢ [14, 22, 23].

The E* versus T profiles at varying urea concentration
(Figs. 2a, 3a; Tables 2, 3 and 4) indicate the presence of
several protein forms: the low-T and high-T His-Met
intermediate species (Xpr and Xyr, respectively) and the
His-Lys/bis-histidinate forms (D). The X;t to Xyr

1.2

1.0 |

0.8 A

0.6 1

0.4 4

fraction of species

0.2 1

0.0 4

C /mol L1

urea

Fig. 4 Distribution curves for the His/Met ligated and the His-Lys/
bis-histidinate forms of the investigated cytochromes ¢ at different
urea concentrations. Base electrolytes: 0.01 M NaCl and 0.01 M
phosphate buffer, pH 7; T = 278 K. @ His/Met ligated bhcc, O His-
Lys/bis-histidinate bhcc, ¥ His/Met ligated ycc, A His-Lys/bis-
histidinate ycc, B His/Met ligated KtoA, [J His-Lys/bis-histidinate
KtoA

transition occurs at lower temperature for ycc and KtoA
compared to bhcc; moreover the Ty...c decreases with
increasing urea concentration (Tables 2, 3 and 4). The X;
conformer likely corresponds to the intermediate form(s)
X, already reported in the literature [15, 22-24] for
cytochrome ¢ at room temperature (see above) whereas
Xy is a different form which should not differ much from
the low-T species, on the basis of the similar electro-
chemical behavior observed.

The presence of two T-dependent conformers was
already observed for cytochromes ¢ from various sources
upon increasing pH from slightly acidic or neutral values,
but the reason for this transition is not fully understood [33,
36, 37, 39, 48-50]. It has been proposed that this thermal
transition involves a conformer with a lower protonation
number characterized by a reduced state stabilized on en-
thalpic bases. However, its E° value strongly decreases
with increasing temperature due to a much higher entropy
loss upon reduction [4, 33, 49]. A greater opening of the
heme crevice in the oxidized state as compared to the low-
T conformer and reorganizational effects which also
include a change in orientation of the axial methionine
ligand could be the structural responsible of the observed
phenomenon [33, 48].

The unfolding effect corresponding to the N = Xir
transition would account for the presence of a break
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temperature in the presence of urea also at neutral pH. This
effect, in fact, could favour the loss of proton(s) respon-
sible for the transition.

For the X 1 species, the free energy change for ferriheme
reduction (AGY) is determined by opposite enthalpic and
entropic contributions (Tables 2, 3 and 4), as observed
previously for the N form [4, 33]. In this case, the magnitude
of each contribution increases markedly with increasing
urea concentration but these effects offset each other
(compensatory behavior), therefore no relevant changes in
AS;’C’ are observed. Solvent reorganization effects, reduc-
tion-induced changes in the hydrogen bonding network
within the hydration sphere of the cytochrome ¢ and in
protein flexibility are supposed to play the major role in
determining the AS‘T’C’ values [4, 33, 36-38, 51, 52]. The
negative AHfC’ values, however, mostly arise from the sta-
bilization of the ferroheme by ligand binding interactions
and the hydrophobicity of the heme environment, but is also
modulated by electrostatic interactions of the heme with
protein surface and solution charges [4, 33, 36-38, 51-53].
The slight decrease in the E* values observed for the
N — Xi transition (Tables 2, 3 and 4) can be confidently
ascribed to the progressive loosening of the frontal section

of the heme crevice induced by urea and, in particular, to the
consequent increase in heme exposure to the solvent which
stabilizes the oxidized form of the protein [4, 15, 22-24, 33,
36-38, 51, 52]. The corresponding ASY and AH{! values,
however, show a much larger variability with increasing
urea concentration (Tables 2, 3 and 4). This result can be
ascribed to the occurrence of enthalpy-entropy compensa-
tive phenomena in the reduction process of the
progressively unfolded cytochrome c. These phenomena are
well-known in several chemical contexts, when the process
involves alteration of weak inter- or intramolecular inter-
actions [54-60]. In the reaction thermodynamics,
compensative phenomena imply the existence of a linear
relationship between the enthalpy and entropy changes
within the considered series of homologous processes [54—
60]. An exact compensation would imply a straight line of
unit slope at fixed temperature. In water solutions, reorga-
nization effects of the H-bond network in the solvation
sphere have been proposed to be the main cause of
enthalpy-entropy compensation phenomena [40, 54, 56, 59,
60]. The enthalpic contributions to AG;. (AH;) plotted
against the entropic terms at 293 K (7 - ASy,) for the
N — X 7 transition of each investigated protein at different

Fig. 5 Enthalpy—entropy (a) -30 (b) 35
compensation plots at different
: e low-T form e Jow-T form
urea concentrations for the o highTf o high-T form
reduction thermodynamics of 331 1t form -40
the His/Met ligated forms of
bhee (a), yee (b) and KtoA ”-_c -40 ”-3
(c) at 293 K (@) and 313 K (O). £ g 45
Base electrolytes: 0.01 M NaCl 2 s g
and 0.01 M phosphate buffer, e 2
pH 7 5 5 =50
2 501 z
55 M -55
-60 T -60
-40 35 30 25 20 -15 -10 -5 -40 -35 -30 -25 -20 -15 -10
T-AS®'y.o / kJ mol™1 T-AS®'¢ / kJ mol’l
(c) 40
o Jow-T form
o high-T form
44
i)
g 48
—
I
E
5= 50
=]
<
-56 1
-60 T T T
-40 -35 -30 -25 -20 -15

T-AS*' v/ kJ mol’!
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urea concentrations is reported in Fig. 5. In all cases, the
data points exhibit a linear behavior. It is apparent that the
data of Fig. 5 cover ranges which are much greater than
the experimental uncertainties, indicating that the resulting
compensation patterns are significant [54, 56, 61]. At
293 K, the least-square fittings of AH?, versus T - ASY for
the studied proteins yield slopes of 0.83, 0.78, 0.74 and
regression coefficients (r2) of 0.998, 0.995, 0.997 for bhcc,
ycc and KtoA, respectively. Observation of slopes close to
unit indicates that for the N — Xt transition the contri-
butions to the changes in AH;! and AS; arising from the
reduction-induced reorganization of the H-bond network at
the protein-solvent interface (which are fully compensative
[54-56, 59]) are much greater than the non-compensating
terms associated with the intrinsic chemical process
responsible for the stabilization of cytochrome c in the
oxidized state. Although information about the structural
aspects of the H-bond network reorganization involved in
the N — Xt transition are not available yet, direct inter-
action of urea molecules with the cytochrome c¢ surface and
substitution of water molecules at the protein-solvent
interface probably play an important role in the compen-
sative change of the thermodynamic parameters. The
absence of perfect compensation is most likely related to the
fact that the variations in reduction enthalpy depend also on
changes in electrostatics at the metal site and the selective
stabilization of the oxidized heme by the increasing solvent
exposure [4, 33, 36-38, 51-53]. In the case of the N — Xyt
transition, the compensation plots also exhibit good linear
trends (Fig. 5, at T = 313 K bhcc, ycc and KtoA feature
slopes of 0.80, 0.84, 0.88 and regression coefficients ¥ of
0.998, 0.998, 0.997, respectively). Moreover, the data
points for the X t and Xy species are fitted by straight lines
with nearly the same slope (Fig. 5). This observation sup-
ports extension of the above considerations on the
compensative behavior for the Xi 1 species also to Xy and,
most notably, indicates that the structural changes respon-
sible for the temperature-induced transition affect the H-
bond network at the protein-solution interface but the effect
of the unfolding agent concentration on the thermodynamic
parameters is nearly the same independently of the nature of
the His-Met ligated form. In fact, the ASS, and AH;! values
are different for the Xt and Xyt species but show the same
behavior upon changing urea concentration.

The thermodynamic data for the bis-histidinate form of
cytochrome c¢ ([urea] > 8, [14, 22-24]) allow further
insight into the determinants of the remarkably lower
reduction potential of this form compared to the His-Met
ligated one. The change in axial ligation plays the domi-
nant role in determining the negative E°' value [22-25], as
already observed previously for the alkaline form, in which
the nitrogen atom of a lysine residue replaces the sulphur
atom of the methionine ligand [2—4, 33]. In fact, the data

reported in Tables 2, 3 and 4 indicate that the dramatic
decrease in E* is determined prevalently by the enthalpic
contribution, which is similar for all the proteins investi-
gated and determines the selective stabilization of the
oxidized state. Other factors, such as changes in solvation
properties, are likely to contribute to this effect as sug-
gested by the large differences in the AS?, values (Tables 2,
3 and 4) [4, 33, 46, 52]. We note that the E and ASY
values for the bis-histidinate species differ somewhat for
the various species (Tables 2, 3 and 4), but the differences
are larger than those for the His-Met ligated forms
(Tables 2, 3 and 4). This suggests that the H-bond networks
on the protein surface for the bis-histidinate form are more
species-dependent than the His-Met ligated forms. The
large unfolding phenomena associated with the transition
to the bis-histidinate form and different relaxation proper-
ties [15, 22, 23, 62] could be responsible for the above
specificity in the redox thermodynamics.
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