Biochimica et Biophysica Acta 1837 (2014) 1196-1207

journal homepage: www.elsevier.com/locate/bbabio

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

Review

The role of protein dynamics and thermal fluctuations in regulating
cytochrome c/cytochrome c oxidase electron transfer

Damian Alvarez-Paggi, Ulises Zitare, Daniel H. Murgida *

@ CrossMark

INQUIMAE-CONICET, Departamento de Quimica Inorgdnica, Analitica y Quimica Fisica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciudad Universitaria, pab. 2, piso 3,

C1428EHA Buenos Aires, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2013

Received in revised form 22 January 2014
Accepted 28 January 2014

Available online 3 February 2014

Keywords:

Cytochrome ¢

CuA

Bioelectrochemistry

Raman spectroelectrochemistry
Electron transfer

In this overview we present recent combined electrochemical, spectroelectrochemical, spectroscopic and
computational studies from our group on the electron transfer reactions of cytochrome c and of the primary
electron acceptor of cytochrome c oxidase, the Cu, site, in biomimetic complexes. Based on these results, we
discuss how protein dynamics and thermal fluctuations may impact on protein ET reactions, comment on
the possible physiological relevance of these results, and finally propose a regulatory mechanism that
may operate in the Cyt/CcO electron transfer reaction in vivo. This article is part of a Special Issue entitled:
18th European Bioenergetic Conference.
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1. Introduction

Proteins are highly dynamic entities that at physiological tempera-
tures explore hyperdimensional free energy surfaces (FES), thereby
sampling a rich conformational space [1,2]. These FES present a hierar-
chy of energy wells and barriers that determine a wide range of fluctu-
ations, from atomic vibrations to collective distortions of secondary and
tertiary structures, with associated timescales from picoseconds to
milliseconds [3]. Post-translational modifications, local electric fields,
protonation of titrable residues, ligand binding and protein-protein
interactions, among other perturbations, can dynamically reshape the
FES, thus allowing proteins to sample conformations that enable func-
tions that can only be performed while oscillating around specific FES
minima. This structure-dynamics-function paradigm is also suitable
for the rationalization of protein electron transfer (ET) reactions.
Indeed, control of electron transfer kinetics by fast and slow protein
dynamics has been reported and theoretically modeled for a variety of
systems [4-16].

In this article we focus on recent experimental and computational
studies from our lab aiming to understand the role of slow protein
dynamics and electrostatic interactions in regulating the ET reactions
of cytochrome ¢ (Cyt) and of the primary electron acceptor of
cytochrome c oxidase (CcO), the Cua center (Fig. 1).

Long range (non-adiabatic) biological ET reactions are usually
interpreted in terms of Marcus' theory [19,20] and subsequent
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extensions by Hush, Jortner, Dogonadze, Kuznetsov and others
[21-26]. Within this theoretical framework, nuclear coordinates
of donor (D) and acceptor (A) are considered to fluctuate along
the reaction coordinate until D/A electronic energies match each
other, thereby making electron tunneling a quantum mechanically
allowed process.

The relevant parameters that determine the ET rate constant, Kgr,
are the free energy of the reaction, AG, the free energy of activation,
AG, the closely related reorganization energy, A, the D/A electronic
coupling Hp,4 and the temperature, T:
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Here the driving force of the reaction, AG, is determined by the D/A
redox potentials E°, |[Hpa|? represents the probability of electron tunnel-
ing between the degenerate states and A is the (hypothetical) change of
free energy if the reactants state were to distort to the equilibrium nu-
clear configuration of the products state without actual transfer of the
electron. In classical Marcus theory AG* = (AG + \)?/4\). It is impor-
tant to stress that most structure-based ET coupling theories include pa-
rameters describing details of the D/A state electronic structure [27,28].
However, information needed to assess these parameters is unknown in
most cases, and treatments often assume only one donor (and acceptor)
electronic wave function involved, i.e., the so called redox-active molec-
ular orbital (RAMO), thereby emphasizing the role of the bridge. It has
been shown that structural fluctuations of the bridge between D and A
modulate Hpa, leading to different regimes depending on the time
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Fig. 1. Top: Structure of horse heart cytochrome c highlighting the secondary
structure motifs consisting of 4 alpha helixes and 3 Q loops. Middle: Cytochrome c
residues relevant to the present discussion. Bottom: Structure of the soluble fragment
from subunit Il of the cytochrome bas oxidase from T. thermophilus (left) and detailed
view of the Cux center (right). The structures have been adapted from PDB files 1THRC
[17] and 2CUA [18], respectively.

scale of the fluctuations with respect to the lifetime of the resonant
D/A state [9,29]. The structural features of the protein (and water)
bridging D and A define the tunneling rates, even for large coupling
fluctuations [30,31].

Redox centers in metalloproteins are embedded in fluctuating
amino acidic matrixes that dynamically modulate the electronic proper-
ties of the site through first, second and higher order metal coordination
and through the local electrostatic potential. Moreover, interactions
between redox partners in reactive complexes may result in further
perturbations of the protein scaffold that may impact on the redox
centers and, at the same time, impose geometric constrains on protein
dynamics. While all of these variables and processes may potentially
modulate the ET reactions trough thermodynamic and kinetic parame-
ters such as E°, A and Hpp, detailed studies under reactive conditions and
atomistic resolution of these complex systems are far from trivial, thus
making progress in this area relatively slow.

In this respect, redox proteins adsorbed on electrodes coated
with biomimetic films represent simplified model systems that
offer a unique opportunity for performing detailed and well con-
trolled physicochemical studies under reactive conditions. Using
this strategy we have investigated the heterogeneous ET dynamics of
Cyt and Cus employing protein film voltammetry and time-resolved
surface-enhanced resonance Raman techniques as the main experimental
tools, in combination with molecular dynamics (MD) simulations and

quantum mechanical (QM) calculations. Our aim is to elucidate the effect
of slow protein dynamics and electrostatic interactions on different kinet-
ic, structural and electronic parameters that determine the efficiency and
directionality of the ET reactions of Cyt and Cua.

The next three sections summarize the main results obtained about
modulation of the ET pathways, reorganization energies and redox
active molecular orbitals. Finally, based on these results, we postulate
a novel regulatory mechanism that may operate in the Cyt/CcO ET
reaction in vivo and that might be relevant for the regulation of
electron—-proton energy transduction in general.

2. Modulation of the electronic coupling of Cyt by protein dynamics

Protein dynamics has been early recognized as a key factor in con-
trolling inter-protein ET rates. For example, multiphasic kinetics of the
reaction between photosystem I and plastocyanin as well as bell-
shaped ionic strength dependencies of the reaction kinetics between
Cyt and CcO were interpreted in terms of reorientation of the protein/
protein complexes as a prerequisite for efficient electron tunneling
[32,33]. These pioneering studies, however, did not provide direct evi-
dence of the reorientation step. Latter NMR experiments provided
deeper insight into the dynamics of inter-protein complexes, albeit
under non-reactive conditions [34-37].

A seemingly unrelated experimental phenomenon provided a
unique opportunity to directly investigate and disentangle electron
tunneling and protein reorientation under reactive conditions.
Electrochemists have, for over 20 years now, studied redox proteins
adsorbed on metal electrodes coated with self-assembled mono-
layers (SAMs) of w-functionalized alkanethiols [38-40]. These bio-
mimetic or biocompatible films are exceptionally versatile, as they
allow for controlling the type of interactions established with the
protein and the electron tunneling distances through selection of
the tail groups and chain lengths of the constituent alkanethiols, re-
spectively. For such systems Eq. (1) has to be integrated to account
for the density of states of the metal according to [41]:
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where 7 is the electrode overpotential relative to the protein redox
potential, p(¢) is the density of electronic states in the metal elec-
trode and ¢ is the energy of the Fermi level. The electronic coupling
between the protein redox center at a particular fixed orientation
and the metal, |Hp,|, is expected to decay exponentially with the
number of —CH,— groups (n) of the SAMs with a characteristic cou-
pling decay parameter 3 [42,43]:

[Hpal = |Hpa|exp(—pn). 3)

This behavior has been verified for a number of small redox active
molecules. For proteins, in contrast, the prediction is usually confirmed
for relatively thick SAMs (typically n > 10) but fails at thinner films,
where kgr appears to be insensitive to the tunneling distance. This
“unusual” response was observed for a wide variety of redox centers
including Cyt, iso-Cyt, Cyt-cg, Cyt-bsep, azurin, plastocyanin and Cua cen-
ters on different SAMs and metals (Fig. 2) [44-57]. Different hypotheses
have been proposed to rationalize this rather ubiquitous behavior de-
pending on the specific case. Here we will focus only in the case of Cyt
electrostatically adsorbed on negatively charged SAMs. For this case
Avila and coworkers were the first to suggest a gating step based on
the transition from a redox inactive to a redox active protein orientation
[44]. This two-state minimal model, however, is based on indirect
evidence and does not account for the nature of the active and inactive
species and the role of the applied potential.
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Fig. 2. Distance-dependencies of the apparent ET rate constants for different proteins
immobilized of SAM-coated metal electrodes. A: Cyt on CO5 -terminated SAM coated Ag
electrodes.[48,51,52] B: Cyt on CO; -terminated SAM coated Au electrodes.[44,46,47,54]
C: Azurin on CHs-terminated SAM coated Au electrodes.[45] D: Cyt on pyridine-
terminated SAM coated Au electrodes.[53,55] E: Cyt domain from the cytochrome caas ox-
idase from Rhodotermus marinus on mixed CHs/OH terminated SAM coated Ag elec-
trodes.[50] F: Cyt-bse, on NH3 -terminated SAM coated Ag electrodes.[56] G: Cyt-cg on
mixed CH;/OH terminated SAM coated Ag electrodes.[49] H: Soluble fragment from the
subunit II of the cytochrome bas oxidase from Thermus thermophilus on mixed CH3/OH
terminated SAM coated Ag electrodes.[57].

The first direct evidence of protein reorientation as the gating step
was recently obtained from time-resolved surfaced-enhanced reso-
nance Raman (TR-SERR) spectroelectrochemical experiments [16].
Resonance Raman spectra (RR) of heme proteins are very sensitive to
the redox state, spin and axial coordination of the heme iron, as well
as to protein-cofactor interactions [58-60]. When the protein is
adsorbed on SAM-coated nanostructured Ag electrodes the RR signal is
greatly intensified due to electromagnetic surface enhancement of the
incoming and scattered photons. In addition to a drastic gain of sensitiv-
ity, the surface enhancement effect presents the advantage of providing
orientational information. This is so because the individual components
of the Raman scattering tensor are affected to different extents depend-
ing on the direction of the electric-field vector relative to the heme
plane, such that vibrational modes of different symmetry will undergo
differential intensifications for each protein orientation [61]. For exam-
ple, A1 modes will experience preferential enhancement when the
heme plane is parallel to the plasmonic surface, while for perpendicular
orientations A;¢ and B,z modes will both be enhanced (Fig. 3).

Therefore, changes of A;4/B relative intensities constitute a direct
measurement of protein re-orientation in the biomimetic complexes.
In TR-SERR spectroelectrochemical experiments the adsorbed protein
is first equilibrated at a given initial potential and, afterwards, it is sud-
denly perturbed by a potential step of variable amplitude and duration
[62]. SERR spectral changes recorded at different delay times with re-
spect to the potential step provide simultaneous information on the
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Fig. 3. SERR spectra of ferric Cyt recorded under Soret (violet) and Q-band (green)
excitation.

progress of the ET reaction and of possible redox-linked structural
changes at the level of the heme pocket, while directly monitoring
protein reorientation in the assemblies over a broad time window,
from microseconds to minutes. While TR-SERR spectra recorded under
Soret-band excitation provide the highest sensitivity and are preferred
for monitoring ET and structural dynamics, Q-band excitation allows
for more reliable determinations of orientational dynamics [16,60].

Application of this experimental strategy to Cyt adsorbed on nano-
structured Ag electrodes coated with SAMs of ®w-carboxyl alkanethiols
of variable length was quite revealing. We observed that at thick
SAMs, for which the expected exponential distance-dependence of kg
is verified, potential-induced protein reorientation in the assemblies is
several orders of magnitude faster than electron tunneling. At shorter
tunneling distances (n < 10), instead, we found two remarkable
features: (i) ET and protein reorientation rate constants (kgr and ki,
respectively) are almost identical and (ii) protein reorientation is orders
of magnitude slower than at thicker SAMs (Fig. 4) [16].

While these results constitute compelling direct evidence of protein
reorientation as the rate determining gating step at short tunneling
distances, they poise additional questions, such as why Cyt needs to
reorient in order to efficiently transfer electrons and why the reorienta-
tion dynamics is itself distance-dependent. A combination of theoretical
and experimental results shed light on these matters [63-65].

At physiological pH Cyt has net positive charge determined by a ring
of protonated lysine residues surrounding the partially exposed heme
edge [17]. This positive patch establishes electrostatic contacts with
negative counterparts in biomimetic and natural complexes, thus deter-
mining the coarse protein orientation. In addition, Cyt presents a dipole
moment of ca 340 debye that, in the presence of electric fields, influ-
ences the orientation and rotational dynamics of the protein [63,66].
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Fig. 4. Electron transfer (violet) and reorientation (green) dynamics of Cyt adsorbed on
SAMs of o-carboxyl alkanethiols with 15 (top) and 5 (bottom) — CH, - groups, monitored
by TR-SERR spectroelectrochemistry under Soret (violet) and Q-band (green) excitation,
adapted from Kranich et al.[16].
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In this respect, the artificial metal electrode/SAM/solution interfaces
reproduce some essential characteristics of the biological solution/
lipid bilayer/solution interfaces, specifically the existence of strong
local electric fields. While at biological membranes they arise from con-
tributions of dipole, surface and Donnan potentials, [67] in the metal
electrode they originate in the potential drop across the SAM, and its
magnitude is determined by the potential of zero charge of the metal,
the applied potential, the tail groups and chain length of the SAMs and
the electrolyte composition. For SAMs of w-carboxyl alkanethiols on
Ag electrodes at neutral pH and electrode potentials close to the E°
value of Cyt the interfacial electric field can be modulated between
0.01and 0.1 VA~ [58,59,68] i.e. very close to the upper values predict-
ed for lipid bilayers [67]. Moreover, the field intensity can be easily var-
ied trough the chain length of the alkanethiol without altering any other
parameter; thinner SAMs correspond to stronger local fields and vice
versa. These considerations allow rationalizing the experimental obser-
vation of slower rotational dynamics of Cyt at thinner SAMs. Further
support to this interpretation comes from the fact that k, increases
with decreasing pH within a range (7.8 to 6) that affects protonation
of the SAM more dramatically than that of the protein and, therefore,
the acceleration is consistent with weaker interfacial electric fields. It
is important to point out that kgrand k, remain identical at all pH values
when Cyt is adsorbed on thin SAMs. Consistently, a 20% increase of the
solution viscosity under these conditions reduces both rate constants by
a factor of 2, confirming that rotational dynamics is the rate limiting
event of the overall redox reaction [16].

To gain deeper insight into the atomistic details of the process we
investigated the Cyt/SAM/electrode complex by means of molecular
dynamics (MD) simulations [63,65]. At first place we computed the
adsorption of Cyt to the SAMs starting from 20 different possible orien-
tations. All the stable electrostatic complexes found were further
subjected to 20 ns simulations in explicit solvent, thus allowing the
systems to sample a large number of conformations, comprising not
only coarse protein orientation but also more subtle differences, such
as the conformation of amino acidic side chains, the structure and ar-
rangement of the interfacial water molecules and subtle deformations
of the heme cofactor. The energetics of all the thermally accessible
protein-SAM conformations was assessed by using the MM/PBSA ap-
proximation. The results show that the protein is able to explore a rela-
tively broad range of orientations as determined by two characteristic
angles, o and ¢. These angles represent the tilt of the heme plane
with respect to electrode surface and the rotation of the asymmetric
porphyrin ring around the imaginary perpendicular axis that contain
the Fe atom, respectively. As shown in Fig. 5, the protein explores a
range of approximately 70° both in o and ¢. Other orientations are
possible, but their binding energies are too small to achieve significant
populations at room temperature.

Careful inspection of the simulated complexes reveals that Cyt/SAM
contacts involve the same lysine residues implicated in complexes with
natural redox partners such as CcO, cytochrome ¢ peroxidase and bc,
complex, [63,69-71] thus validating the biomimetic characteristics of
the model system employed.

Computation of the electronic coupling decays (D") along the dy-
namics by means of the pathways algorithm [72,73] yields quite reveling
results: those orientations that are energetically more favorable present
very low electronic couplings, thereby implying that Cyt reorientation is
required to attain efficient electron pathways (Fig. 5). Besides coarse
protein orientation, subtle fluctuations such as the movement of interfa-
cial water molecules and side-chain rearrangements may also impact
deeply in the coupling. For instance, Fig. 6 shows that Hp4 may increase
by nearly one order of magnitude without significant protein reorienta-
tion due to pathway short-circuiting by a water molecule.

This theoretical prediction was experimentally verified when study-
ing the ET dynamics of Cyt covalently attached to carboxyl-terminated
SAMs [64]. Although in this case coarse protein reorientation was
hindered, the anomalous distance dependence was still verified, albeit

200
oo o O o .
100 | N
180
| AG, (kcal.mol™)
-110.0
eI . -100.0
-90.00
i -80.00 v
16 -70.00 :
L1 -68.88 .
150 -50.
- -40.00 %
-30.00 o
140 1 M L " L " L " 1 L " al
70 80 90 100 110 120 130
(¢4
200
¢e o 0 2 =
190 | "
180 [
S 170 ?.5-04
2.E-04 -
3.E-04
s ) 4.E-04
2
=r 7.E-04
8.E-04
140 1 " 1 2 1 " 1 " 1 i 1
80 90 100 110 120 130

Fig. 5. Top: Binding free energy (AGg) of Cyt adsorbed on a SAM of w-carboxyl alkanethiol
as a function of protein orientation. Bottom: Electronic coupling decay (D") calculated at
the explored orientations of Cyt. Adapted from Alvarez-Paggi et al. [63].

with lower kgr limiting values. Thus, the theoretical and experimental
results suggest that both coarse and fine dynamics are strongly affected
by interfacial electric fields of biologically relevant magnitude.
To further test this hypothesis we constructed the K87C mutant
that, according to the calculations, should abolish contacts that stabi-
lize low electronic coupling orientations [74]. In excellent agreement
with the theoretical predictions, TR-SERR and CV experiments show
that the effect of such mutation is eliminating the rate limiting
character of protein dynamics as evidenced by the recovery of an
exponential distance dependence of kgy for all chain lengths (Fig. 7),
i.e. consistent with a non-gated diabatic (long range) ET reaction.

In summary, the obtained experimental and computational re-
sults demonstrate that the electronic coupling of Cyt is strongly
modulated by large and small amplitude dynamics of the protein
and interfacial water molecules in the electrostatic complexes. Both
types of fluctuations are influenced by local electrostatic fields of
biologically relevant magnitude that constitute the basis of the
gating step in long range ET reactions.

2.1. Modulation of the reorganization energy of Cyt by electrostatic
interactions

The structural details and fluctuations of the protein bridging
two redox centers are crucial in mediating Hp,, as extensively and
controversially discussed in the literature. Another rate-accelerating
mechanism evolved by nature is the ability of the protein and redox
site structure to minimize the activation barrier (AG*) for achieving
degeneracy of the electronic initial and final states of the reaction.
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Fig. 6. Water-mediated increase of the electronic coupling observed during a 20 ns MD
of Cyt adsorbed on SAM coated electrodes. Preferred electronic pathways for Cyt in
two slightly different orientations are shown in red and green. Transient positioning of
water molecules establish high coupling pathways, as indicated in blue. Adapted from
Alvarez-Paggi et al. [63].

A completely equivalent way to analyze this aspect in terms of Marcus
theory is through the reorganization free energy A [75]. This parameter
can be divided into inner and outer sphere contributions: A\j, and Agys,
respectively. For metalloproteins A, is mainly determined by redox-
linked structural changes within the first coordination sphere, and
thus it is minimized by metal sites that exhibit very small structural dif-
ferences between the reduced and oxidized forms, and that are enclosed
in a hydrophobic protein environment [76-81]. Rearrangements of the
remainder of the protein and the environment are comprised in Ayt
[82]. Thus, it can be anticipated that A is minimized by a rigid protein
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Fig. 7. Distance dependence of kg for Cyt WT and the K87C mutant adsorbed on SAM
coated electrodes. For the K87C mutant, the dependence is exponential, in contrast to
the onset of the plateau region for Cyt WT at short SAMs. Adapted from Alvarez-Paggi
et al.[74].

matrix and by a hydrophobic protein interior that effectively shields the
redox site from solvent water molecules and minimizes the dielectric
response to changes of the metal charge [81]. Indeed, it has been
shown that reducing solvent accessibility to the redox site and to the
protein surface lowers the value of Aoy [64,83]. Establishing the relative
magnitudes and cut off between the A, and Aoy terms, however, is far
from trivial. Even less established is the possible modulation of A
through mechanisms such as protein-protein interactions or mem-
brane potentials [59,81,84]. These issues are of utmost importance, for
instance, for understanding the origin of fast ET reactions involved in
biological electron-proton energy transduction [85,86].

Neglecting the dynamical nature of the protein structure renders
interpretation of experimental data and theoretical calculations quite
unsuccessful. Many hypotheses were proposed regarding the factors
that determine the reorganization energy of Cyt. However none of
them were capable of rationalizing the whole span of values presented
in the literature ranging from 0.22 to 1.1 eV, [87-94] and even more
extreme values [95]. Such dispersion could be caused, to some degree,
by the experimental difficulties associated with A determinations, but
they could also hint at a complicated regulatory scheme that may be
at play and unknowingly perturbed by the different experimental tech-
niques. The role of the protein matrix in minimizing A of Cyt compared
to the free porphyrin was early recognized [96]. Later studies focused on
the effect of disrupting the protein matrix either by addition of denatur-
ing agents or by point mutations [92]. It was found, for instance, that the
value of A rises in a sigmoidal fashion with increasing concentrations of
urea due to augmented solvent exposure of the metal site in the partial-
ly unfolded protein. This effect is observed in the range of 5-8 M urea
that onsets a small structural transition that precedes a larger one taking
place at urea concentrations of ca. 9 M, the latter involving major struc-
tural rearrangements such as exchange of the iron axial ligand M160 for
a His residue. The increased solvent accessibility and the subsequent al-
teration of the coordination pattern impact on Ay and Ay, respectively
[92]. Along the same lines, Bortolotti and coworkers studied various
single, double and triple Cyt mutants and found that experimental and
theoretically calculated values of A exhibit a linear correlation with the
computationally calculated solvent accessible surface area of the heme
for A values from ca 0.39 to 0.48 eV [83].

While these results represent a key contribution for understanding
how the reorganization energy of Cyt is kept low, they do not explain
the wide dispersion of experimental values reported in the literature.
Usually, when considering A, much emphasis is put on the protein ma-
trix in terms of solvent accessibility, while little attention is paid to the
structure of the heme-iron moiety as long as the first coordination
sphere is preserved. In-between, the fine nexus that couples outer and
inner sphere elements is often neglected. We paid specific attention to
such matters, focusing on the interaction between the first and second
sphere iron ligands M80 and Y67 because Y67 has been proposed to
be crucial in controlling Cyt structure and function through an extended
H-bonding network [97]. However, H-bonding between Y67 and M80
has been a controversial issue and is often inferred based solely on
visual inspection of crystal structures or from extrapolation of indirect
evidences obtained for Cyt variants from different organisms [98-102].
Recent MD simulations on human Cyt refuted this interaction, [103]
but the search algorithms employed in these simulations were not
optimized for H-bonds in which the acceptor is an S atom. In a recent
study of over 500 proteins, Zhou et al. demonstrated that the character-
istic angles and distances (Fig. 8) for these cases differ widely from those
corresponding to canonical H-bonding interactions [104].

Therefore, we analyzed the Y67-M80 interaction using MD simu-
lations and a home-made search algorithm that implements Zhou's
parameters [105]. The results showed that, although a relatively
weak and fluctuating interaction, Y67 and M80 can be regarded
as H-bonded (Fig. 8). Moreover, this interaction might couple struc-
tural rearrangements of the protein matrix and the heme group, thus
blurring the line of what is considered inner and outer sphere. This
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Fig. 8. Top: Geometric parameters for defining an H bond interaction with an S atom from
amethionine as the acceptor, adapted from Zhou et al. [ 104]. Bottom: Evaluation of each of
the geometric parameters and scoring factor for the Y67-M80 H bond interaction from a
5 ns MD simulation, showing the establishment of said interaction. The red lines indicate
the average (full) and standard deviation (dotted) values for this type of H bond
interaction. The scoring factor, ranging from 0 to 5, represents the number of struc-
tural parameters that lie within the corresponding confidence interval. Adapted
from Alvarez-Paggi et al. [105].

finding prompted us to perform comparative experimental studies of
WT Cyt and the Y67F mutant, which preserves the overall folding,
structure and function of the WT variant but lacks the H-bond to M80.
Specifically we determined kgy for both protein variants adsorbed on
electrodes coated with SAMs containing variable proportions of carbox-
yl w-substitutes, i.e. variable charge density. Electrochemical (CV) and
spectroelectrochemical (TR-SERR) determinations were performed (i)
as a function of temperature and (ii) at fixed temperature and variable
overpotential, to extract reliable A values in two independent ways
(Eq. (2)). For the WT protein we obtained A = 0.4 eV for SAMs with
high charge density and A = 0.5 eV for low charge density. In contrast,
the Y67F mutant is insensitive to the charge density of the SAM yielding
A = 0.4 eV in all cases, thus suggesting that the Y67-M80 H-bond ren-
ders the kinetic ET parameters of WT Cyt sensitive to electrostatic
interactions.

Complementary MD simulations show that for Cyt adsorbed to
weakly charged SAMs the secondary structure elements and RMSD
values are nearly identical to the protein in solution, although the
H-bond weakens (Fig. 9). As the charge density of the SAM increases,
the secondary structure elements remain mostly unaltered, but the
RMSD increases in segments corresponding to two well-defined Q
loops (residues 20-30 and 70-85; Fig. 1). These results are in remark-
ably good agreement with those obtained for the iso-1-Cyt/cytochrome
bcy complex, [106] where it was found that the Q loop containing resi-
dues 20-30 is the most susceptible to structural variations. More-
over, we found that the aforementioned changes further weaken
the M80-Y67 H-bond. Weakening of the H-bond appears to be
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Fig. 9. Histogram of the scoring function of the Y67-M80 interaction for 5 ns MD simula-
tions of Cyt in solution and adsorbed on carboxyl-terminated SAMs of increasing degree
of deprotonation (10%, 25% and 50%). As the charge density increases, the frequency of
the lower scoring values increases, indicative of the disruption of the Y67-M80 bond.
Adapted from Alvarez-Paggi et al. [105].

independent of the redox state of Cyt, thus suggesting a predominant
role of small collective structural perturbations of the protein matrix.

The ( loops that undergo deformations contain the majority of the
lysine residues involved in establishing electrostatic contacts with the
SAMs and with the natural redox partners of Cyt, such as mitochondrial
complexes IIl and IV and cytochrome c peroxidase (Fig. 1) [69-71].
Remarkably, per residue RMSDs of Cyt adsorbed on SAMs are similar
to those of Y67F in solution, thus suggesting that this mutation and
electrostatic interactions trigger similar conformational transitions of
Cyt. These results indicate that the Y67/M80 H-bond is a key element
of the conformational switch between high and low A forms of native
Cyt. We propose that this transition arises from the collective perturba-
tion of the dynamics and average position of the amino acidic residues
and nearby water structural molecules, and that this dynamical change
is achievable through the disruption of the Y67-M80 bond [105].

The fact that the interruption of the Y67-M80 H-bond achieved
either by Y67F mutation or by electrostatic interactions of WT Cyt do
actually minimize A to similar extents, underlies the involvement of
this relatively weak interaction between first- and second-sphere
ligands in stabilizing the high A form. The conformational change
between the high and low A forms of Cyt is activated by deformations
of the flexible € loops that contain most of the lysine residues which
constitute the protein binding site. We propose that a similar mecha-
nism could be triggered upon interactions of Cyt with the natural
redox partners, CcO and Cyt-bc1, thus minimizing the reorganization
energy for inter-protein ET. Indeed, the interactions between Cyt and
natural partner proteins involve the same lysine residues implicated
in the model electrostatic complexes [63,69-71].

Last but not least, these findings allow rationalizing the dispersion of
A values previously reported for Cyt as the average value of A obtained
for protein samples in solution (analogous to a low interfacial
charge density) is ca. 0.6 eV, [89,90,92,94] but it reduces to ca.
0.3 eV in electrostatic complexes [91,93]. In addition, our results
consistently explain the experimental values reported for cytochromes
from different organisms depending on the presence or absence of the
Y67-M80 H bond interaction and on the experimental conditions
employed [94,107].

3. Alternative redox active ground states of Cup

The geometric and electronic properties of the Cu, site were matter
of controversy for over 30 years mainly due to inherent experimental
complications [108]; the main one being that cytochrome c oxidases
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(and N0 reductases) are multimeric proteins that contain several spec-
troscopically interfering redox cofactors [109-114]. The first native Cup
site isolated for spectroscopic and electrochemical studies was a soluble
fragment from subunit Il obtained from the cytochrome bas oxidase
from Thermus thermophilus (Tt-CuA), which contains the amino acid
sequence that constitutes the Cu, center and is highly stable at room
temperature [115]. Alternatively, one of the preferred strategies to
obtain stable and isolated Cu, sites amenable to spectroscopic and elec-
trochemical studies is the engineering of the Cuy site into other proteins
such as Azurin (Azu-Cua) [116-123]. In addition, the synthesis of inor-
ganic compounds that resemble some, but not all, features of the native
site has also been exploited [ 124-134]. Both types of artificial constructs
have proven very useful in unveiling the geometric structure and some
of the electronic properties of the site. On the other hand, these
approaches are incomplete as very recent studies have shown that the
protein scaffold plays a key role in controlling the electronic structure,
and in turn, the redox properties of the site through, for example,
interactions with first and second-sphere ligands [105,135-137].

The Cu, center consists of two copper ions bridged by two cysteine
ligands, forming a nearly planar Cu,S, diamond core characterized by
a short Cu-Cu distance (2.4 A). The coordination sphere of the metal
site is completed by two terminal histidine residues and two weakly
coordinated axial ligands provided by a methionine sulfur and a back-
bone carbonyl (Fig. 1) [138]. Electrons shuttled by Cyt are delivered to
the Cu, site in subunit II of CcO and from there to the catalytic center
embedded in subunit I, where O, is reduced to water. These steps
involve two long, nearly perpendicular pathways through the protein
milieu. Despite the low driving forces, ET takes place with high rates
along these two pathways [37,139,140]. This efficiency has been attrib-
uted to the unique coordination features of Cua, which were suggested
to yield both a low reorganization free energy and an electronic
structure that enhances superexchange coupling by means of a high
Cu-Scys covalency [141]. However, these features do not account for
the directionality of the ET reaction while preserving quasi-reversibility.

Although the geometry and connectivity of the Cupa site is now
settled, subtleties regarding its electronic structure are currently
under active discussion, as they may exert a deep impact in the redox
properties of the site. In its oxidized form, Cu, is a fully delocalized
mixed-valence (MV) species (Cu'>* Cu'>*) [142] with a 0,* electronic
ground state (GS) [143]. Besides this electronic GS, two other alternative
electronic structures have been heralded as functionally relevant, one
being a localized-valence (LV) 0,* state and the other a MV m,, state.
Here we will discuss the characteristics and physiological relevance
of each state.

Lu and coworkers reported that Azu-Cu, undergoes a pH-dependent
transition to what they assigned as a LV state [144,145]. Short after, a
combination of spectroscopic and theoretical methods revealed that
the MV character is actually preserved in such state, except that the
contribution of both Cu ions to the electronic wavefunction is asym-
metric [146]. The transition to the asymmetric mixed-valence state
(aMV) was shown to arise from protonation and detachment of
one of the equatorial histidines resulting in a 70 mV up-shift of the
redox potential and an increase in reorganization from ca. 0.4 to
0.8 eV [144,147]. Based on these results, it was hypothesized that
the MV — aMV transition might regulate the functioning of CcO.
Specifically, it was proposed that proton-coupled ET from the MV
Cu, site to heme a results in protonation of the coordinating histidine,
thus inducing the MV — aMV transition that shuts down the ET
activity and, thereby, interrupts proton pumping. Once the vectorial
proton is released, the histidine deprotonates and the ET process is
resumed [144].

Employing the native Tt-CuA protein fragment, we have recently
shown that the MV — aMV transition does not take place in native
Cu, sites. Not only is the MV character preserved, but the equatorial
histidine ligand does not detach in a pH range from 3 to 10. Moreover,
the redox potential in the pH range 4-7 remains almost identical

(Fig. 10) [135]. Most likely, torsional restrains and electrostatic interac-
tions hamper the ability of native Cu, to explore the aMV state. These
results do not rule out the possibility of a pH-dependent modulation
of the ET reaction in Cu, sites that could take place through some
other mechanism. However, they highlight the importance of the pro-
tein scaffolding in fine tuning the electronic and redox properties of
the metal center. This was further evidenced when comparing the role
of the weak axial ligand methionine in the regulation of the redox po-
tential. Replacement of the coordinating methionine by a wide variety
of amino acids did not exert any noticeable impact on the redox poten-
tial of Azu-Cup [148], in sharp contrast with normal azurin [149,150].
From these results it was inferred that the Cu, site, by virtue of its struc-
tural features, is more robust to substitutions of the weak axial ligand
than the T1 copper site of azurin. However, equivalent mutations of
the native Tt-Cu, site result in variations of the redox potential of up
to 200 mV (Fig. 10) [136].

While the Cu, center has a 0,* electronic GS, some inorganic model
complexes have been shown to present a 1, RAMO that was postulated
to represent the first excited electronic state in Cu, sites, with an energy
gap of ca. 3000 cm™ ! as determined by EPR [151-154]. Theoretical
calculations by Gorelsky and coworkers predicted that the A values for
the ET reaction of Cua proceeding through the m, and o,* RAMOS
are 0.6 and 0.4 eV, respectively, thus rendering the m, state thermally
inaccessible and ineffective for ET [152].

Abriata and coworkers, on the other hand, determined by paramag-
netic NMR that the o,*/m, energy gap is only 600 cm™ !, thus implying
that the m, state is in fact thermally accessible [155]. The inconsistency
between paramagnetic NMR and EPR values was rationalized by
Gorelsky and coworkers, based on previous theoretical work by
Olsson and Ryde [152,156]. They showed that the electronic struc-
ture of the Cu, site can be described by a double-well potential ener-
gy surface as a function of the Cu-Cu distance, with two ground
states, a 0,* and a T, level, with minima at ~2.4 and ~2.9 A, respec-
tively (Fig. 11). While the EPR experiments probe the energy associ-
ated with a vertical transition to the m, excited electronic state, NMR
experiments reveal the energy required to access the m, state
through a normal mode of vibration dominated by Cu-Cu stretching.
NMR studies also revealed fast interconversion between the o,* and
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Fig. 10. Top: pH-dependencies of the redox potentials of Tt-Cu, (blue) and Azu-Cup
(orange), adapted from Alvarez-Paggi et al.[135,148] Bottom: Effect of mutation of
the weak axial ligand methionine on the redox potential of Tt-Cuu (blue), azurin
(green) and Azu-Cu, (orange).[136,148].
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Fig. 11. Schematic potential energy surface for the Cuy site as a function of the Cu-Cu
distance, including the first excited electronic state. Elongation of the Cu-Cu distance
promotes switching from the GS o,* symmetry (blue) to that of m, symmetry. Adapted
from Abriata et al. [137].

1, ground states. Nevertheless, based on the low population of the 1,
ground state at physiological temperature and on its larger A value, it
was concluded that the o,* state is the only relevant RAMO
[152,156].

Paramagnetic NMR studies showed that the mutations of the M160
weak axial ligand of Tt-Cu, discussed previously not only changed the
redox potential, but also tune the 0,*/m, energy gap, thereby offering
a unique opportunity to experimentally probe the redox and spectro-
scopic properties of the m, state in the native protein environment
[137] The absorption spectra of oxidized Cua centers in the 0,* state
are dominated by two intense Scys — Cu charge transfer (CT) bands
at 21,270 and 18,700 cm~ ', Nyis — Cu CT transitions at 28,000
and 25,800 cm ™! and an intervalence band ({y — {*) at 12,650 cm ™!
that reflects the electronic coupling between the two copper ions
[146,157]. The electronic spectrum of the a m, GS, as revealed both ex-
perimentally and theoretically through TD-DFT calculations, presents a
blue-shift of the Scys — Cu CT bands to ~28,000 cm ™! that partially
overlap the Ny;s — Cu CT bands, whereas the intervalence transition ap-
pears at 12,100 cm™ !, thus reflecting a decrease in the Cu-Cu interac-
tion with respect to the o,* state (Fig. 12). The spectroscopic features
found for the m, state reveal that this state was actually observed in
other Cu, sites, such as the one engineered in Escherichia coli quinol ox-
idase, although it was not recognized at the time [151]. In these cases
the absorption spectra of the 0,* and m, states appeared convoluted,
thus suggesting a role not only of the first sphere ligands but also of
the protein matrix in fine tuning the o,*/m, energy gap. Following this
evidence, we looked for perturbations that could result in the o,* —
M, transition in the native Cu, site, other than Cu-Cu stretching.
Interestingly, we found that a large number of structural distortions,
such as torsion of the histidine ligands and disruption of the planarity
of the Cu,S, moiety that do not imply significant Cu-Cu elongation
actually drive the Cu, site to a 1y, GS [137].

Theoretical calculations performed on Azu-Cuy predict that, due to
the high covalency of the Cu,S, moiety and the almost null contribution
of the axial ligands to the RAMO wavefunction, the incoming and outgo-
ing ET pathways involve the coordinating cysteines [158]. However,
paramagnetic NMR determinations on Tt-Cu, show that the m, state
but not the 0,* state presents spin density on the M160 weak axial
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Fig. 12. Top: Experimental UV/vis spectra of Tt-Cuy WT. Bottom: Experimental UV/Vis
spectra of Tt-Cuy M160H (green) and TD-DFT calculated UV-vis spectra of the 0,* and
m,. Adapted from Abriata et al. [137].

ligand. This result prompted us to study the covalencies of both the
0,* and m, state for the native Tt-CuA site in both redox states, and
how they may affect the ET pathways. As structural model we employed
the structure of the Tt-CuA/Cyt-css; complex reported by Muresanu
et al. [37]. Pathways calculations for ET from heme c towards the Cup
site showed that the electronic coupling was maximized for electron
entry through the weak axial ligand M160 (Fig. 13). The covalency of
the Sypie0 atom increases tenfold in the m, state compared to the o, *
state, which translates into a 100 times increase of the ET probability.
The covalency calculation is in good agreement with the experimental
observation of spin density, which implies some degree of d,, mixing.
Thus, these results suggest that the 11, state is optimal for accepting elec-
trons from Cyt-css, because a higher electronic coupling may (over)
compensate the lower thermal population and higher reorganization
energy of such state. This hypothesis is supported by results obtained
for the Tt-Cus M160H mutant. For this first sphere mutant the ET reac-
tion may proceed either through the o,* or the m, state, as we are able

Fig. 13. Optimal electronic pathways for electron entry (top) and exit (bottom) at the Cup
site, in the m, and o,* GS, respectively. Adapted from Abriata et al. [137].
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to tune the energy gap by changing the pH of the solution. Electrochem-
ical experiments on this protein variant yield A = 0.7 eV for the m, GS
and A = 0.3 eV for the 0,* GS. However, in spite of the higher A value,
ker is higher for the m, state due to an enhanced electronic coupling
with the metal electrode.

Pathways calculations for the ET reaction between the reduced Cua
and heme a in the bas oxidase from T. thermophilus show that the
preferred exit point is through histidine 157 (Fig. 13). Calculation of
the covalencies for the Tt-Cu, site in the reduced state show an en-
hanced Ny57-Cu coupling in the o, * state, accelerating the reaction
rate by a factor of 4. Although the enhancement due to covalencies
is low, this effect adds to the lower reorganization energy and higher
population of the o,* state, rendering it suitable for electron exit.

Thus, we propose that the Cu, site may act as an electron hub,
employing the alternative ground states to switch between electronic
structures whose kinetic parameters are differentially optimized for
electron entry and exit (Fig. 13).

4. Model for the regulation of the Cyt/CcO ET reaction

Direct assessment of the multiple physicochemical and structural
parameters that modulate inter- and intra-protein ET reactions in real
complete systems is severely hampered by the complexity of these
macromolecular systems. The results presented in the preceding
sections for Cyt and Cu, sites in simplified model complexes, however,
provide a unique framework for hypothesizing on how protein dynam-
ics may affect the Cyt/CcO ET reaction in vivo and, moreover, on the pos-
sible existence of an electric field-driven negative feedback mechanism
that may regulate electroprotonic energy transduction. This hypothesis
is schematically summarized in Fig. 14.

The primary function of Cyt is shuttling electrons from complex III to
complex IV. In the meantime, spurious ET reactions with other redox
active molecules should be suppressed or slowed down, which could
be achieved by Cyt residing in a high A conformation that is charac-
terized by a preserved Met80/Y67 H-bonding interaction. Recogni-
tion and binding of Cyt to CcO requires electrostatic interactions
between surface lysines of Cyt and negatively charged residues in
the CcO binding site. The initial recognition and complex formation
does not necessarily lead to an optimized electron pathway between
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heme c and the Cu, acceptor, thus requiring reorientation of Cyt in
the complex to enhance Hpa. The electrostatic contacts may induce
distortions of the protein matrix which ultimately lead to the inter-
ruption of the Met80/Y67 H-bond and the concomitant conversion
of Cyt to its low A native conformation.

The Cu, site, in its idle state, resides mainly in the 0,* state, but it
may be driven into the m, GS by structural perturbations that take
place during complex formation. Examples of copper sites undergoing
structural deformations upon interactions with their redox partners
include the complexes rusticyanin/Cyt-c4, plastocyanin/Cyt-f and
plastocyanin/photosystem I, in which both the geometric structures
and the electronic densities of the copper sites are affected [159,160].
Even more relevant for our discussion, NMR studies have evidenced
small structural perturbations in the Cyt-css5,/Cus complex [37]. Thus,
achievement of a fully reactive complex could involve distortion of the
Cua, site, leading to a mt,, GS that enhances Hpa with the heme c. It should
be stressed that the enhanced Hpa alone should be sufficient for the ET
reaction to proceed through the m, GS because of the fast interconver-
sion between both GS and the thermal accessibility of the m, state
even in the absence of external perturbations. After the Cu, site is
reduced, the lower reorganization energy of the 0,* GS together with
the enhanced Hpa with heme a prompt the redox ET to proceed, thus
conferring directionality to the overall process in spite of the very low
thermodynamic driving forces.

The studies on model complexes suggest that the system admits
many possible control points. Local electric fields are the result of
transmembrane, dipole and surface potentials that arise from the global
balance of proton pumping activity by all respiratory complexes in the
membrane and its consumption by ATP synthases. A temporary misbal-
ance in proton pumping/consumption may result in increased local
electric fields that may slow down Cyt reorientation, thus undermining
its ability to achieve orientations that correspond to high Hps with the
Cuy electron acceptor. In addition, the theoretical calculations predict
that the o,*/m, energy gap increases with increasing electric fields,
thus reducing the probability of populating the , state [137]. Therefore,
the increase of the local electric field is expected to temporarily block or
significantly slow down the PCET reactions of the Cyt/CcO complex,
until the proton electrochemical gradient is sufficiently dissipated by
translocation via the ATP-synthase.

‘H
th

H
A

Fig. 14. Schematic representation of the regulatory model for the Cyt/CcO ET reaction. Cyt shuttles an electron towards the CcO, and docks near the Cu, site (A). The complex is not
optimized for ET so Cyt must reorient (B) in order to achieve a higher electronic coupling (C). In the process, more Cyt/CcO contacts are established, triggering a conformational transition
of Cyt towards a lower \ form (D). The Cu, site is perturbed in such a way that the m, GS may be favored, thus further optimizing the electronic coupling (E). The ET reaction is then
kinetically favored in spite of the low driving force and proceeds (F). Directionality is preserved and back ET is hampered because after the ET reaction the features that optimize the
reaction are lost, and so the intramolecular ET towards Heme a proceeds (G). Steps (B), (D) and (E) may be negatively affected by the strength of the interfacial electric field that increases
because of the proton pumping resulting from the ET reactions. Thus, a regulatory negative feedback may be established due to the interplay between electron and proton transfer
reactions. When the electric field lowers due to the activity of the ATP synthase the ET activity may be resumed.
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Even higher electric fields have been shown to induce structural
changes of Cyt that result in the gain of peroxidatic activity of potential
relevance in the early events of apoptosis [58,59,161,162].

5. Conclusions

The notion of a “native” state associated with protein function is
not sufficient for successfully describing intra- and inter-protein ET
reactions. We have shown that protein dynamics and thermal fluctua-
tions allow these systems to explore different structural and electronic
configurations that are crucial for their function, optimizing the kinetic
parameters in different ways. Moreover, electrostatic interactions and
local electric fields reshape the free energy surfaces that the proteins ex-
plore, in a manner that may be central for regulation of the respiratory
electron transport chain, as well as other systems unrelated to the respi-
ratory function. Although these proposals are yet to be tested in reactive
complexes in vivo, the physicochemical studies on model systems pre-
sented here enabled us to obtain a detailed molecular picture of possible
regulatory mechanisms, thus paving the way for future investigations.
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