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ABSTRACT: Diﬀerences in the reduction potential E0 among structurally similar
metalloproteins cannot always be fully explained on the basis of their 3-D structures. We
investigate the molecular determinants to E0 using the mixed quantum mechanics/
molecular mechanics approach named perturbed matrix method (PMM); after
comparison with experimental values to assess the reliability of our calculations, we
investigate the relationship between the change in free energy upon reduction ΔA0 and
the reorganization energy. We ﬁnd that the reduction potential of cytochromes can be
regarded as the result of the sum of two terms, one being mostly dependent on the
energy ﬂuctuations within a limited range around the mean transition energy and the
second being mostly dependent linearly on the diﬀerence Δλ = λred − λox of the
reorganization free energies for the ox → red (λred) and for the red → ox (λox)
relaxations.
SECTION: Biophysical Chemistry and Biomolecules
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relatively higher redox potential of cytc2 is believed to be a
direct consequence of its need to adaptation to photosynthetic
ET. In fact, the E0 of RCs is usually in the 450−500 mV range,
while cytochrome c oxidase complexes, the electron acceptor in
mitochondrial respiration, and therefore the RC counterpart for
cytc display signiﬁcantly lower reduction potentials.9,10
Previous experimental11−14 and theoretical3,4,15,16 studies on
cytochromes investigated the eﬀects of structural features on E0,
such as the protein folding, the number and type of axial
ligands, the presence of charged groups close to the heme, and
its solvent exposure, but how can diﬀerences in reduction
potential displayed by species with strikingly similar structures,
as in the case of cytc and cytc2, be justiﬁed?
The elucidation of the molecular determinants to the quite
distinct properties of prokaryote and eukaryote cytochromes
has kept scientists busy for a long time.3,4,8,9 The most recent
papers on this issue followed a general change of perspective in
the investigation of biomolecules, characterized by a strong
interest for the dynamic properties of proteins and by the
awareness that conformations diﬀering from the most

ytochromes are heme-containing proteins that serve as
electron carriers in electron transfer (ET) chains and are
ubiquitous in prokaryotes and eukaryotes.1,2 Depending on the
organism in which they operate and subsequently on their
speciﬁc physiological role, cytochromes can be soluble or
membrane-bound, displaying diverse folding, heme coordination, and physicochemical properties. In particular, their
reduction potential E0 can vary dramatically, spanning a 800
mV range.3−5 Even cytochrome families with minor structural
diﬀerences, such as mitochondrial cytochromes c (cytc
hereafter) and their nearest bacterial homologues, cytochromes
c2 (cytc2), display important shifts in the reduction potential. In
fact, mitochondrial cytochromes feature E0 values that are close
to +260 mV versus SHE (standard hydrogen electrode) in
nearly all species, while E0 of cytc2 are generally around 100 mV
more positive than those of cytc, and in some cases they can be
as high as +470 mV.6
Both cytc and cytc2 act as electron carriers between
membrane-bound proteins, although in amazingly diverse
organisms. (See Figure 1.) Cytc is a soluble electron carrier
between complex cytochrome bc1 (cytbc1) and cytochrome c
oxidase (Cco) in the aerobic mitochondrial respiration. cytc2 are
found in the periplasmic space of nonsulfur purple photosynthetic bacteria, where they usually shuttle electrons from
cytbc1 to the photosynthetic reaction center (RC).7,8 The
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Figure 1. Schematic representation of the role and localization of soluble electron carriers cytc2 and cytc in photosynthetic bacteria and
mitochondria, respectively.

Figure 2. (A) Sequence alignment of the investigated cytochromes, obtained via Clustal Omega20 and manually adjusted as suggested by Meyer et
al.21 Color coding of indels closely follows that of ref 21 to facilitate the comparison with previously reported sequence alignments between
cytochromes. Conserved residues that are present in all four sequences are marked with an asterisk. (B) Superimposition of the 3-D structures of
reduced horse heart cytc (red, PDB code 1HRC) and Rb. sphaeroides cytc2 (gray, while blue was used to highlight the structural elements of Rb.
sphaeroides that are missing/diﬀerent in horse heart cytc; PDB code 1CXC). For the sake of clarity, only one heme group is shown. The image was
produced with the VMD software.22

which is the most signiﬁcant diﬀerence with the primary
structures of mitochondrial cytc: the presence of two insertions,
3- and 8-residues long, respectively, which were hypothesized
to be involved in the peripheral interaction with the
photosynthetic RC.21 Still, the investigated cytochromes can
be considered to be very closely related from a structural point
of view,9 as witnessed by the superimposition of 3-D structures
of horse heart cytc and Rb. sphaeroides cytc2 (Figure 2B),
highlighting the longer α-helix and loop right before the ironcoordinating methionine (Met80 in horse heart numbering)
and the presence of two short regions of β-sheet in the longer
N-terminal ω-loop of cytc2 , at variance with a single β-sheet
region in the corresponding loop of mitochondrial cytc. The
members of the two classes share a His,Met axial coordination
of the iron atom of the heme, the latter being covalently bound
to the polypeptidic matrix via the highly conserved CXXCH
binding site near the N-terminus, and they both feature a
globular fold. Moreover, independently of the net overall
protein charge, both cytochrome families are characterized by
the presence of a number of positively charged residues
surrounding the solvent-exposed heme-edge, which are known
to be crucial in the long-range electrostatic interaction with ET
partners.9 Inspection of the surroundings of the protein active
sites, in terms of the presence of amino acids with charged side

populated, time-averaged structure can be functionally
extremely relevant.17 The growing awareness that the somehow
“static” structural properties obtained by crystal structures can
not fully account for the physiological behavior of proteins18,19
has led us to explore the dynamics of cytochromes with very
similar structures but belonging to diﬀerent families in the
search for both common and singular aspects that would
contribute to determine their reduction thermodynamics.
Here we compare the redox thermodynamic properties of
mitochondrial cytc and bacterial cytc2, investigating two
members of the ﬁrst subfamily, namely, cytc form baker’s
yeast (S. cerevisiae) and from horse heart (E. caballus), and two
cytc2 from nonsulfur purple photosynthetic bacteria Rb.
sphaeroides and Rps. palustris. We started our investigation by
comparing their amino acid sequences and 3-D structures. The
sequences were aligned using the Clustal Omega web server.20
The results provided by the server were manually adjusted
following the work of Meyer et al.21 to highlight the presence of
insertions and deletions (indels) that were suggested to be
signiﬁcant from an evolutionary point of view. The ﬁnal result
of the alignment is reported in Figure 2A. The sequences of the
two mitochondrial cytc are rather close (63% identity). The two
cytc2 display higher sequence diversity, but one feature is
common to both cytc2 from Rps. palustris and Rb. sphaeroides,
1535
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chains in the vicinity of the metal ion, further proved the high
structural homology between the mitochondrial and bacterial
cytochromes and conﬁrmed that the more positive E0 values for
the latter cannot be explained just on the basis of local
electrostatic eﬀects.
To estimate the reduction potentials, we ﬁrst performed 110
ns long molecular dynamics (MD) simulations of the four
cytochromes at 298 K and inﬁnite dilution in both their
reduced and oxidized ensemble. Several methods have been
employed for the theoretical calculation of reduction potential
of metalloproteins at diﬀerent levels of the theory.3,23−27 In our
case, E0 was calculated by applying the mixed quantum
mechanics/molecular mechanics approach named perturbed
matrix method (PMM)28−33 to the MD simulations, closely
paralleling the procedure used in our previous papers34,35
(more details are provided afterward).
The (Helmholtz) free-energy change upon reduction, ΔA0,
that is related to the reduction potential via E0 = −ΔA0/F
(where F is the Faraday constant) was calculated using the
following equation
ΔA0 ≅

−kT ln⟨e−β Δ< ⟩ox + kT ln⟨e β Δ< ⟩red
2

Figure 3. Calculated versus experimental E0 values. The dashed
turquoise line provides a guide for the eye, representing the ideal
correspondence between theoretical and electrochemical data.

distinct subsets, with the latter having more negative potentials.
These results provide a strong evidence of the predictive
capability of our theoretical approach for redox thermodynamic
properties of complex systems: while the prediction of the
absolute E0 is clearly dependent on the choice of the value for
the hydrogen semireaction, the ability to reproduce ΔΔA0 as
low as 8−10 kJ/mol is deﬁnitely a strong point of the present
computational strategy. The test against experimental data
allowed us to further use these simulations in our search for the
reasons underlying the diﬀerences in reduction potentials
between cytc and cytc2.
In a previous paper,35 we derived a general theoretical model
based on rigorous statistical mechanical relations, providing the
thermodynamics of redox processes. The derivation was not
based on the usual Gaussian approximation for the energy
change associated with the redox process, thus resulting in a
completely general model for describing redox reactions. One
of the key points in our derivation was the existence of two
distinct reorganization free energies, λred and λox, corresponding
to the relaxation free energy for the oxidized to reduced (ox →
red) or reduced to oxidized (red → ox) state transitions,
respectively. The reorganization free energies can be calculated
as35
σ
λred ≅ ⟨Δ<⟩ox − ΔA0 − kT ln red
σox
(2)

(1)

where Δ< (i.e., the transition energy) is calculated as εred −
εox, with εred and εox representing the perturbed ground-state
electronic energy of the red (reduced) and ox (oxidized)
chemical states of the redox center interacting with the
environment, respectively.35 εred and εox are evaluated at each
MD frame via the PMM approach, and the averaging is
performed in either the reduced or oxidized ensemble, as
indicated by the angle brackets subscript. The calculated E0 are
listed in Table 1, together with the associated ΔA0 values.
Table 1. Experimental and Calculated Values of the
Reduction Potential E0 for the Investigated Cytochromesa
horse heart (E. caballus)
yeast (S. cerevisiae)
Rps. palustris
Rb. sphaeroides

family

E0calc (V)

E0exp (V)

ΔA0calc (kJ/mol)

cytc
cytc
cytc2
cytc2

4.67
4.70
4.78
4.77

4.726
4.711
4.808
4.774

−450
−453
−461
−460

Associated errors are ±0.020, ±0.002, and ±1.88 kJ/mol for E0calc,
E0exp, and ΔA0calc, respectively. The standard error for the calculated
properties was obtained by averaging the estimated standard errors of
the four cytochromes. As the comparison of the experimental E0 values
with the calculated ones requires absolute reduction potentials, the
IUPAC recommended 4.420 V value for the hydrogen semireaction36,37 was added to the experimental E0 extrapolated at zero
ionic strength versus SHE.
a

λox ≅ −⟨Δ<⟩red + ΔA0 + kT ln

σred
σox

(3)

where σred and σox are the standard deviations of the
corresponding transition energy distributions.
For the four cytochromes, we calculated λred, λox, (see Table
2) and the corresponding mean values, λ = (λred + λox)/2, the
latter being directly comparable to experimentally estimated
reorganization free energies. For the two cytc, we obtain λ ≈ 85
kJ/mol (0.88 eV), which is in good agreement with the
experimental estimation of λ for cytochromes c of 0.8 eV.38
This good agreement serves as a further benchmark for the
reliability of our calculations.
A relevant result of our derivation35 was the possibility to
explicitly relate the reduction free energy to the diﬀerence, Δλ,
between the reorganization free energies λred and λox (Δλ = λred
− λox)

Convergence for both terms in eq 1 was generally reached
within ∼80 ns. Time convergence plots can be found in the
Supporting Information (SI).
The reliability of our computational approach was assessed
by comparing the calculated E0 with the experimental values at
298 K extrapolated at inﬁnite dilution, which are also listed in
Table 1. Figure 3 displays the plot of calculated E0 versus the
corresponding experimental values. An extremely good agreement between the two data sets can be observed, proving that
our approach could predict both the general trend of the E0
(i.e., the relative reduction potentials) and yield an extremely
satisfactory estimation of the absolute values. In fact, the
bacterial cytc2 and the mitochondrial cytc are grouped into two
1536
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Table 2. Redox Thermodynamic Properties As Obtained
from the MD Simulations and PMM Calculations Performed
for the Four Investigated Cytochromesa

horse heart
yeast
Rps. palustris
Rb. sphaeroides

λox

λred

Δλ

⟨Δ<⟩ox + ⟨Δ<⟩red
2

kT ln σred/σox

87
83
68
74

84
87
93
81

−3
4
25
7

−452.1
−452.1
−448.7
−457.4

−0.2
−0.3
−0.1
−0.4

All data are expressed in kJ/mol. Associated errors are ±2 kJ/mol for
λox, λred, and Δλ and ±0.5 kJ/mol for (⟨Δ<⟩ox + ⟨Δ<⟩red )/2 . The
standard error for the calculated properties was obtained by averaging
the estimated standard errors of the four cytochromes.
a

ΔA0 =

σ
⟨Δ<⟩ox + ⟨Δ<⟩red
Δλ
− kT ln red −
σox
2
2

(4)

The only approximations used to derive eq 4 are (i) that the
vibrational partition functions of the reactants and products are
virtually identical and (ii) that the transition energy ﬂuctuations
close to the transition energy probability maximum (i.e., close
to the mean transition energy) is well-described by a quadratic
behavior for both reactants and products.35
The dependency of the calculated reduction free energies of
the four cytochromes on the corresponding variations in the
reorganization free energies is displayed in Figure 4, which
remarkably shows that within the noise the free energies of the
four cytochromes are well-described by a linear behavior,
corresponding (in eq 4) to the case in which
⟨Δ<⟩ox + ⟨Δ<⟩red
σ
− kT ln red
2
σox

Figure 4. (A) Plot of calculated ΔA0 versus calculated Δλ. The orange
line represents a linear ﬁt to the function ΔA0 = qcyt − (Δλ/2). (B)
Plot of the calculated diﬀerence Δ⟨SASA⟩Heme versus calculated Δλ.
The red line represents the linear regression between the four points,
featuring a correlation coeﬃcient r = 0.97.

is roughly constant for all investigated cytochromes, that is
⟨Δ<⟩ox + ⟨Δ<⟩red
σ
− kT ln red ≅ qcyt
2
σox

to the heme was previously suggested as one of the main
determinants to λ.39,41 We therefore calculated the average
value of the solvent accessible surface area (SASA) of the heme
⟨SASA⟩Heme in both the reduced and oxidized ensembles for all
species and obtained the changes in the mean heme SASA
upon reduction Δ⟨SASA⟩Heme as ⟨SASA⟩Heme,red − ⟨SASA⟩Heme,ox. Plotting Δ⟨SASA⟩Heme against the corresponding
Δλ values leads to a roughly linear correlation between the two
quantities (see Figure 4B), thus suggesting that the diﬀerent
changes in the heme solvent accessibility upon reduction could
be one of the determinants of the observed diﬀerences in Δλ.
Comparison of eq 4 with ΔA0 = ΔU0 − TΔS0 suggests that
also ΔU0 and ΔS0 are likely to be linear in Δλ, hence indicating
that variations in Δλ provide changes in the reduction entropy.
Experimentally derived ΔS0 obtained by means of electrochemical measurements, although not at null ionic strength,
support this hypothesis: in fact, ΔS0 for Rps. palustris and Rb.
sphaeroides are −67 ± 6 and −69 ± 6 J mol−1 K−1,
respectively,42 while mitochondrial cytc from horse heart and
yeast exhibit more positive ΔS0 values (−49 ± 443 and −44 ±
644 J mol−1 K−1, respectively), providing a roughly linear
relation with the corresponding Δλ values (see Table 2).
The investigation of the factors aﬀecting E0 led us to collect
evidence that the reduction potential of cytochromes can be
regarded as the result of the sum of two terms: the ﬁrst one is
mainly dependent on the energy ﬂuctuations within a limited

independently of the cytochrome type. Linear regression of the
cytochromes free energies by using ΔA0 = qcyt − (Δλ/2), which
corresponds to the pure linear behavior given by eq 4, provides
qcyt = −452.3 ± 0.5 kJ/mol. (See Figure 4.) Note that the
assumption of the simple linear behavior accurately describes
the redox free energies, as clearly indicated by the high
correlation coeﬃcient (r = 0.81) of the regression. Therefore, it
is reasonable to assume that all of the investigated cytochromes,
although in completely diverse organisms and accomplishing
diﬀerent biological tasks, are rather similar for what concerns
the ﬁrst two transition energy moments (i.e., the mean and
standard deviation), which determine the ﬁrst two terms in eq
4, yielding a roughly constant contribution qcyt to the total ΔA0.
The diﬀerences of the redox thermodynamics among the
species are therefore essentially caused by rare ﬂuctuations in
the transition energy, resulting in a nonzero Δλ, inherent to a
complex tail behavior of the transition energy distribution. Note
that within the usual Gaussian approximation for the transition
energy distribution Δλ would be zero and hence all
cytochromes’ redox free energies would be virtually the same
within the qcyt noise. Because the reorganization energy λ is a
rather complex quantity that is aﬀected by the protein matrix,
the solvent, and their mutual interaction,23,39−41 it is unlikely
that a single molecular descriptor can fully account for the
diﬀerences in Δλ. Nevertheless, the accessibility of the solvent
1537
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case, and hence no relevant deformations are accessible within
the MD simulations. During step three, an orthonormal set of
unperturbed (i.e., isolated in vacuo) electronic Hamiltonian
(H̃ 0) eigenfunctions (Φ0k) is evaluated on the QC structure of
interest. The details of the quantum-chemical calculations
performed on the isolated QC to obtain the unperturbed
electronic energies and related properties are reported in the SI.
Indicating with = and E the perturbing electric potential and
ﬁeld, respectively, exerted by the environment on the QC
(typically obtained by the environment atomic charge
distribution and evaluated in the QC center of mass), we
may then (step four) construct for each QC environment
conﬁguration (as generated by explicit solvent MD simulation)
the perturbed electronic Hamiltonian matrix (H̃ ) as follows

range around the mean transition energy; the second depends
linearly on the diﬀerence of the reorganization free energies for
the ox → red and for the red → ox relaxations, that is, on the
Δλ. We found that the ﬁrst term is similar for all cytochromes
investigated and that the discrepancies in E0 among the
analyzed cytochromes can be ascribed to diﬀerences in Δλ.
Moreover, this work serves as a solid benchmark for the PMM
predicting capability of redox thermodynamics of hememetalloproteins, which can be, in general, employed to
investigate redox processes of any complex system, especially
when dynamics aspects are likely to play a major role.
Molecular Dynamics Simulations. The MD simulations of the
four cytochromes were performed using the GROMACS
software package.45 The starting coordinates for the MD
simulations of cytc2 for Rb. sphaeroides and Rps. palustris and for
horse heart cytc were taken from the corresponding crystal
structures (PDB codes: 1CXC,46 1FJ047 and 1HRC,48
respectively). For all the details concerning the simulation of
yeast cytochrome c, please refer to ref.34 Each protein was put
at the center of a dodecahedron box large enough to contain
∼1.0 nm of water on all sides, modeled with the simple point
charge (SPC)49 model. The simulations were performed in the
NVT ensemble at the experimental temperature of 298 K. The
temperature was kept constant by the isokinetic temperature
coupling.50 The Gromos96 (53a6 version) force-ﬁeld parameters51 were adopted for the protein and the heme in its
reduced form. The atomic partial charges for the oxidized heme
and the missing parameters describing axial and covalent links
between the protein and the heme were parametrized using
quantum chemical calculations. (Details can be found in ref
34.) 110 ns long trajectories were run for both the reduced and
oxidized forms of the four cytochromes. For the analysis, the
ﬁrst 10 ns of each simulation was removed. More details of the
MD simulations can be found in the SI.
Perturbed Matrix Method. The main feature of the PMM28−33
is that the portion of the system directly involved in the
chemical reaction, hereafter termed as quantum center (QC), is
treated explicitly at the electronic level, with the rest of the
system described at a classical atomistic level exerting the
electrostatic perturbation on the QC electronic states. Therefore, when performing PMM calculations, the ﬁrst step is the
choice of the QC. In the present work, the QC includes the
atoms of the prosthetic group and those of the side chains of
the axial ligands, that is, one histidine and one methionine. The
second step is the extraction of a reference QC geometry for
the evaluation of the unperturbed electronic eigenfunctions and
related properties to be used in the PMM procedure. Here we
chose as reference QC structure its most populated geometry
along the reduced cyt c MD simulations (which is very closed
to the corresponding geometry in the crystal structure). To
avoid spurious eﬀects on the quality of the calculated
unperturbed wave functions, we reﬁned the chosen QC
structure by performing quantum-chemical energy minimization using the internal coordinates framework, keeping frozen
the semiclassical degrees of freedom, that is, essentially dihedral
and torsion angles. This QC reference structure is assumed to
be representative of all possible QC structures, as obtained
within the MD simulation. This assumption massively reduces
the computational cost for the quantum-chemical calculations
by allowing the use of single-structure quantum chemical
calculations providing the unperturbed basis set and related
properties. Such an approximation is typically rather accurate
when the considered QC is rigid or semirigid, as in the present

H̃ ≅ H̃ 0 + Iq̃ T = + Z1̃ + ΔVI ̃

(5)

[Z1̃ ]k , k = −E·⟨Φk0|μ ̂|Φk0′⟩
′

(6)

qT and μ̂ are the QC total charge and dipole operator,
respectively, ΔV approximates all of the higher order terms as a
simple short-range potential, I ̃ is the identity matrix, and the
angled brackets indicate integration over the electronic
coordinates. ΔV is typically considered independent of the
redox state and hence does not contribute to the transition
energy (i.e., the energy change due to the redox-state
transition). The diagonalization of H̃ provides a set of
eigenvectors and eigenvalues representing the QC perturbed
electronic eigenstates and energies (ε). The use of this
procedure at each MD frame provides the instantaneous
perturbed electronic eigenfunctions and energies, which in turn
can be used to evaluate the reaction redox potential. For the
purpose of calculating redox potentials for the present work, the
quantity of interest is the perturbed electronic ground-state
energy, which was calculated for both redox states of the QC,
that is, Fe+2 and Fe+3, providing εred and εox, respectively.
Reduction Potentials. In the present paper, we consider the
reduction potential for the Fe+3 + e− → Fe+2 semireaction at
298 K and inﬁnite dilution conditions in both the experimental
and theoretical/computational evaluations. In the PMM/MD
calculations, the (Helmholtz) free-energy change upon
reduction (ΔA0) was calculated using the following equation
(ΔA0 is related to the reduction potential via E0 = −ΔA0/F)
ΔA0 ≅ −kBT ln⟨e−β Δ< ⟩ox = kBT ln⟨e β Δ< ⟩red

(7)

In the above equation, Δ< ≅ εred − εox and the averaging is
performed in either the reduced or oxidized ensemble, as
indicated by the angle brackets subscript. Although eq 7 is
based on in principle an exact relation, given the sampling
problems of ﬁnite-time simulations, the best estimate of the
reduction free energy is obtained by averaging the values
provided by the reduced and oxidized ensembles, see eq 1.52
Experimentally, reduction potential values at 298 K, constant
pressure, and inﬁnite dilution were taken from the
literature,34,53,54 except for the cytc2 from Rb. sphaeroides, for
which the E0 at null ionic strength (corresponding to inﬁnitely
diluted reactants and products) was extrapolated by performing
electrochemical measurements at diﬀerent ionic strength values.
1538
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