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Met80 and Tyr67 affect the chemical unfolding
of yeast cytochrome c: comparing
the solution vs. immobilized state

Alessandro Paradisi, a Lidia Lancellotti,b Marco Borsari, b Marzia Bellei,c

Carlo Augusto Bortolotti, c Giulia Di Rocco, c Antonio Ranieri, c

Marco Sola c and Gianantonio Battistuzzi *b

Urea-induced denaturation of the Met80Ala and Met80Ala/Tyr67Ala variants of S. cerevisiae iso-1

cytochrome c (ycc) was studied through variable temperature diffusive cyclic voltammetry and

electronic absorption, CD and MCD spectroscopies. The susceptibility to unfolding of both variants –

represented by the free energy of unfolding at denaturant infinite dilution, DG�H2O
u – is greater compared

to the species showing an intact Met/His coordination, as observed previously for the same species

immobilized onto a functionalized electrode. This is consistent with the role of the axial Fe–(S)Met bond

and the H-bond network involving Tyr67 in stabilizing the polypeptide matrix in the heme crevice.

Notably, we find that the unfolding propensity and axial heme iron coordination of the present

Fe–(S)Met bond-deprived variants are affected by the motional regime of the protein. In particular,

electrostatic adsorption onto a negatively charged SAM surface – which would mimic the phospholipidic

inner mitochondrial membrane – facilitates unfolding compared to the solution state, especially at room

temperature. This finding has physiological relevance related to the cytochrome c interaction with

cardiolipin at the IMM in the early stages of apoptosis. Moreover, while both immobilized variants

maintain the His/OH� axial heme iron coordination up to 7 M urea, the same species in solution are

subjected to urea-induced replacement of the axial hydroxide ligand by a His ligand. The contributions

of the enthalpic and entropic terms to DG�H2O
u were found to be opposite (H–S compensation), indicating

that the unfolding thermodynamics are strongly affected by changes in the hydrogen bonding network in

the hydration sphere of the protein.

Introduction

Mitochondrial cytochrome c (cytc) is a small globular protein
which shuttles electrons between cytochrome c reductase and
cytochrome c oxidase in the mitochondrial intermembrane
space.1–7 It contains a single six-coordinate heme c wedged
into a hydrophobic environment, which is axially coordinated
by His18 and Met80.1–7 The solution properties and binding
events affect the heme environment and axial ligation,1,3–5,8–27

modifying the physiological role in vivo and the reactivity
in vitro.1,5,9,13–16,18,19,28–40 Indeed, cytochrome c has proven to
be a multi-tasking protein whose biological role is modulated
by external stimuli and cell conditions.1,4,28,30,41 The paradigm

of this tunable functionality in vivo is the interaction with
cardiolipin (CL), a negatively charged glycerophospholipid
found in the inner mitochondrial membrane (IMM),30,40,42 which
induces the cleavage of the Fe–S(Met80) bond,1,5,9,19,21,28,30,32,39,42–72

imparting to cytc significant (lipo)peroxidase activity, which is
crucial in triggering the apoptosis cascade.1,5,28,30,40,47,73 In vitro,
analogous heme axial ligand swapping from His/Met to His/His
occurs upon chemical denaturation of both solution14 and
surface-immobilized yeast cytochrome c (ycc).14,33,34,74–77 Under
the latter conditions, ycc gains remarkable pseudo-peroxidase
activity.32,34,75–77

Because of their physiological relevance, the conformational
equilibria leading to non-native states of cytochrome c have
been studied in depth,1,6,7,14,18,22,24–27,41,43,78–80 making it a
model system widely used to unravel the mechanistic details
of protein folding and unfolding.5,8,9,22,23,25,38,41,78,81–84 In this
work, we used a combination of spectroscopic and electro-
chemical techniques to analyze the urea-induced unfolding of
the M80A and M80A/Y67A variants of ycc under freely diffusing

a Department of Chemistry, University of York, Heslington, YO10 5DD, York, UK
b Department of Chemistry and Geology, University of Modena and Reggio Emilia,

via Campi 103, 41126 Modena, Italy. E-mail: gianantonio.battistuzzi@unimore.it;

Tel: +39-0592058639
c Department of Life Sciences, University of Modena and Reggio Emilia,

via Campi 103, 41126 Modena, Italy

Received 3rd July 2020,
Accepted 17th August 2020

DOI: 10.1039/d0cb00115e

rsc.li/rsc-chembio

RSC
Chemical Biology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

5 
6:

30
:5

5 
nm

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-8775-9367
http://orcid.org/0000-0002-3612-4764
http://orcid.org/0000-0002-5701-5727
http://orcid.org/0000-0002-3187-2210
http://orcid.org/0000-0001-6686-669X
http://orcid.org/0000-0002-2700-4154
http://orcid.org/0000-0003-4716-5745
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cb00115e&domain=pdf&date_stamp=2020-09-08
http://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00115e
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB001005


422 | RSC Chem. Biol., 2020, 1, 421--435 This journal is©The Royal Society of Chemistry 2020

conditions. The former mutation was selected to quantitatively
assess the contribution of the distal axial heme ligation to the
overall conformational stability of cytochrome c, whereas the
evolutionary conserved Tyr67 was chosen because its OH group
participates in the hydrogen bond (H-bond) network in the
distal side of the heme connecting the O loops formed by
residues 40–57 and 71–85 (Fig. 1),85–96 which are the least stable
foldons.78,79 Therefore, Tyr67 plays a key role in stabilizing the
three-dimensional structure of folded ycc and controlling the
solvent accessibility to the heme crevice.85–96 Moreover, Tyr67
was indicated as a possible apoptotic trigger.85

Previous studies showed that removal of the axial Met ligand
enhances the pseudoperoxidase and nitrite reductase activity97–99

and facilitates urea-induced unfolding of the SAM-immobilized
proteins, preventing coordination of a second axial His ligand at
high urea concentrations,77 whereas suppression of Tyr67 induced
significant urea-induced changes in protein solvation.77 Moreover,
axial heme iron ligation, the protein conformation, the solvation
properties, the heme reduction potential and the pseudoperoxidase
and nitrite reductase activity of immobilized ycc were found to be
affected by the nature of the noncovalent protein–SAM interaction
(either electrostatic or hydrophobic).76,77 In this work, we compare
the thermodynamics of urea-induced denaturation of ycc in
solution versus the immobilized state to test the effect of
constrained protein mobility on the susceptibility of ycc to
chemical unfolding. We find that such a constraint favors
unfolding. This finding recognizes an additional factor that
contributes to the functional versatility and tunability of cyto-
chrome c under physiological conditions.

Experimental
Materials

All chemicals were reagent grade. Doubly distilled water was
used throughout. 4-Mercapto-pyridine was purchased from
Sigma-Aldrich and used without further purification.

Protein production and isolation

The M80A and M80A/Y67A mutants of recombinant S. cerevisiae
iso-1 cytochrome c were expressed and isolated as described

previously.95,97–100 All protein variants are nontrimethylated and
carry the C102T mutation to prevent protein dimerization.95,97–100

Spectroscopic measurements

Electronic absorption, CD and MCD spectra were recorded
with a Jasco J-810 spectropolarimeter. The magnetic field was
provided by a GMW magnet system Model 3470 split coil
superconductivity magnet with a maximum field of 1 Tesla (T).
Both CD and MCD spectra were measured in y = mdeg. The
former were converted to molar ellipticity [y] using the conver-
sion factor [y] = y(deg)�100/(d�c), where c is the protein concen-
tration (mol dm�3) and d is the thickness of the sample (path
length, 0.5 cm),21,84,90 while the latter were converted to De
[M�1 cm�1 T�1] using the conversion factor De = y/(32 980�c�d�B),
where c is the protein concentration, B is the magnetic field (1 T),
and d is the thickness of the sample (path length, 0.5 cm).13,101–104

All experiments were carried out at 25 1C with protein solutions
freshly prepared before use in 5 mM phosphate buffer pH 7 and
the protein concentration was checked spectrophotometrically,
using e405 = 121 700 M�1 cm�1 for both the M80A and M80A/Y67A
mutants.105,106

Electrochemical measurements

Cyclic voltammetry (CV) measurements were carried out with a
potentiostat/galvanostat mod. 273A (EG&G PAR, Oak Ridge,
USA). Experiments were carried out at different scan rates
(0.02–5 V s�1) using a cell for small volume samples (0.5 mL)
under argon. A polycrystalline gold wire functionalized with
4-mercapto-pyridine,12,107 a platinum sheet, and a saturated
calomel electrode (SCE) were used as the working, counter, and
reference electrodes, respectively. The electric contact between
the SCE and the working solution was achieved with a Vycors

(from PAR) set. Reduction potentials were calibrated against
the ferrocene/ferrocenium couple under all experimental
conditions employed in this work to make sure that the effects
of liquid junction potentials were negligible. All reduction
potentials reported here are given with reference to the stan-
dard hydrogen electrode (SHE). Protein solutions were freshly
prepared before use in 10 mM phosphate buffer plus 100 mM
sodium perchlorate at pH 7.2 and their concentration was
carefully checked spectrophotometrically (with a Jasco mod.
V-570 spectrophotometer). The urea concentration was varied
between 0 and 6 M. The formal potentials E10 were calculated as
the semisum of the anodic and cathodic peak potentials and
were found to be almost independent of the scan rate in the
range 0.02–2 V s�1. The signals persist for several voltammetric
cycles throughout the temperature range investigated. The
experiments were performed at least two times and the E10

values were found to be reproducible within �0.002 V. The
current intensities are proportional to the square root of the
scan rate, as expected for a diffusive electrochemical process
(not shown).

Variable-temperature CV experiments were carried out using
a ‘‘non-isothermal’’ cell, in which the reference electrode was
kept at a constant temperature (21 � 0.1 1C), whereas the half-
cell containing the working electrode and the Vycors junction

Fig. 1 Cartoon representing the heme environment in wild type yeast
cytochrome c (PDB 3CYT) and highlighting the Met80 and Tyr67 residues
in light blue.
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to the reference electrode was under thermostatic control with
a water bath.108–113 The temperature was varied from 5 to 35 1C.
With this experimental configuration, the standard entropy

change for heme Fe(III) to Fe(II) reduction in ycc DS�
0

rc

� �
is

given by:108–110

DS�
0

rc ¼ S�
0

red � S�
0

ox ¼ nF
dE� 0

dT

� �
(1)

Thus, DS�
0

rc was determined from the slope of the plot of E10

versus temperature, which turns out to be linear under the

assumption that DS�
0

rc is constant over the limited temperature
range investigated. With the same assumption, the enthalpy

change DH�
0

rc

� �
was obtained from the Gibbs–Helmholtz

equation, namely as the negative slope of the E10/T versus 1/T
plot.11,111–113 The nonisothermal behavior of the cell was care-

fully checked by determining the DH�
0

rc and DS�
0

rc values of the
ferricyanide/ferrocyanide couple.110–113

Results and discussion
Absorption and MCD spectra

The electronic absorption and MCD spectra of ferric M80A
and M80A/Y67A in the Soret (360–450 nm) and in the visible
(450–710 nm) regions at pH 7 in the absence of urea (Fig. 2 and 3
and Table 1) match those reported previously.102 The spectra point
to a 6-coordinate His/OH� low spin (LS1) form as the major
species.76,77,98,99,102,105,106,114 However, the shoulder at 398 nm
observed in the 2nd derivative absorption spectra of both proteins
(Fig. 2c and d) indicates that a minor high-spin (HS1) form is also
present.13

For both variants, the Soret band in the absorption spectra
and the single trough in the corresponding 2nd derivative spectra
slightly redshift upon urea addition (Fig. 2a–d and Table 1),
whereas the shoulder in the 2nd derivative spectra at 398 nm
disappears above 4 M urea (Fig. 2c and d and Table 1).

The symmetrical S-shaped MCD signal is associated with the
Soret band. The Soret band corresponds to a p - p* electronic
transition of the porphyrin ring, which would be doubly
degenarate under the ideal D4h symmetry of the porphyrin
system (acceptor p* orbitals of eg symmetry).115 However, the
asymmetry of the protein environment around the heme lifts
this degeneracy, producing two different electronic transitions
close in energy.116 In the MCD spectra of low spin ferric hemes
these two transions gain intensity through the C-term mechanism
but have opposite signs and hence generate the characteristic
S-shaped MCD signal of the Soret band.117,118 The position and
the overall shape of this MCD feature are not influenced by urea
addition (Fig. 2e and f and Table 1), yet the peak-to-trough
distance increases up to 4 M and 5 M urea for M80A and
M80A/Y67A, respectively (Fig. 2e and f).

Furthermore, the a and b bands of both variants shift to
shorter wavelengths (Fig. 3a and c and Table 1) and their
intensity increases up to 5 M urea (Fig. 3a and c); the trough
in the MCD spectra at 575 (M80A) and 573 (M80A/Y67A) nm
is progressively replaced by a new trough at 568 and 565 nm,

respectively, whereas the peak at 553 nm is replaced by a new
peak at 547 nm (Fig. 3b and d and Table 1). No further spectral
changes are observed above 4 M urea for M80A, while M80A/
Y67A displays an intensity decrease above 7 M urea (Fig. 3).
These spectral changes show that the major low-spin His/OH�-
ligated form (LS1) and the minor high-spin form (HS1) observed
in the absence of urea both transform into a second LS conformer
(LS2) above 4 M urea (M80A) and 5 M urea (M80A/Y67A), whose
spectroscopic features are consistent with the replacement of the
axial hydroxide ligand by a His ligand (either His26 or
His33),1,19,27,33,34,39,43,44,62,66,119 as previously observed for wt ycc
and its K72A/K73A/K79A mutant.14,21 Hence, the behavior of freely
diffusing M80A and M80A/Y67A markedly differs from that of the
same species electrostatically immobilized on a MUA/MU SAM,
which showed no change in the His/OH� axial heme iron
coordination up to 7 M urea.77 The absence of further spectral
changes at higher urea concentrations indicates that the His/His
axial coordination of the LS2 conformer of both mutants is
remarkably stable.

The urea concentration that realizes half of the total absor-
bance changes at 570 and 520 nm in Fig. 4 (which would
correspond to a 50% population of LS1 and LS2) is about
2.2–2.3 M for both variants. These values are significantly lower
than those reported for wt ycc (3.2 M and 3.5 M, at 25 1C and
5 1C, respectively14,35) and its K72A/K73A/K79A and K72A/
K73H/K79A mutants (3.2 M and 3.1 M) at 5 1C,14,75 indicating
that removal of the Fe—Met80 bond favors the unfolding effect
of urea. Hence, reduction of the structural constraints that
connect the heme center to the polypeptide matrix due to
removal of the Fe–Met80 bond lowers the protein resis-
tance to chemical unfolding as found previously for the same
immobilized on a MUA–MU SAM. This view is supported by the
thermodynamics of unfolding (vide infra). The additional
alteration of the network of H-bonding in the heme crevice
due to the suppression of Tyr67 apparently exerts a negligible
effect on the resistance of the freely diffusing protein to
chemical unfolding.

Near-UV CD spectra

The near-UV (250–330 nm) CD spectrum of proteins consists of
optically active heme transitions120 and vibronic transition
bands of the aromatic side chains.121 This technique is parti-
cularly sensitive to structural changes in the environment of
aromatic side chains in cytochromes c.21,84,90,122–124 The CD
spectrum of wt ferric ycc contains a number of small positive
bands around 256 nm, arising from tyrosine side chains,21

a broad positive band around 264 nm, attributed to porphyrin
transitions,122 and two sharp negative bands at 282 and
289 nm, assigned to transitions involving the Trp-59 side
chain.21,84,122 The near-UV CD spectra of M80A and M80A/
Y67A (Fig. 5) are almost superimposable on that of wt ycc,
indicating that neither deletion of the axial Met80 ligand
nor changes in the H-bond network surrounding the heme
induced by Tyr67 replacement significantly modify the protein
folding.21,84,90 Urea addition simplifies the CD spectrum of
both mutants (Fig. 5), as the two sharp negative bands at 282
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and 289 nm progressively decrease in intensity and disappear
above 4 M urea, while the two maxima at 255 and 259 nm are
replaced by a more intense maximum around 258 nm. These
changes suggest that disruption of the tight packing of core
residues occurs in both mutants upon increasing the urea
concentration up to 5 M. No significant changes are observed
at higher urea concentrations.

Voltammetric response

The cyclic voltammograms for freely diffusing M80A and
M80A/Y67A at pH 7.2 show quasi-reversible signals arising

from the one-electron reduction/oxidation of the heme iron
(Fig. 6). The E1 0 values of �0.170 and �0.196 V obtained at pH
7.2 and 293 K for M80A and M80A/Y67A, respectively (Table 2),
compare well with previous data for the same species immo-
bilized on a polycrystalline gold electrode coated with a 1 : 1
mixed SAM of MUA and MU,77,98,99 if we take into account the
electrostatic stabilization of the ferric form by the negatively
charged SAM.98,99,125 Both the freely diffusing and immobi-
lized variants feature a His/OH� axial heme iron coordination
set.76,77,97–99 The voltammetric response and the temperature
dependence of E1 0 were studied at varying urea concentration

Fig. 2 Electronic absorption, 2nd derivative electronic absorption and MCD spectra in the Soret region for the oxidized M80A (a, c and e) and M80AY67A
(b, d and f) variants of S. cerevisiae iso-1 cytochrome c in 5 mM phosphate buffer at pH 7 in the presence of increasing urea concentration: 0 M (black);
1, 2, and 3 M (red); 4, 5, and 6 M (green); and 7, 8, and 9 M (blue).
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up to 6 M in the working solution. A typical CV is shown in
Fig. 6. Urea addition does not perturb the quasi-reversible
electrochemical response but induces an anodic shift of E1 0 up
to 0.024 V and 0.046 V for M80A and M80A/Y67A, respectively,
at 6 M urea (Fig. 7 and Table 2). As no further E1 0 and
spectroscopic changes occur at larger urea concentration,
6 M urea is taken as the condition that yields the fully
unfolded ycc form. This urea-induced anodic shift is larger
than that previously found for the same species immobilized

on MUA–MU (0.011 V for M80A and 0.022 V for M80A/Y67A),
which SERRS data showed to retain the His/OH� axial heme
iron coordination.77 This fits with the urea-induced replace-
ment of the axial hydroxide ion with an as yet unknown
histidine residue to yield a bis-His axial ligand set. Indeed,
the E1 0 values of both variants in 6 M urea are similar to those
determined for urea unfolded wt ycc and its K72A/K73A/
K79A mutant,14 which were shown to possess His/His axial
coordination.

Fig. 3 Electronic absorption and MCD spectra in the visible region for the oxidized M80A (a and b) and M80AY67A (c and d) variants of S. cerevisiae iso-1
cytochrome c in 5 mM phosphate buffer at pH 7 in the presence of increasing urea concentration: 0 M (black); 1, 2, and 3 M (red); 4, 5, and 6 M (green);
and 7, 8, and 9 M (blue).

Table 1 Wavelengths of the relevant spectral features of the UV-vis and MCD spectra for the M80A and M80A/Y67A variants of Saccharomyces
cerevisiae iso-1 cytochrome c in 5 mM phosphate buffer pH 7 in the presence of different urea concentrations

Species [Urea]

MCD Absorption

Soret Vis Soret

VisPeak Trough Zerocross Peak Trough Zerocross Peak 2nd derivative

M80A 0 399 413 406 553 575, 542 562 404 406, 398(sh) 533, 565
4 400 413 407 548 568, 532 556 406 407 528, 555
9 400 413 407 547 568, 533 556 406 407, 398(sh) 528, 555

M80A/Y67A 0 398 412 405 555 573 566 405 407, 398(sh) 532, 562
5 399 412 406 547 565 555 407 408 526, 555
9 398 412 406 548 563 555 407 408 526, 555
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Thermodynamics of heme iron reduction

Valuable information on the mechanism of E�
0

Fe IIIð Þ=FeðIIÞ mod-

ulation in heme proteins has been obtained from the enthalpy

DH�
0

rc

� �
and entropy DS�

0
rc

� �
changes accompanying the Fe3+ -

Fe2+ reduction, determined by analyzing the temperature
dependence of E10.14,74–77,103,109–111,126–147 These thermo-
dynamic data contain contributions from protein-based

‘‘intrinsic’’ factors DH�
0

rcðintÞ; DS�
0

rcðintÞ

� �
and solvent reorganiza-

tion effects within the hydration sphere of the molecule

DH�
0

rcðsolvÞ; DS�
0

rcðsolvÞ

� �
:33,74,75,103,126,128–133,135,138,139,145,146,148,149

The intrinsic enthalpic contribution depends on the donor
properties of the axial heme ligands, the polarity and the
electrostatics at the redox center, whereas the intrinsic entropic
term is mainly controlled by oxidation-state dependent differ-
ences in the conformational degrees of freedom of the poly-
peptide chain.74–77,98,99,103,126,128–133,135,137–139,144–149 For both
variants, the E10 values increase linearly with increasing tem-
perature with and without urea (Fig. 8a and b) and both display

positive DS�
0

rc and DH�
0

rc values (Table 2). Hence, the enthalpic
contribution disfavors Fe(III) reduction and is the main deter-
minant of the negative E10 values, while Fe(III) reduction is
favored entropically. In the absence of urea, the enthalpic
stabilization of the oxidized heme in both mutants is largely
the result of the strong electron donor character of the hydro-
xide ion and the mutation-induced increase in the exposure of
the heme center to solvent resulting in greater solvation of the
heme–protein interface.76,77,98,99,147 The positive reduction
entropy of both variants is consistent with the electrostatically
driven increase in the disorder of the water molecules in the
heme cavity due to the reduction of the net charge of the heme
group (from 1+ to zero) upon Fe(III) reduction. A further con-
tribution conceivably arises from the reduction-induced release

Fig. 4 Relative change in absorbance at 520 nm (circles) and 570 nm
(squares) for the oxidized M80A (black) and M80AY67A (red) variants of
S. cerevisiae iso-1 cytochrome c in 5 mM phosphate buffer at pH 7 in the
presence of increasing urea concentration.

Fig. 5 Near UV CD spectra for the oxidized M80A (a) and M80AY67A (b)
variants of S. cerevisiae iso-1 cytochrome c in 5 mM phosphate buffer at
pH 7 in the presence of increasing urea concentration: 0 M (black); 1, 2,
and 3 M (red); 4, 5, and 6 M (green); and 7, 8, and 9 M (blue).

Fig. 6 Cyclic voltammograms for the M80A variant of yeast iso-1-
cytochrome c in the presence of varying urea concentrations at pH 7.2
under diffusive conditions. 0 M urea (red) and 6 M urea (black). Working
electrode: polycrystalline gold wire functionalized with 4-mercapto-
pyridine. Working solution: 10 mM phosphate buffer plus 100 mM sodium
perchlorate, pH 7.2. T = 293 K. Sweep rate: 0.5 V s�1. Similar CVs were
obtained for the M80A/Y67A variant.
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of the axial hydroxide ligand.76,77,98,99,147 Upon increasing the
urea concentration, the E10 values increase while the reduction
enthalpy and entropy values decrease. The following changes
occur from 0 to 6 M urea for M80A and M80AY67A, respectively

(Table 2): DE10 = 0.024 and 0.046 V, �DDH�0rc
�
F ¼ þ0:154

and +0.079 V, TDDS�
0

rc

�
F ¼ �0:126 and �0.033 V (at 293 K).

Therefore, the change in the entropic term opposes but does
not offset the enthalpic stabilization of the reduced form due to
urea-induced unfolding and axial OH� for His ligand swapping.
Such a compensatory effect has been thoroughly described for
several events in biomolecules and has been the subject of
several theories and controversies.18,20,74,76,77,133,146,150–164

For redox processes involving metal centers in proteins it can
be considered the hallmark of the reduction-induced reorgani-
zation of the hydrogen bonding network within the hydra-
tion sphere of the molecule.20,74,76,77,133,146,150–152,162,165–167

The linear DH�
0

rc versus TDS�
0

rc plots at 293 K for both mutants
at different urea concentrations are reported in Fig. 9. The least-
square fittings yield slopes of 1.23 and 2.40 and regression

coefficients (r2) of 0.999 and 0.995 for the M80A and M80A/

Y67A mutants, respectively. As the changes in DH�
0

rc and DS�
0

rc

arising from the reduction-induced reorganization of the H-bond

network at the protein–solvent interface (DH�
0

rcðsolvÞ and DS�
0

rcðsolvÞ) are

fully compensative,20,34,74,75,103,104,130–133,140,141,146–150 the absence of
perfect compensation (i.e. slopes greater than one) indicates that,
beside solvent reorganization effects, protein-based ‘‘intrinsic’’
factors significantly contribute to the urea-induced changes in the
reduction thermodynamics. In particular, axial ligand swapping
should lower the reduction enthalpy due to the slightly lower
electron donor character of the His ligand compared to the hydro-
xide anion and to the resulting decreased exposure of the metal

center to solvent. The less positive DS�
0

rc values of the His/His
conformer fit with decreased solvent accessibility of the metal
center, leading to a lower increase in the disorder of the water
molecules in the heme cavity upon Fe(III) reduction.

The slopes of the compensation plots indicate that protein-based
‘‘intrinsic’’ factors exert a greater influence on the urea-induced

changes in reduction enthalpy DDH�
0

rc ¼ DH�
0

rc ð6MureaÞ�
	

DH�
0

rc ðno ureaÞ� than the corresponding changes in reduction

entropy DDS�
0

rc

� �
and that their effect is larger for the M80A/

Y67A variant. This is also confirmed by the high compensation
temperatures Tc featured by the M80A (359 K) and M80A/Y67A
(695 K) mutants, which were calculated from the crossing point
of the linear plots in Fig. 8. As the two mutants share the same
axial heme coordination in both the folded (His/OH�) and
unfolded states (His/His), this behavior confirms that the
alteration of the H-bonding network in the distal heme site
due to the Tyr67 to Ala substitution generates specific
mutation-induced changes in the electrostatics and polarity of
the metal site of the folded protein, which apparently tend to
disappear upon urea unfolding (Table 2).

Thermodynamics of urea-induced unfolding

The equation:

DG�u ¼ DG�H2O
u �m � ½urea� (2)

puts in relation the free energies of unfolding in the presence of a

denaturant DG�u
� �

and at denaturant infinite dilution (DG�H2O
u ) for

Table 2 Thermodynamic parameters for reduction of the M80A and M80A/Y67A variants of yeast iso-1-cytochrome c under freely diffusing conditions
at varying urea concentrationa

[Urea] (M)

M80A M80AY67A

E10b (V) DH�
0

rc
b (kJ mol�1) DS�

0
rc

b (J mol�1 K�1) E10b (V) DH�
0

rc
b (kJ mol�1) DS�

0
rc

b (J mol�1 K�1)

0 �0.170 41.8 85 �0.196 37.6 63
1 �0.165 37.5 72 �0.187 36.4 61
2 �0.157 34.3 64 �0.181 34.7 59
3 �0.155 32.3 59 �0.170 33.1 57
4 �0.152 29.8 51 �0.162 31.8 55
5 �0.147 28.0 46 �0.156 30.8 53
6 �0.146 26.9 43 �0.150 30.0 52

a Working electrode: polycrystalline gold electrode coated with a SAM of 4-mercapto-pyridine; working solution: 10 mM phosphate buffer plus
100 mM sodium perchlorate at pH 7.2. E10 is measured at T = 20 1C. b The average errors on E10, DH�

0
rc and DS�

0
rc are �0.002 V, �0.3 kJ mol�1 and

�2 J mol�1 K�1, respectively.

Fig. 7 Urea-induced changes in E10 for the M80A (circles) and M80AY67A
(squares) variants of S. cerevisiae iso-1 cytochrome c at 5 1C (red) and
25 1C (black). Working electrode: polycrystalline gold wire functionalized
with 4-mercapto-pyridine. 10 mM phosphate buffer plus 100 mM sodium
perchlorate, pH 7.2.
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a two-state denaturation event, where m is a parameter proportional
to the increase in the solvent-exposed surface area of the denatured
state compared to the folded protein and provides an estimation of
residual structure in the denatured state.16,19,35,75,77,168,169 DG�u can
be calculated from the equilibrium constant, Ku, of the denatura-
tion process at a given urea concentration:

DG�u ¼ �RT � lnKu (3)

where Ku is given by:

Ku = aunfolded protein/afolded protein E [unfolded protein]/

[folded protein] (4)

The concentration of folded and unfolded protein at each
urea concentration was determined according to the following
equations

[unfolded protein] = a[total protein concentration] (5)

[folded protein] = (1 � a)[total protein concentration] (6)

where a is the unfolding degree, calculated from (i) the mea-
sured E10 value at each urea concentration E�

0
m

� �
and from the

limit E10 values for the folded E�
0

f

� �
and unfolded forms E�

0
u

� �

measured at 0 and 6 M urea, respectively, and (ii) the intensity
of the UV-vis and MCD spectra at selected wavelengths
(520/570 nm and 575–573 nm, respectively) at each urea
concentration (Im) and for the folded (Imf) and unfolded forms
(Imu) measured at 0 and 6 M urea, respectively, according to the
following equations

a ¼ E
� 0
m � E

� 0
f

E
� 0
u � E

� 0
f

(7)

a ¼ Im � If

Iu � If
(8)

The plots of DG�u vs. urea concentration for both proteins are

shown in Fig. 10. The DG�H2O
u and m values obtained from the

intercept and the slope of the least-squares linear fit of the data
points to eqn (2), respectively, are listed in Table 3, along with
the data obtained previously for wt ycc and its K72A/K73A/K79A
and K72A/K73H/K79A mutants.14,75 The variable-temperature
voltammetric measurements carried out at different urea con-

centrations allow the DG�H2O
u and m values from 5 to 35 1C to be

determined. Both terms slightly decrease with increasing tem-

perature (Table 3). The DG�H2O
u values for both variants are

Fig. 8 Plot of E10 versus T and E10/T versus 1/T for the M80A (a and c) and the M80A/Y67A (b and d) variants of yeast iso-1-cytochrome c in the presence
of urea 0 M (black), 2 M (red), 4 M (green) and 6 M (blue), in 10 mM phosphate buffer plus 100 mM sodium perchlorate, pH 7.2. Solid lines are least-squares
fits to the data points.
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significantly lower than those for the species showing intact
Met/His coordination, as previously observed for the same
species immobilized on a MUA/MU SAM at the same T (5 1C).77

This indicates that the axial Fe–(S)Met bond plays a significant
role in determining the stability of cytochrome c against chemical
denaturation, as its removal invariably ‘‘relaxes’’ the 3D structure
of the protein and facilitates unfolding. The additional Y67A
mutation disfavors to some extent protein unfolding, since

the DG�H2O
u values for the M80A/Y67A variant are slightly larger

(0.7–0.8 kJ mol�1) than for M80A. Hence, the alteration of the
H-bonding network that stabilizes the heme crevice due to the
Y67A mutation85–96 results in a larger inherent thermodynamic
stability of the protein. This finding is rather surprising, since
Tyr67 mutation would be expected to facilitate unfolding, but this
conflict is only apparent because the difference in free energy of
unfolding between the single and double mutant turns out to be
an entropic effect, as discussed below.

The M80A and M80AY67A variants feature quite similar m
values (Table 3) throughout the temperature range investigated.
We note that at 5 1C the m values are comparable to those for
the Met/His-ligated species (wt and variants to surface lysines),
but lower than that of the K72A/K73H/K79A variant. Therefore,
it appears that at low temperature neither removal of the axial
Fe–(S)Met bond, also coupled to alteration of the H-bonding
network stabilizing the heme crevice (M80A/Y67A), nor deletion
of surface charges (K72A/K73A/K79A) significantly influences
the structural impact of urea on the overall ycc folding, which
instead is affected by insertion of a new potential axial ligand
(K72A/K73H/K79A). On the contrary, at 25 1C the m values
for M80A and M80AY67A are much lower compared to the wt
(Table 3), indicative of a smaller increase in the solvent-exposed
surface area. However, this effect is not the result of less
pronounced protein unfolding as the near-UV CD spectra

(Fig. 5) indicate that the variants and wt both undergo
disruption of the tight packing of the core residues.84,90,122

A possible role in this effect is played by the different urea-
induced axial ligand swapping occurring in the variants
compared to the wt.

The enthalpy and entropy changes associated with the
unfolding process calculated using the van’t Hoff equation

from the temperature dependence of DG�H2O
u are positive for

both species (Fig. 11 and Table 4). Hence, the urea-induced
denaturation realizes an entropic gain but is disfavored on
enthalpic grounds. The enthalpy change is the main determi-

nant of the positive DG�H2O
u values (Fig. 12 and Table 4).

As suggested previously,77 the enthalpic cost of urea unfolding
results from the balance of bond breaking and formation,
involving heme axial ligand swapping and intramolecular and
intermolecular protein–solvent van der Waals interactions
and H-bonding, associated with urea intrusion into the ter-
tiary structure followed by hydration and loss of the native
structure.170 The positive unfolding entropy possibly results

Fig. 9 Enthalpy–entropy compensation plots for the reduction thermo-
dynamics of the M80A (black) and the M80A/Y67A (red) variants of yeast
iso-1-cytochrome c, in the presence of varying urea concentrations: 0 M,
1 M, 2 M, 3 M, 4 M, 5 M and 6 M in 10 mM phosphate buffer plus 100 mM
sodium perchlorate, pH 7.2. Solid lines are least-squares fits to the data
points. T = 293 K. Error bars were calculated from the average errors on
DH1

0 and DS�
0

rc reported in Table 2.

Fig. 10 Plots of DG�u versus molar urea concentration for the M80A (a)
and the M80A/Y67A (b) variants of yeast iso-1-cytochrome c in 10 mM
phosphate buffer plus 100 mM sodium perchlorate, pH 7.2. T = 278 K
(black), 288 K (red), 298 K (green) and 308 K (blue). According to eqn (2),

DG�H2O
u and m are obtained from the intercept and the slope of the least-

squares linear fit of the data points, respectively.
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from the urea-induced weakening of the structural constraints
and intramolecular bonding interactions in the secondary and
tertiary structure of the polypeptide chain, which results in
increased molecular accessible states and degrees of freedom.
Likewise, elimination of constrained water assemblies on the
protein surface due to hydrophobic hydration upon displace-
ment by the larger urea molecules possibly contributes to the
entropy gain.77,171 The opposite contributions of the enthalpic

and entropic terms to DG�H2O
u (H–S compensation) (Table 4

and Fig. 12) confirm that changes in the hydrogen bonding
network in the hydration sphere of the protein upon unfolding
strongly affect the thermodynamics of the denaturation process.

The increase of DG�H2O
u for M80A/Y67A compared to M80A is

entropy-driven (Table 4 and Scheme 1). The similarity of the
urea-induced changes in the spectroscopic properties of the two
mutants suggests that such an effect has more to do with the
increased hydrophobicity of the heme cavity following the sub-
stitution of a hydrophilic Tyr with a hydrophobic Ala residue

than to mutation-specific differences in the structural changes
upon urea-induced unfolding.

Solution versus immobilized state

A comparison of the present data with those obtained pre-
viously for the same mutants adsorbed electrostatically on a
MUA/MU SAM allows examination of how the thermodynamics
of urea-induced unfolding are affected by protein adsorption.

The DG�H2O
u values for the solution variants are larger with

respect to those for the same electrode-immobilized species,
especially at 25 1C. Therefore, immobilization favors the
chemically-induced protein unfolding (Table 4 and Scheme 1).

Both proteins feature much less positive DH�H2O
u and DS�H2O

u

values in freely diffusing conditions than in the immobilized state
(Table 4 and Scheme 1). The changes in the unfolding enthalpy
and entropy are much larger than the changes in the unfolding
free energy (Scheme 1). Once again, this H–S compensation
indicates that differences in solvent reorganization effects accom-
panying denaturation of the protein under freely diffusing condi-
tions or subjected to motional restriction are the main factor

responsible for the differences in DH�H2O
u and DS�H2O

u . This
balance however changes with temperature. In particular, at
5 1C the enthalpy/entropy compensation is almost perfect,
resulting in very limited (M80A) or negligible (M80AY67A) free
energy differences, but decreases with increasing temperature,
leading to sizeable changes in the DG�H2O

u values for immobilized
and freely diffusing proteins at room temperature (Table 3).
Analogously, Dm [=m(ads) � m(sol)] becomes more negative with
increasing temperature. At 25 1C, electrostatic adsorption on
MUA/MU induces a progressive lowering of the inherent thermo-
dynamic stability of the three-dimensional structure of both
proteins and reduces the increase in the solvent-exposed surface
area of the denatured state compared to the folded protein.
It is tempting to speculate that a non-negligible contribution to

the higher DG�H2O
u values of the freely diffusing species at room

Table 3 DG�H2O
u and m values at different temperatures for the urea-

induced unfolding of the M80A and M80AY67A variants of yeast iso-1-
cytochrome c

Protein T (1C)
DG�H2O

u
a

(kJ mol�1)
ma

(kJ mol�1 M�1)

M80Asol 5 5.98b 2.64b

10 5.65b 2.59b

15 5.44b 2.38b

20 5.33b 2.47b

25 5.20b 2.15b

30 4.42b 1.93b

35 4.60b 2.07b

25 6.16c 2.51c

M80Aads 5 4.9d 2.16d

25 0.95d 1.52d

M80AY67Asol 5 6.72b 2.64b

10 6.31b 2.39b

15 6.27b 2.03b

20 6.13b 1.81b

25 6.05b 2.10b

30 5.92b 1.87b

35 5.80b 2.13b

25 6.87c 2.98c

M80AY67Aads 5 6.6d 2.52d

25 3.75d 1.71d

K72A/K73H/K79Asol 5 12.7e 4.2e

K72A/K73A/K79Asol 5 8.1f 2.3f

wtsol 5 7.6f 1.9f

25 20.8g 6.90g

K73H 25 15.2g 5.1g

a The errors on DG�H2O
u and m are �0.80 kJ mol�1 and �10% (relative

error), respectively. b From voltammetric experiments carried out in
10 mM phosphate buffer plus 100 mM sodium perchlorate at pH 7.2.
c Average values calculated from the changes in the UV-vis and MCD
spectra at selected wavelengths (520/570 nm and 575–573 nm, respectively)
observed in the presence of an increasing concentration of urea in 5 mM
phosphate buffer pH 7. d From ref. 77. e From ref. 75. f Calculated form
data in ref. 14. g From ref. 35.

Fig. 11 vant’Hoff plots for the urea-induced unfolding of the M80A
(black) and the M80A/Y67A (red) variants of yeast iso-1-cytochrome c in
10 mM phosphate buffer plus 10 mM sodium perchlorate, pH 7.2. Solid
lines are least-squares fits to the data points.
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temperature results from the urea-induced replacement of the
axial OH� by an endogenous histidine, which does not occur
upon protein immobilization.

The negative Dm [=m(ads)�m(sol)] values for both the M80A
and M80AY67A variants indicate that the urea-induced increase
in the solvent-exposed surface area is less pronounced for the
immobilized species. Although this effect does not match
intuitively with the larger thermodynamic tendency of the latter
species to unfold (lower DG�H2O

u values), it fits well with
the hypothesis that both mutants undergo non-negligible
unfolding upon adsorption on a MUA/MU SAM, which lowers
the effects of structure opening to solvent due to eventual urea
unfolding, thereby preventing the coordination of a second His
ligand at high urea concentrations.77

Conclusions

Partial protein unfolding due to a chemical stimulus, in general
represented by the binding of an effector molecule or adsorption
onto a supramolecular assembly (e.g. cell or organelle membrane),
is a strategy widely employed by biological systems to transmit a
chemical message or trigger a biochemical event. Cytochrome c
participates in this kind of mechanisms. In fact, upon binding to
cardiolipin, a component of the inner mitochondrial membrane
(IMM), cytc is subjected to a structural change that results in
oxidative reactions leading to its release from the mitochondrion
to the cytosol whereby it activates caspases that initiate the cell
apoptotic cascade. Here we have presented evidence that at room
(or physiological) temperature the susceptibility to unfolding of
ycc – represented by the free energy of unfolding at denaturant

infinite dilution DG�H2O
u – is affected by the motional regime of

the protein, namely it differs depending on whether the protein is
freely diffusing or subjected to a motional restriction due to the
interaction with a molecular construct. In particular, electrostatic
adsorption onto a negatively charged molecular surface (a MUA/
MU SAM, which would mimic the negatively charged phospho-
lipidic inner mitochondrial membrane) renders ycc more suscep-
tible to chemical unfolding compared to the solution state. This
finding has physiological relevance related to the cytochrome c
interaction with cardiolipin at the IMM. Such motional state-
dependent behavior results in different molecular events invol-
ving the change in axial ligands of the heme iron and different
unfolding-induced changes in the hydrogen bonding network

Fig. 12 Histograms depicting the thermodynamic parameters of urea-
induced unfolding for yeast iso-1-cytochrome c and its variants in solution
and in the immobilized state reported in Table 4. Black, red and green bars
correspond to DG�H2O

u , DH�H2O
u and T (5 1C)�DS�H2O

u values, respectively.

Scheme 1 Cycle summarizing (i) the effects of the Y67A mutation on the
unfolding thermodynamics of the M80A variant of yeast iso-1-cytochrome
c in freely diffusing conditions (upper line) and immobilized on a MUA/MU
SAM (bottom line) and (ii) the effect of immobilization on a MUA/MU SAM
on the unfolding thermodynamics of the M80A and M80A/Y67A variants of
yeast iso-1-cytochrome c (left and right column, respectively). DDG�H2O

u

(kJ mol�1, black column), DDH�H2O
u (kJ mol�1, red column) and DDS�H2O

u

(J K�1 mol�1, green column) were calculated form the data reported in
Table 4.

Table 4 Thermodynamic parameters of urea-induced unfolding for yeast iso-1-cytochrome c and variants in solution and in the immobilized state

Protein T
DG�H2O

u
a

(kJ mol�1)
DH�H2O

u
a

(kJ mol�1)
DS�H2O

u
a

(J K�1 mol�1)
TDS�H2O

u
a,b

(kJ mol�1)
ma

(kJ mol�1 M�1)

M80A in solutionc 5 6.0 18.3 44.4 12 2.64
M80AY67A in solutionc 5 6.7 14.1 27.1 8 2.64
M80A immobilizedd 5 4.9 58.5 191.5 53 2.19
M80AY67A immobilizedd 5 6.6 46.6 142.4 40 2.61
wt immobilizedd,e 5 13.4 91.8 286.6 77 3.24
K72A/K73A/K79A immobilizedd,e 5 11.3 69.9 209.3 58 2.95

a The average errors on DG�H2O
u ; DH�H2O

u ; DS�H2O
u and m are �0.8 kJ mol�1, �8% (relative error), �10% (relative error) and �10% (relative error),

respectively. b At 5 1C. c Present work, freely diffusing species in 10 mM phosphate buffer plus 100 mM sodium perchlorate, pH 7.2. d Protein
adsorbed on a polycrystalline gold electrode coated with a SAM of MUA/MU, from ref. 77. e Values calculated from data in ref. 74.
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within the hydration sphere of the molecule. As we have also
found previously that the unfolding behavior of immobilized ycc
changes with the nature of the adsorbing construct,76,77 it is
apparent how, from a more general perspective, the motional
properties of the protein and the nature of the adsorbing surface
constitute additional means that Nature can exploit to modulate
protein unfolding and the eventual molecular response.5,13,31
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28 A. Dı́az-Quintana, G. Pérez-Mejı́as, A. Guerra-Castellano,

M. A. De la Rosa and I. Dı́az-Moreno, Oxid. Med. Cell.
Longev., 2020, 2020, 1–20.

29 S. Oellerich, H. Wackerbarth and P. Hildebrandt, J. Phys.
Chem. B, 2002, 106, 6566–6580.

30 P. Ascenzi, M. Coletta, M. T. Wilson, L. Fiorucci, M. Marino,
F. Polticelli, F. Sinibaldi and R. Santucci, IUBMB Life, 2015,
67, 98–109.

31 J. Muenzner and E. V. Pletneva, Chem. Phys. Lipids, 2014,
179, 57–63.

32 A. Ranieri, D. Millo, G. Di Rocco, G. Battistuzzi, C. A.
Bortolotti, M. Borsari and M. Sola, JBIC, J. Biol. Inorg.
Chem., 2015, 20, 531–540, DOI: 10.1007/s00775-015-1238-6.

33 A. Ranieri, G. Di Rocco, D. Millo, G. Battistuzzi,
C. A. Bortolotti, L. Lancellotti, M. Borsari and M. Sola,
Electrochim. Acta, 2015, 176, 1019–1028.

34 A. Ranieri, G. Battistuzzi, M. Borsari, C. A. Bortolotti, G. Di
Rocco, S. Monari and M. Sola, Electrochem. Commun., 2012,
14, 29–31.

35 S. Godbole, A. Dong, K. Garbin and B. E. Bowler, Biochemistry,
1997, 36, 119–126.

36 S. Baddam and B. E. Bowler, Biochemistry, 2006, 45, 4611–4619.
37 M. G. Duncan, M. D. Williams and B. E. Bowler, Protein

Sci., 2009, 18, 1155–1164, DOI: 10.1002/pro.120.
38 M. M. Elmer-Dixon and B. E. Bowler, Biochemistry, 2018,

57, 5683–5695.
39 G. Battistuzzi, M. Borsari, A. Ranieri and M. Sola, J. Biol.

Inorg. Chem., 2004, 9, 781–787.
40 V. E. Kagan, H. A. Bayir, N. A. Belikova, O. Kapralov,

Y. Y. Tyurina, V. A. Tyurin, J. Jiang, D. A. Stoyanovsky,

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

5 
6:

30
:5

5 
nm

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00115e


This journal is©The Royal Society of Chemistry 2020 RSC Chem. Biol., 2020, 1, 421--435 | 433

P. Wipf, P. M. Kochanek, J. S. Greenberger, B. Pitt,
A. A. Shvedova and G. Borisenko, Free Radicals Biol. Med.,
2009, 46, 1439–1453.

41 M. M. Cherney and B. E. Bowler, Coord. Chem. Rev., 2011,
255, 664–677.

42 B. Milorey, R. Schweitzer-Stenner, R. Kurbaj and
D. Malyshka, ACS Omega, 2019, 4, 1386–1400.

43 L. Hannibal, F. Tomasina, D. A. Capdevila, V. Demicheli,
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Biochemistry, 1997, 36, 13122–13132.

85 T. Ying, Z. H. Wang, Y. W. Lin, J. Xie, X. Tan and Z. X.
Huang, Chem. Commun., 2009, 4512–4514.

86 C. M. Lett, A. M. Berghuis, H. E. Frey, J. R. Lepock and
J. G. Guillemette, J. Biol. Chem., 1996, 271, 29088–29093.

87 M. Cervelli, P. Mariottini, G. Smulevich, M. Coletta and
L. Fiorucci, J. Inorg. Biochem., 2017, 169, 86–96.

88 J. Gu, D. W. Shin and E. V. Pletneva, Biochemistry, 2017, 56,
2950–2966.

89 C. M. Lett, M. D. Rosu-Myles, H. E. Frey and J. G.
Guillemette, Biochim. Biophys. Acta, Protein Struct. Mol.
Enzymol., 1999, 1432, 40–48.

90 A. M. Berghuis, J. G. Guillemette, M. Smith and G. D.
Brayer, J. Mol. Biol., 1994, 235, 1326–1341.

91 S. R. Singh, S. Prakash, V. Vasu and C. Karunakaran, J. Mol.
Graphics. Modell., 2009, 28, 270–277.

92 A. Schejter, T. L. Luntz, T. I. Koshy and E. Margoliash,
Biochemistry, 1992, 31, 8336–8343.

93 T. L. Luntz, A. Schejter, E. A. E. Garber and E. Margoliash,
Proc. Natl. Acad. Sci. U. S. A., 1989, 86, 3524–3528.

94 B. A. Feinberg, L. Petro, G. Hock, W. Qin and
E. Margoliash, J. Pharm. Biomed. Anal., 1999, 19, 115–125,
DOI: 10.1016/S0731-7085(98)00291-X.

95 G. Battistuzzi, C. A. Bortolotti, M. Bellei, G. Di Rocco,
J. Salewski, P. Hildebrandt and M. Sola, Biochemistry,
2012, 51, 5967–5978.

96 L. Tognaccini, C. Ciaccio, V. D’Oria, M. Cervelli, B. D.
Howes, M. Coletta, P. Mariottini, G. Smulevich and
L. Fiorucci, J. Inorg. Biochem., 2016, 155, 56–66.

97 S. Casalini, G. Battistuzzi, M. Borsari, A. Ranieri and
M. Sola, J. Am. Chem. Soc., 2008, 130, 15099–15104.

98 S. Casalini, G. Battistuzzi, M. Borsari, C. A. Bortolotti,
A. Ranieri and M. Sola, J. Phys. Chem. B, 2008, 112, 1555–1563.

99 S. Casalini, G. Battistuzzi, M. Borsari, C. A. Bortolotti, G. Di
Rocco, A. Ranieri and M. Sola, J. Phys. Chem. B, 2010, 114,
1698–1706.

100 C. A. Bortolotti, G. Battistuzzi, M. Borsari, P. Facci,
A. Ranieri and M. Sola, J. Am. Chem. Soc., 2006, 128,
5444–5451.

101 F. Paulat and N. Lehnert, Inorg. Chem., 2008, 47, 4963–4976.
102 G. Battistuzzi, C. A. Bortolotti, M. Bellei, G. Di Rocco,

J. Salewski, P. Hildebrandt and M. Sola, Biochemistry,
2012, 51, 5967–5978.

103 M. Bellei, C. A. Bortolotti, G. Di Rocco, M. Borsari,
L. Lancellotti, A. Ranieri, M. Sola and G. Battistuzzi,
J. Inorg. Biochem., 2018, 178, 70–86.

104 G. Di Rocco, G. Battistuzzi, C. A. Bortolotti, M. Borsari,
E. Ferrari, S. Monari and M. Sola, JBIC, J. Biol. Inorg. Chem.,
2011, 16, 461–471.

105 K. L. Bren and H. B. Gray, J. Am. Chem. Soc., 1993, 115,
10382–10383.

106 Y. Lu, D. R. Casimiro, K. L. Bren, J. H. Richards and H. B.
Gray, Proc. Natl. Acad. Sci. U. S. A., 1993, 90, 11456–11459.

107 G. Battistuzzi, M. Borsari, D. Dallari, S. Ferretti and
M. Sola, Eur. J. Biochem., 1995, 233, 335–339.

108 E. L. Yee and M. J. Weaver, Inorg. Chem., 1980, 19, 1077–1079.
109 E. L. Yee, R. J. Cave, K. L. Guyer, P. D. Tyma and M. J.

Weaver, J. Am. Chem. Soc., 1979, 101, 1131–1137, DOI:
10.1021/ja00499a013.

110 V. T. Taniguchi, N. Sailasuta-Scott, F. C. Anson and
H. B. Gray, Pure Appl. Chem., 1980, 52, 2275–2281.

111 G. Battistuzzi, M. Borsari, M. Sola and F. Francia, Biochemistry,
1997, 36, 16247–16258.

112 G. Battistuzzi, M. Borsari, L. Loschi and M. Sola, JBIC,
J. Biol. Inorg. Chem., 1997, 2, 350–359.

113 G. Battistuzzi, M. Borsari, L. Loschi, F. Righi and M. Sola,
J. Am. Chem. Soc., 1999, 121, 501–506.

114 L. Banci, I. Bertini, K. L. Bren, H. B. Gray and P. Turano,
Chem. Biol., 1995, 2, 377–383.

115 M. R. Cheesman, C. Greenwood and A. J. Thomson, Adv.
Inorg. Chem., 1991, 36, 201–255.

116 R. Schweitzer-Stenner, J. Phys. Chem. B, 2008, 112,
10358–10366.

117 L. Vickery, T. Nozawa and K. Sauer, J. Am. Chem. Soc., 1976,
98, 351–357.

118 L. Vickery, K. Sauer and T. Nozawa, J. Am. Chem. Soc., 1976,
98, 343–350.
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