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ABSTRACT: We have employed a combination of protein film voltammetry,
time-resolved vibrational spectroelectrochemistry and molecular dynamics
simulations to evaluate the electron-transfer reorganization free energy (1) of
cytochrome ¢ (Cyt) in electrostatic complexes that mimic some basic features
of protein—protein and protein—lipid interactions. The results reveal the
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existence of two native-like conformations of Cyt that present significantly

different A values. Conversion from the high to the low A forms is triggered by

electrostatic interactions, and involves the rupture of a weak H-bond between first- (M80) and second-sphere (Y67) ligands of
the heme iron, as a distinctive feature of the conformational switch. The two flexible € loops operate as transducers of the
electrostatic signal. This fine-tuning effect is abolished in the Y67F Cyt mutant, which presents a A value similar to the WT
protein in electrostatic complexes. We propose that interactions of Cyt with the natural redox partner proteins activate a similar
mechanism to minimize the reorganization energy of interprotein electron transfer.

Bl INTRODUCTION

Natural selection has evolved specialized redox proteins able to
perform fast intra- and intermolecular long-range electron-
transfer (ET) reactions, in the milliseconds time scale and
below, despite involving nearly null thermodynamic driving
forces." Most of these nonadiabatic reactions are well described
by the high temperature limit expression of Marcus semi-
classical theory. Accordingly, the ET rate is proportional to the
square of the electronic coupling matrix element, Hp,, that
represents the electron tunneling probability between degen-
erate donnor and acceptor states, and to a Franck—Condon
exponential term that acounts for the thermal accesibility of
such degeneracy:”
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The relevance of the structural details and fluctuations of the
protein bridging the two redox centers in modulating Hp,, has
been extensively and controversially discussed, concluding that
resonant electron tunneling is greatly facilitated by the protein
matrix.">~> Another rate-accelerating mechanism evolved by
nature is the ability of the protein and redox site structure to
reduce the activation barrier (AG¥) for achieving degeneracy of
the electronic initial and final states of the reaction. Within
Marcus approximation,” this term can be expressed as AG* =
(AG + A)*/4), where A is the reorganization free energy
required to distort the equilibrium nuclear configuration of
reactants toward the equilibrium configuration of products

(AG + 1)
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before ET. 4 can be divided into inner and outer sphere: 4;, and
Aouw Tespectively. For metalloproteins A, is mainly determined
by redox-linked structural changes within the first coordination
sphere, and thus it is minimized by rigid cofactors.’
Rearrangements of the remainder of the protein and the
environment are comprised in A,,. Thus, it can be anticipated
that A, is minimized by a rigid protein matrix that effectively
shields the redox site from solvent water molecules. Indeed, it
has been shown that reducing solvent accessibility to the redox
site and to the protein surface lowers the value of A.”°
Establishing the relative magnitudes and cut off between the A,
and A, terms, however, is far from trivial. Even less established
is the possible modulation of A through mechanisms such as
protein—protein interactions or transmembrane potentials able
to affect structural and physicochemical parameters relevant to
the ET reaction.””"" These issues are of utmost importance, for
instance, for understanding the origin of fast ET reactions
involved in biological electron—proton energy transduc-
tion.'>'?

The relatively slow progress in this respect is mainly
ascribable to inherent experimental difficulties for obtaining
accurate direct determinations of A, which results in a small
number of systematic studies.”'* Quantitative calculations of
by molecular dynamics (MD) and quantum mechanical
methods also remain challenging and are often difficult to
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validate, partially due to the scarce number of reliable
experimental values.>”'!516

Cytochrome ¢ (Cyt) is a multifunctional enzyme involved in
several processes central to cell life and death, such as electron
shuttling from cytochrome be; (Cyt-bc,) to the terminal oxygen
reductase (CcO) in the mitochondrial electron transport chain.
It is also involved in the generation and trapping of reactive
oxygen species, binding and oxidation of cardiolipin in the early
events of apoptosis and assembly of the apoptosome.'” Due to
its simplicity, stability and availability, Cyt represents a hallmark
in protein ET research that has been investigated by a large
variety of experimental and theoretical methods.'® Yet, the
variability of A values estimated from theory and experiments is
amazingly large, spanning a range from ca. 022 to 1.1
eV, H1o72s including some even more extreme values.?$

In the present work we have employed a combination of
protein film voltammetry (PFV), time-resolved vibrational
spectroelectrochemistry and MD simulations to evaluate the
reorganization energy of wild-type (WT) mammalian Cyt and
selected mutants in model electrostatic complexes that mimic
some basic features of the interactions of Cyt with its natural
redox partners.”” We identified two native-like Cyt states that
do not differ significantly in terms of the heme pocket and
secondary structure elements, but represent low and high
reorganization energy forms, respectively. Interconversion
between these two forms is electrostatically driven and includes
the rupture of a weak hydrogen-bond between the first-sphere
iron ligand methionine 80 (M80) and the second-sphere ligand
tyrosine 67 (Y67) as a key distinctive feature. The results
provide a consistent way for rationalizing the broad range of 4
values previously reported for cytochromes from different
species based on the conservation of this critical H-bond. We
propose that formation of electrostatic complexes of Cyt with
its natural redox partners, Cyt-bc, and CcO, activates similar
structural changes, thus accelerating interprotein ET reactions.

B MATERIALS AND METHODS

Protein Preparation. Wild-type Cyt from horse heart was
purchased from Sigma-Aldrich (C7752). WT,,. and Y67F were
produced and purified as described elsewhere.***” All protein variants
were stored lyophilized and resuspended in a 12.5 mM phosphate,
12.5 mM sulfate buffer at pH 7 for all experimental determinations.

Resonance Raman. Resonance Raman (RR) spectra were
recorded either with 413 nm (3 mW, Spectra-Physics BeamLok
2060) or 514 nm excitation (13 mW, Coherent Innova 70c) in
backscattering geometry using a confocal microscope coupled to a
single stage spectrograph (Jobin Yvon XY 800) equipped with a CCD
detector. Protein samples (1 mM) were placed into a rotating quartz
cell for the measurements.

Vibrational Spectroelectrochemistry. Stationary and time-
resolved surface-enhanced resonance Raman (TR-SERR) determi-
nations were performed using a three-electrode spectroelectrochemical
cell mounted in front of the same spectrograph employed for RR
measurements. The silver ring working electrode was mechanically
polished and subjected to oxidation—reduction cycles in 0.1 M KCl to
create  SERR-active nanostructured surfaces and subsequently
incubated in 1.5 mM ethanolic solutions of the alkanethiols (pure
HS-(CH,),;-COOH or a 1:1 mixture of HS-(CH,),;-CH,0OH: HS-
(CH,);s-COOH or 1:1) for ca. 24 h and transferred to the
spectroelectrochemical cell. The SAM-coated silver ring was mounted
on a shaft that is rotated at about S Hz to avoid laser-induced sample
degradation. The electrode potential was controlled with a TeQO03
potentiostat. All potential cited in this work refer to the Ag/AgCl (3.5
M KCl) electrode. The spectroelectrochemical cell has been described
in detail elsewhere.’® For TR-SERR experiments, potential jumps of
variable height and duration were applied to trigger the reaction. The
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SERR spectra were measured at different delay times following the
potential jump. Synchronization of potential jumps and probe laser
pulses was achieved by a pulse-delay generator (BNC). The probe
pulses were generated by passing the cw laser beam through two
consecutive laser intensity modulators (QIOPTICS Photonics), which
give a total extinction better than 1:50000 and a time response of ca.
20 ns. Details may be found elsewhere.*"*

Electrochemical Determinations. PFV and cyclic voltammetry
(CV) experiments in solution were perfomed with a Gamry REF600
potentiostat using a non-isothermal cell equipped with a polycrystal-
line gold bead working electrode, a Pt wire auxiliary electrode and a
Ag/AgCl (3.5 M KCl) reference electrode to which all potentials in
this work are referred. Au electrodes were first oxidized in 10% HCIO,
applying a 3 V potential for 2 min, sonicated in 10% HCI for 15 min,
rinsed with water and subsequently treated with a 3:1 v/v
H,0,:H,SO, mixture at 120 °C. The electrodes were then subjected
to repetitive voltammetric cycles between —0.2 and 1.6 V in 10%
HCIO, and thoroughly washed with water and ethanol. Au working
electrodes were coated with self-assembled monolayers (SAMs) by
overnight incubation in a 1 mM solution of the constituent
alkanethiols: HS-(CH,);-CH,OH for CV experiments and a 1:1
mixture of HS-(CH,),-CH,OH:HS-(CH,),-COOH of varying chain
length for PFV.

CV determinations were performed in a 0.5 mM solution of Cyt,
while for PFV experiments the SAM-coated gold electrodes were
incubated for ca. 2 h in the Cyt solution, then carefully rinsed and
inserted into the electrochemical cell. All electrochemical determi-
nations were performed in phosphate/sulfate buffer 12.5:12.5 mM, pH
7. The dependence of the apparent rate constant kg on distance was
determined through PFV recording the separation of the anodic and
cathodic peaks as a function of the scan rate and using Laviron’s
working curve.”?

Optical Spectroscopy. Electronic absorption spectra were
acquired with a Thermo Scientific Evolution Array spectrophotometer
using quartz cells of 1 cm optical path length.

Computational Methods. The starting structure for simulations
of Cyt in the ferric state corres4p0nds to the oxidized form of WT horse
heart Cyt (PDB ID 1HRC).** Details for Cyt in the ferrous state are
provided as Supporting Information (SI). The Y67F mutant was built
in silico replacing the corresponding side chains and relaxing the
resulting structure using classical MD. For simulating the SAMs, an
infinite array of fixed Au atoms with lattice structure 111 was built in
silico, and each of them was linked to either a C5-COOH or a C5-
COO™ molecule through the S atom, the relative ammounts of each
determining the protonation percentage of the SAM. Lattice and SAM
parameters were adopted from the literature.>® Details of the MD runs,
the scoring function for the Y67-M80 H-bonding interaction, and the
structural analysis of Cyt adsorbed on SAMs are described in the SI.

B RESULTS AND DISCUSSION

Tyrosine 67 as Second-Sphere Ligand. Y67 has been
proposed a key residue in controlling Cyt structure and
function through a network of H-bonds.> However, inter-
actions such as the H-bond between Y67 and M80 (Figure 1)
are often assumed based on visual inspection of crystal
structures and on extrapolation of indirect evidence obtained
for Cyt variants from different organisms.”®*’~*® Recent MD
simulations on human Cyt refute this interaction.* One should
note, though, that the search parameters usually employed in
these simulations are not optimized for H-bonds in which the
acceptor is an S atom.** Therefore, to solve this controversy, we
performed MD simulations of ferric Cyt in explicit solvent and
evaluated the distances between the Sy, atom and the
phenolic Hys; and Oyg; atoms (d and D, respectively) and three
characteristic angles: (i) between the bisector of the C7-S°-C*
angle from M80 and the Sy;g0-Hyg; vector (), (ii) between said
bisector and the projection of the Sygy-Hyg; vector on the C’-
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Figure 1. Detail of the redox center of Cyt. The heme iron is axially
coordinated by residues histidine 18 (H18) and MS80. Y67 is H-
bonded to M80, thus constituting a second-sphere ligand.

S°-C* plane (), and (iii) the Oyg;-Hyg;-Syso angle, as originally
defined by Zhou et al. (Figure S$1).** As shown in Figure 2, the
average values adopted by the five parameters along the

d (A

D (A

L TR TN AT B A AT LT LR G

Scoring

1

0 25 5
Time (ns)

Figure 2. Structural parameters and scoring of the Y67-M80 H-
bonding interaction as a function of MD simulation time for native
ferric Cyt in explicit solvent. The red lines indicate mean values
(continuous) and standard deviation (dotted) of the structural
parameters adopted from Zhou et al. (Figure $1).* Similar results
were obtained for ferrous Cyt (SI).
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simulation are similar to the mean values proposed as optimal
for H-bonding based on the analysis of 500 protein structures.**
To facilitate the analysis, we designed a simple scoring
algorithm that assigns 1 point whenever the calculated
parameter lies within the optimal range (mean value + SD).
Thus, a scoring of S implies optimal H-bonding, while a value
of 0 indicates no interaction. The last panel of Figure 2 shows
that the scoring oscillates between 0 and S along the 5 ns
simulation, with an average value of 3.3. These results indicate
the existence of a labile H-bond between the Y67 and MS80
residues, thereby rendering Y67 as a weak second-sphere ligand
of the heme iron. Similar results were obtained for ferrous Cyt
(SI). In order to characterize possible effects of this ligand on
the ET dynamics of Cyt, we produced and studied a mutant
protein in which Y67 is replaced by phenylalanine (Y67F), i.e.,
by a residue unable to act as H donor.

Characterization of the Protein Variants in Solution.
The Y67F variant was produced including two additional
modifications, H26N/H33N, for expression and purification
purposes. Given that H26 and H33 are surface residues, these
mutations are not expected to significantly affect the structure
and redox properties of Cyt. As a control, we also produced the
so-called WT recombinant protein (WT,,.), which only
includes the H26N/H33N modifications.”® UV—vis spectra of
the two protein variants (Y67F and WT,,.) in the oxidized form
are identical to WT Cyt. Spectra of WT and WT,.. in the
reduced state are also undistinguishable, while Y67F presents a
2 nm red-shift of the Q bands, indicating only a small
perturbation of the active site (Figure S2), in agreement with
previous NMR studies.”® This perturbation does not imply
exchange of axial ligands and/or changes of the spin state of the
heme iron, as resonance Raman (RR) spectra recorded under
Soret- and Q-band excitation are almost identical for the three
protein variants. Only minor differences of relative intensities of
ferrous Y67F with respect to the WT species are observed
(Figures 3 and S2). WT and WT,,, also exhibit nearly identical
cyclic voltammetries in solution, thus confirming that the
surface mutations do not affect the active site structure (Figures
4 and S3, and Table 1). In contrast, we notice some differences
in the voltammetric response of Y67F, pointing out that
interruption of the Y67-M80 H-bond influences the thermody-
namic and kinetic redox parameters of Cyt. First, the standard
reduction potential (E°) of Y67F is 40—50 mV lower than for
WT and WT,, proteins under identical conditions. A similar
shift was reported for an equivalent mutant of yeast cytochrome
¢ (iso-Cyt) that can be ascribed to (i) a diminished electron
withdrawing power of Met 80 upon interruption of the Y67-
M80 H-bond,>” (ii) a change in the conformational polar-
izability of the protein matrix,* or (jii) an alteration of the
internal electric fields that may perturb the heme group to
different extents.** Second, the separations of the anodic and
cathodic peaks of Y67F are significantly smaller than those
observed for WT and WT,,, variants at similarly high scan rates
(Figures 4). The latter result is indicative of faster
heterogeneous ET of Y67F, which in principle can be
rationalized either in terms of lower reorganization energy
(A) or of higher electronic coupling (Hp,) compared to the
WT proteins.

Characterization of the Protein Variants in Electro-
static Complexes. It has been shown in previous work that
the basic features of the electrostatic interactions between Cyt
and its natural redox partners Cyt-bc; and CcO, can be
mimicked using metal electrodes coated with self-assembled
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Figure 3. RR (top) and SERR (bottom) spectra of ferrous (Cyt**) and
ferric (Cyt*®) Cyt variants measured in solution and adsorbed on
C10-COOH:C10-CH,0OH SAM-coated electrodes, respectively. Blue,
WT; green, WT,; red, Y67F. All the spectra were recorded using 514
nm excitation.
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Figure 4. Selected CVs of the Y67F mutant (left) and WT,. protein
(right) measured in solution as a function of the scan rate under
otherwise identical conditions. The arrows indicate the shifts in peak
potentials and rising currents with increasing scan rates from 0.1 to 2V
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Table 1. E° for Cyt Variants in Solution Obtained by Cyclic
Voltammetry (CV Sol.) or Adsorbed on C10-COOH:
C10-CH,OH SAMs Determined by Either PFV or SERR

E° (mV)
SERR CV sol. PFV
WT 12 +3 38 + 12 1+2
WT,,. 15+2 49 + 13 4+2
Y67F =34 +2 16 + 1 -38 %5
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monolayers (SAMs) of -carboxyl alkanethiols.”” Here we have
employed these model systems to address the relevance of
electrostatic interactions in determining the redox properties of
WT, WT,. and Y67F Cyt variants. Specifically, two types of
coatings were employed: (i) single-component SAMs of HS-
(CH,),-COOH (Cn-COOH) with n = S, 10, and 15, and (ii)
1:1 mixtures of HS-(CH,),-COOH and HS-(CH,),-CH,0H
(Cn-COOH:Cn-CH,0OH), in which the excess of surface
negative charges provided by the carboxylate groups is diluted.

The integrity of the adsorbed proteins was investigated by
SERR spectroelectrochemistry recorded under Soret-band
excitation, which has proven to be very sensitive to changes
of the redox state, coordination pattern and spin of the heme
iron.* Spectra were recorded both at oxidizing and reducing
applied electrode potentials for the three proteins adsorbed on
the two types of SAMs. In all cases SERR spectra were
essentially identical to the RR spectra of the corresponding
ferric and ferrous forms in solution (Figure S4), thus indicating
that the adsorbed species are electrochemically active and that
the structure of the heme pocket is preserved upon
immobilization.

Similar conclusions can be extracted from the comparison of
positions and widths of SERR and RR bands measured under
Q-band excitation (Figure 3). Note, however, that in this case
the relative intensities of SERR and RR bands differ
substantially. These results indicate that the orientation of the
adsorbed species is largely homogeneous, as vibrational modes
of different symmetry experience differential surface enhance-
ments depending on the relative orientations of the electric
field vector and the individual components of the scattering
tensor.*® Moreover, SERR spectra of Y67F and WT,.. measured
at 514 nm are identical, and present only minor differences with
respect to WT in terms of relative intensities of modes of
different symmetry. Therefore, it can be concluded that the
H26N/H33N mutations result only in a slightly different
average orientation of the protein in the biomimetic complexes,
and that the additional mutation of Y67 exerts no further
influence. Based on these results, electronic couplings of
immobilized WT,,. and Y67F with the metal electrode are
anticipated to be similar, and to differ only slightly from WT.

PFV and SERR experiments reveal reversible electrochemical
responses for the three protein variants in the electrostatic
complexes (Figure 5). In agreement with measurements in
solution, E° values determined by the two methods are identical
for WT and WT,,, while the value for Y67F is down-shifted by
ca. 40—S0 mV (Table 1), thus confirming the structural
integrity of the adsorbed proteins. The small differences
observed between species adsorbed and in solution can be
ascribed either to the interfacial potential drop across the
SAMs™ or to electrostatic interactions between the protein and
the anionic surface.*’

Electron-Transfer Dynamics of WT Cyt and Mutants in
Electrostatic Complexes. Apparent rate constants of the
heterogeneous ET reactions (kff) were determined by PFV
using Laviron’s working curve (Figure $5)°* and by TR-SERR
spectroelectrochemistry.*> Control experiments for the three
Cyt variants adsorbed on electrodes coated with SAMs of
different composition and thickness yield the expected
exponential increase of kgf upon decreasing the SAM length
(Table S1), consistent with the average tunneling decay f =
1.1/CH, reported previously.**>* Moreover, in the three cases
kit levels off at sufficiently thin films, in agreement with
previous observations for WT Cyt.>* The origin of this plateau
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Figure S. Left: SERR spectra (413 nm excitation) of WT Cyt adsorbed
on C10-COOH:C10-CH,0OH SAM-coated Ag electrodes measured at
different potentials (black). Relative concentrations were obtained by
component analysis of reduced (red) oxidized (blue), and non-native
forms (green).45 Right top: Selected PFVs for Y67F adsorbed on
C10-COOH:C10-CH,0OH SAM-coated Au electrodes recorded at
increasing scan rates. Right bottom: Nernstian plots from the SERR
spectra for the redox processes of WT (blue), WT,,. (green), and
Y67F (red).

has been discussed in detail elsewhere.®?”* It was concluded

that, for WT Cyt at thicker SAMs, measured rates are
determined by electron tunneling probability, while at thinner
films protein and interfacial water dynamics become rate-
limiting. Most likely, the same explanation holds for the WT
and Y67F variants and,
characterization of the three proteins adsorbed on CI15-
COOH SAMs, i.e., under conditions where the measured ki
corresponds to a true ET process. The value of ki#f determined

rec
therefore, we focused on the

on these SAMs at zero driving force is almost 1 order of
magnitude larger for Y67F than for WT,,. (Table S1). Such
difference cannot be ascribed to different orientations as Q-
band SERR spectra of these species are identical (see above).
Instead, the most likely explanation is a lower reorganization
energy (4) of Y67F. For the WT and WT,,. proteins k#f values
differ by less than a factor of 2, which is consistent with slightly
different orientations, as judged from the Q-band SERR
spectra.

A was determined for the different Cyt variants adsorbed on
single-component (C15-COOH) and on mixed SAMs (1:1
C15-COOH:C15-CH,0OH) by TR-SERR. In these experiments
kP was measured at constant temperature (298 K) by applying
variable potential steps that represent increasing overpotentials
for reduction (y = E; — E°). SERR spectra recorded as a
function of time could be quantitatively simulated with variable

rec

rec

proportions of native ferrous and ferric Cyt yielding in all cases
monoexponential concentration profiles (Figures S6—S9). As
shown in Figures 6 and S10, the rate constants obtained as a
function of # exhibit the sigmoidal behavior predicted by theory
for metal electrodes as described by eq 2:>'

4393

— o0

1

£—g P
1+ exp T
(s o]

1
J4mAkgT EXP[_ ] (2)

A values summarized in Table 2 were obtained by fitting the
experimental data presented in F1§ures 6 and S10 to the
following simplified version of eq 2:
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Figure 6. ET rate constants as a function of the overpotential for Y67F
(top) and Cyt WT (bottom) adsorbed on C15-COOH SAMs (blue)
and on 1:1 C15-COOH:C15-CH20H SAMs (red). Results obtained
from WTrec are identical to those from Cyt WT (Figure S10).

For both WT and WT,, adsorbed on C15-COOH SAMs we
obtain 4 = 0.37 eV, which is very close to values determined
previously under comparable conditions.”***** On mixed
SAMs, however, this value increases by at least 40% to A =
0.51 eV, which constitutes a lower limit estimate as the
reductive desorption of the SAMs prevents application of larger
overpotentials. Consistently, Arrhenius plots obtained by
independent PFV determinations of kj; as a function of
temperature performed under otherwise identical conditions,
yielded 1 = 0.6 €V for both WT and WT,,, proteins (Figure 7).
The impact of increasing charge density on A is consistent with
previous reports.53

Maximum rate constants (kEi*) achieved at high over-
potentials (Figure 6) are approximately 6 times larger on mixed
SAMs compared to single-component C15-COOH films. Such
increase corresponds to ca. 2 times larger electronic coupling, as
determined by fitting the data with eq 2 and adopting the A
values obtained from eq 3 (Table 2). As shown in previous

dx.doi.org/10.1021/ja311786b | J. Am. Chem. Soc. 2013, 135, 4389—4397



Journal of the American Chemical Society

0.0

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1T (K™

Figure 7. Temperature dependence of k§; determined through PFV of
adsorbed species on C15-COOH:C15-CH20H SAMs for WT (blue)
and Y67F (red). Reorganization energy values of 0.6 & 0.1 eV and 0.45
+ 0.05 eV were obtained for Cyt WT and the Y67F mutant,
respectively.

Table 2. Electron-Transfer Parameters of Cyt Variants
Adsorbed on SAM-Coated Electrodes”

ke (s71) kgt (s7) 2 (eV) [Hpal (eV)
WT
1:1 C15-COOH:C15-CH,0H SAMs
expt 0.17 + 0.05 90 + 10 0.51 + 0.03 -
caled 0.11 87.84 0.51 9.60 x 107°
C15-COOH SAMs
expt 0.24 + 0.03 14+ 1 0.37 + 0.02 -
caled 0.18 14.37 0.37 3.88 x 1078
Y67F
1:1 C15-COOH:C15-CH,OH SAMs
expt 0.46 + 0.03 101 + 6 0.41 + 0.03 -
caled 0.37 101.84 041 1.03 X 1077
C15-COOH SAMs
expt 0.59 + 0.03 100 + 10 0.41 + 0.03 -
caled 0.4 109.8 0.41 1.07 X 1077

“Experimental values were obtained by adjusting the data presented in
Figure S with eq 3. Calculated values were determined by simulating
the same data set with eq 2 and adopting the A values obtained from
the fittings to eq 3.

work,” variations of Hp, of adsorbed WT Cyt by a factor of 2
are ascribable to only minor differences in the average position
of surface side chains or very small coarse reorientations that
can be expected due to slightly different interactions of the
protein with the two SAMs. In agreement with this
interpretation, relative intensities of SERR spectra recorded at
514 nm excitation on the two films exhibit only marginal
differences within experimental error.

In sharp contrast, k- versus # curves obtained for Y67F are
completely insensitive to the chemical composition of the SAM
(Figure 6), yielding A = 0.41 eV in both cases, i.e. very close to
the value obtained for WT and WT,,. on C15-COOH SAMs. A
very similar value (4 = 045 eV) is obtained from the
temperature-dependence of k}y as determined by PFV (Figure
7). The MD simulations predict that the dipole moment of
Y67F is 15% larger than that of Cyt, suggesting a possible
explanation for both the similarity between the kg versus 7

curves for Y67F on both SAMs and the differences in kf;~ for
Cyt WT. We ascribe these results to changes in Hp, since its
value is strongly affected by the average coarse orientation of
the protein (see above), which in turn depends on the
interaction between the interfacial electric field and the dipole
moment.

Taken together with the characterization of the complexes
presented in the previous sections, these results suggest the
existence of two alternative native-like conformations of Cyt
with high and low reorganization energies, respectively.
Conversion from the high A to the low A form appears to be
triggered by electrostatic interactions. Most likely, the
conformational transition involves the rupture of the H-bond
between Y67 and M8O0 residues, as suggested by the similarity
of A values determined for Y67F and for the two WT forms in
electrostatic complexes with the SAMs of higher charge density.

Structural Differences of Native Cyt Forms with Low
and High 4 Values. The spectral identity and the similar E°
values between Cyt species in solution and in complexes with
SAMs show that the structure of the heme pocket and, most
likely, also the entire native protein folding is largely preserved
upon adsorption. Therefore, the switch between the high and
low A forms of WT Cyt in electrostatic complexes should reside
in spectroscopically silent subtle conformational changes driven
by electrostatic interactions.

In order to address the structural basis of this fine-tuning
mechanism, we performed S ns MD simulations of WT ferric
Cyt adsorbed on carboxyl-terminated SAMs with 10%
(SAM,g5), 25% (SAM,5y,), and 50% (SAMygqy) deprotonation
degrees, which provide a systematic way of analyzing possible
conformational changes of Cyt as a function of the charge
density of the SAMs. The initial structure and orientation of
Cyt on the SAMs was adopted from previous work,”” and
presented a stable H-bond between Y67 and MS80 with a
scoring factor of S.

The simulations show that the secondary structure elements
and RMSD values of Cyt adsorbed on SAM,, remain nearly
identical to the protein in solution (Figure S11), although the
average scoring factor for the Y67/M80 H-bond decreases to
3.1 (Figure 8). Also for Cyt/SAM,;, complexes the secondary
structure elements remain nearly unaltered (Figure S12),
although the RMSD increases in segments corresponding to
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Figure 8. H-bond scoring distribution for WT ferric Cyt adsorbed on
SAM, s, (blue), SAM,5y, (green) and SAM;gy, (red) obtained from S
ns MD simulations.
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two well-defined Q loops (residues 20—30 and 70—85, Figure
S$13).>* These results are in remarkably good agreement with
those obtained upon formation of the iso-1-Cyt/cytochrome
be, complex,> where it was found that the Q loop containing
residues 25—30 is the most susceptible to structural variations.
We found that the aforementioned changes result in a variation
of both the average value and the distribution of the H-bond
score (Figure 8). As expected, the effect is significantly more
pronounced for Cyt/SAMyy, complexes, and the correlation
between RMSD values and SAM protonation percentage is
similar to that found in previous computational studies (Table
$2).%® Weakening of the H-bond appears to be independent of
the redox state of Cyt (Figure S14), thus suggesting a
predominant role of small collective structural perturbations
of the protein matrix. Moreover, the presence of internal water
molecules that participate in a network of H-bonding
interactions that include the Y67 residue seems to exert a
negligible impact on the liability of the H-bonding interaction
(Figure S15).

One should note that the Q 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 Il and IV and cytochrome ¢ peroxidase.”” >’
Remarkably, per residue RMSDs of Cyt adsorbed on SAM|
are similar to those of Y67F in solution (Figure S12), thus
suggesting that this mutation and electrostatic interactions
trigger similar conformational transitions of Cyt. Therefore, we
propose that the Y67/M80 H-bond is a key constituent of the
conformational change between the high and low A forms of
Cyt, and that this switch is activated upon specific electrostatic
interactions. It is important to remark that we do not ascribe
the variation in A to the disruption of the H-bond per se; more
likely, this is a result of the collective perturbation of the
dynamics and average position of the aminoacidic residues and
nearby water molecules. We propose that this collective
structural and dynamical change is achievable both through
the disruption of the Y67-M80 H-bond and from electrostatic
complex formation (that in turn weaken said H-bond, as shown
above).

B CONCLUSIONS

Recent nuclear resonance vibrational spectroscopy studies have
demonstrated a dynamic link between the heme iron and the
surface binding site of Cyt, which suggest that protein—protein
interactions could eventually minimize 1.°° The present results
demonstrate that interruption of the Y67-M80 H-bond
achieved either by Y67F mutation or by interactions of Cyt
in electrostatic complexes do actually minimize A to similar
extents, thus underlying 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 Q loops that contain most of the
lysine residues which constitute the protein binding site. We
propose that a similar mechanism could be triggered upon
interactions of Cyt with the natural redox partners, CcO and
Cyt-bcl, thus minimizing the reorganization energy for
interprotein ET. Indeed, the interactions between Cyt and
natural partner proteins involve the same lysine residues
implicated in the model electrostatic complexes.””*”>%¢!
These findings allow rationalizing the dispersion of 1 values
previously reported for cytochromes from different organisms.
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Equine, tuna, and yeast cytochromes all present weak H-bonds
between a tyrosine residue and the axial ligand methionine that
could be perturbed electrostatically. The average value of A
obtained for these proteins in solution is ca. 0.6 eV, but it
reduces to ca. 0.3 eV in electrostatic complexes (Table 3).
Moreover, cytochrome css; from P. aeruginosa presents a A value
of 0.4 eV in solution, coincidentally with the lack of an
equivalent H-bonding interaction.*®

Table 3. Reorganization Energy Values Reported for
Cytochromes from Different Organisms

protein exptl conditions” A (eV)
Cyt horse heart sol. 0.58%
sol. 0.52%
sol. 0.6**
sol. 0.8"
sol. (comp.) 0.69"°
ads. SC-SAMs 0287
ads. SC-SAMs 035
ads. M-SAMs 0.7%°
sol. (urea, pH 7) 0.82%
sol. (urea, pH 2) 041>
coord. Py 0.50%
iso-Cyt sol. 0.61*
sol. (comp.) 0.77%
ads. 0.35%
ads. mutants 0.25—0.47%*
Cyt tuna sol. 0.62>
Cyt css; P. aeruginosa sol. 0.38%°

“Abbreviations: comp., computational determinations; sol, exper-
imental determinations in solution; ads., experimental determinations
of adsorbed species; coord. Py, the heme iron is coordinated through
the terminal pyridine of the SAMs; SC-SAMs, single-component
Cn-COOH SAMs; M-SAMs, mixed Cn-COOH:Cn-CH,OH SAMs.

Electrostatic interactions and homogeneous electric fields
have been recently shown to control the structure, electronic
coupling, protein dynamics and even the nature of the redox
active molecular orbitals involved in ET reactions of Cyt and
Cu, centers.””*¥67%% Thys, the fine-tuning of A can be
envisaged into a broader context of regulation of biological
electron—proton energy transduction through specific inter-
actions and transient changes of the membrane potential.
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