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Abstract: Direct electron transfer (ET) of redox proteins immobilized on biomimetic or biocompatible
electrodes represents an active field of fundamental and applied research. In this context, several groups
have reported for a variety of proteins unexpected distance dependencies of the ET rate, whose origin
remains largely speculative and controversial, but appears to be a quite general phenomenon. Here we
have employed molecular dynamics (MD) simulations and electron pathway analyses to study the ET
properties of cytochrome ¢ (Cyt) electrostatically immobilized on Au coated by carboxyl-terminated alkylthiols.
The MD simulations and concomitant binding energy calculations allow identification of preferred binding
configurations of the oxidized and reduced Cyt which are established via different lysine residues and,
thus, correspond to different orientations and dipole moments. Calculations of the electronic coupling
matrices for the various Cyt/self-assembled monolayer (SAM) complexes indicate that the thermodynamically
preferred protein orientations do not coincide with the orientations of optimum coupling. These findings
demonstrate that the ET of the immobilized Cyt is controlled by an interplay between protein dynamics
and tunneling probabilities. Protein dynamics exerts two level of tuning on the electronic coupling via
reorientation (coarse) and low amplitude thermal fluctuations (fine). Upon operating the Au support as an
electrode, electric-field-dependent alignment of the protein dipole moment becomes an additional determinant
for the protein dynamics and thus for the overall ET rate. The present results provide a consistent molecular
description of previous (spectro)electrochemical data and allow conclusions concerning the coupling of

protein dynamics and ET of Cyt in physiological complexes.

Introduction

Electron transfer (ET) reactions of proteins play a central role
in a variety of physiological processes as well as in emerging
fields of biotechnology such as the development of enzyme-
based biosensors and biofuel cells."? A widely employed
approach to analyze these fundamental processes is based on
model systems in which redox proteins are immobilized on
conducting support materials that provide a biocompatible
environment and mimic to some extent the natural reaction
conditions.” > Particularly versatile model systems are metal
electrodes coated with self-assembled monolayers (SAMs) of
w-functionalized alkanethiols which, upon appropriate choice
of the tail group, may bind various proteins via electrostatic,
polar, or hydrophobic interactions, or via covalent cross-linking
and coordinative bonds.*”® Heterogeneous ET between the
immobilized protein and the metal electrode involves through-
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SAM tunneling, and the ET rate constant (kgr) may be described
in terms of the high temperature limit of Marcus semiclassical
expression (nonadiabatic mechanism), integrated over all the
electronic levels of the metal electrode contributing to the
process.g‘10 In this formalism, kgr varies with the square of
the electronic coupling matrix (7pa), which in turn decays
exponentially with the distance between the redox center and
the electrode surface. Therefore, for a protein attached to a
SAM-coated electrode, kg is expected to decay exponentially
upon increasing the number of methylene groups of the SAMs.
This behavior has been experimentally verified for a number
of SAM/protein complexes that include cytochromes c, cs and
bsea, Cu, centers and azurin.''"?* The predicted exponential
distance-dependence of the experimentally determined ET rate
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constant (kgfP), however, is only fulfilled for thicker SAMs, i.e.
those containing more than nine methylene groups per alkyl
chain. For thinner films, in contrast, ki appears to be distance
independent in all cases investigated so far."' ~? The origin for
this unexpected kinetic behavior has been the subject of intense
research as it represents a fundamental issue in bioelectrochem-
istry, with potential implications for physiological protein ET
as well as for technological applications of redox enzymes.

The most extensive studies refer to cytochrome c¢ (Cyt)
electrostatically or coordinatively bound to SAM-coated elec-
trodes. Different hypothesis have been proposed for explaining
the rate-limiting process in the distance-independent regime,
including (i) a two-state gating mechanism,'"*'® (ii) an electric-
field (EF)-dependent hydrogen-bonding rearrangement,'”** and
(iii) a change from tunnelling to polarization relaxation control
of the ET rate.'®*!

Recently, we have shown that for electrostatic Cyt/SAM
complexes in the plateau region k%P coincides with the rate of
protein reorientation (kg), as determined by time-resolved surface
enhanced resonance Raman (TR-SERR) spectroelectrochemis-
try.?**> The experimental kg values increase with the chain
length of the SAMs, i.e. upon decreasing the strength of the
interfacial electric field. On the basis of these results it was
proposed that at long distances the kinetics of the reaction is
solely controlled by the electron tunnelling probability. At
shorter distances, however, reorientation of the immobilized
protein to a configuration most favorable for ET becomes rate
determining. These results represented the first direct observation
of protein dynamics at an electrochemical interface under
reactive conditions.**** However, although TR-SERR experi-
ments provide simultaneous structural, electronic and dynamic
information not accessible by other techniques, they cannot
afford a comprehensive picture of the processes at the molecular
level.

In this work we have employed molecular dynamics (MD)
simulations and electron pathways computations to characterize
the structure, dynamics and ET properties of electrostatic Cyt/
SAM complexes. The results allow for a sound interpretation
of previous (spectro)electrochemical studies. Moreover, it is
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shown that conclusions derived from these simplified biomimetic
systems may also hold for physiological ET complexes.

Computational Methods

System Setup. Initial Cyt structures were obtained from the PDB
database, i.e. PDB 2GIW?* for the reduced form (Cyt™?) and PDB
THRC?” for the oxidized form (Cyt"). All MD simulations were
performed using the AMBER package (Amber 2005), with the f99
force filed implementation.® The heme parameters were adopted
from previous work.?® To simulate the SAMs, an infinite array of
fixed Au atoms with lattice structure 111 was built in silico. Each
of the Au atoms was linked to a HS-(CH,)s-COOH (Cs) molecule
through the S atom. SAM and lattice parameters were adopted from
the literature.>® The degree of ionization of the carboxyl-terminated
SAMs was set to 10%, on the basis of previous experimental studies
at pH 7 and within the relevant potential window.>'-** The infinite
array consists of a periodic boundary condition cell of 13 x 14 Au
atoms in the X- and Y-directions, including the bound alkanethiols.
In the Z-direction periodicity is achieved by using periodic boxes
of 80 A height, which leaves enough space between the Cyt surface
and the next (upper) gold layer to avoid their direct interaction.

Binding of Cyt to the SAMs. Adsorption of Cyt to Cs-SAMs
was investigated using steered MD (SMD).>* For that purpose, 26
different configurations for each redox state (Cyt™3, Cyt*?) were
generated with Cyt located at ~5—10 A away from the SAM
surface. The 26 configurations differ in the rotational orientation
of the protein with respect to the monolayer and were built by
performing rigid body rotations of the Cyt structure. Starting from
each configuration SMD were performed by pulling Cyt toward
the monolayer at constant velocity, while computing the applied
force. The pulling reaction coordinate (RC) is the distance between
the central Au atom (which is fixed at the bottom of the SAM) and
the center of mass of the Ca atoms of the protein. Integration
of the force applied to move the protein toward the monolayer yields
the work performed along the RC. In the SMD runs, the generalized
Born model was used for implicit solvation.** Employing explicit
water molecules was computationally too expensive due to the
viscosity of the explicit solvent that imposes very low pulling
speeds. The computed work-vs-RC plot can be taken as an estimate
of the binding energy profile during the adsorption process.
Although this is not a precise estimate of the free energy, it is useful
for comparative purposes and allows identifying the possible
structures of the Cyt/SAM complex. Typical work profiles obtained
for nonbinding orientations show a steady increase in the values
for the work while those profiles displaying possible binding
orientations reveal the presence of a minimum in the profile at
contact distance. All structures showing a minimum in the work-
vs-RC profiles were selected as possible Cyt/SAM structures and
subjected to explicit water PBC simulations as described below.
This methodology has already been successfully applied to deter-
mine possible Cyt/SAM structure in our previous work.>

Binding Energy Calculations Using MM/PBSA. From the
production MD simulations for each orientation of the protein, the
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Scheme 1. Representation of the Rotational Angles a (left) and ¢
(right)

free energy of binding AGy was calculated using MM/PBSA. The
Cyt/SAM interaction energy in the gas phase (AEgas) is computed
as the sum of electrostatic (AEg gc) and van der Waals (AEypw)
contributions:

AEGys = AEg e AEypy 1)

The free energy of solvation (AGsy) was estimated using the
generalized Born implicit solvation method. Adding AEgas and
AGsy allows estimating AGg.

For the sake of completeness, binding energies of Cyt™ in a
Cyt™3 preferential orientation and vice versa were calculated from
four additional 25 ns MDs. These MDs with novel orientations for
each redox state were also used when calculating every other
parameter for Cyt™? and Cyt™.

t+2

Explicit Water Simulations and Periodic Boundary
Conditions. The production simulations of each complex were
performed by immersing the Cyt/SAM structures obtained from
the SMD simulations in a TIP3P water box, displaying an XY size
corresponding to the 13 x 14 Au grid unit cell, and of 80 A height.
For each case an initial constant volume MD was performed to
heat the system to 300 K, and subsequently a constant pressure
simulation was performed to equilibrate the system density. Finally,
the production MDs were performed. Temperature and pressure
were kept constant using the Berendsen thermostat and barostat.®
For the PBC simulations, Ewald summations were used to compute
the electrostatic energy terms using the default parameters in the
Sander module of the AMBER package.?®

Characterization of the Cyt Orientation. The orientation of
Cyt with respect to the Au/SAM surface is defined by the relative
heme orientation using two angles. The angle a is given by the
Fe—S(Met80) bond, which is perpendicular to the heme plane, and
the Z-axis of the system which is perpendicular to the Au/SAM
surface (Scheme 1). Values of a close to 0° or 180° imply that the
heme lies parallel to the SAM, whereas values close to 90° indicate
a heme orientation perpendicular to the surface. The second angle
@ is defined by the Fe—N, bond and the vector pointing toward
the SAM which lies in the heme plane. This angle describes the
rotational orientation of the heme and thus of the entire protein.
Values between 0°—90° correspond to protein orientations with the
propionate groups of the heme being closer to the SAM surface,
whereas for values between 180°—270° the propionate groups are
pointing away from the SAM surface.

It should be noted that for o values close to 0° or to 180°, changes
of @ do not correspond to significant variations of protein orientation
since the heme lies parallel to the monolayer surface. Therefore,
for the purpose of a more intuitive representation that takes into
account this effect, we have transformed ¢ according to

(35) Berendsen, H. J. C.; Postma, J. P. M.; Vangunsteren, W. F.; Dinola,
A.; Haak, J. R. J. Chem. Phys. 1984, 81, 3684.

cenf Y@

In the corresponding plots shown in this work constant ¢ values
are indicated as dotted isolines.

The protein dipole moment is computed with respect to the center
of charge of the protein, as reported by Margoliash,*® and its relative
orientation is defined as the angle between the dipole vector and
the Z-axis normal to the SAM plane.

Coupling Matrix Calculation. The electronic coupling between
the entire heme group and any of the Au atoms that represent the
electrode surface were estimated using the pathways algorithm
developed by Beratan et al.>’*® To obtain a proper description of
the system, adjustments of the parameters of the pathways algorithm
were required. First, all orbitals of heme iron were considered to
be equivalent. Second, the coupling between the atoms of the heme
was set equal to one in order to reproduce their resonant character.
Finally, the coupling between each Au atom was set to one such
that the results obtained to compute the electron pathway are
independent of the Au atom of choice.

Results

Structural and Dynamical Characterization of Cyt/SAM
Complexes. To select all possible Cyt/SAM complexes we
applied the SMD protocol described above. Briefly, starting from
many different rotational orientations of Cyt (for both the
reduced and oxidized state) about 10 A above the SAM, the
protein was gently pulled toward the surface. To analyze
the likeliness of the adsorption process for each orientation the
work applied was measured as a function of Cyt/SAM distance.
Unfavorable binding orientations show profiles for which the
work increases steadily upon approaching of Cyt to the SAM
surface, while those with favorable binding orientations display
a minimum on the profile at contact distance (Figure S1 in
Supporting Information). Seven favorable orientations were
found for Cyt™ and five for Cyt™, which are labeled as ol to
07 and rl to r5 respectively. For each of these plausible Cyt/
SAM configurations, 20 ns MD simulations in explicit solvent
were performed. The stability of the Cyt structure along the
simulation was monitored by determining the rmsd with respect
to the initial structure. The rmsd values are all below 2.5 A
indicating that the protein structure remains stable when
adsorbed on the SAM and no partial denaturation occurs along
the simulation.

The orientation of Cyt on the SAM surface is characterized
by the angles o and ¢, which describe the orientation of the
heme group with respect to the SAM (vide supra). Figure 1A
shows o-vs-@* plots obtained for all the equilibrium simulations.
In this plot each colored zone represents all the points obtained
along each 20 ns simulation starting from one specific binding
orientation of the protein in a given redox state.

Most of the orientations fall into a region denoted as main
zone (MZ) with ¢ values close to 180°, and o values mainly
around 100° but extending up to 160°. These conformations
correspond to Cyt with the lysine patch around the exposed
heme edge facing the SAM. Values of ¢ close to 180° indicate
that heme propionates tend to point away from the SAM surface.
Within the MZ there is a significant population of conformations
with o very close to 90°, i.e. with the heme group oriented
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Figure 1. Top: a-vs-¢* plots for all equilibrium MD simulations in explicit
water. Each point represents a snapshot from the corresponding MD.
Snapshots were taken every 10 ps. Arrows indicate global rotations of the
protein along the simulation. Plots labeled by “0” and “r” refer to oxidized
and reduced Cyt, respectively. The dotted lines represent isovalues of ¢.
For an a-vs-¢ plot see Figure S2 in Supporting Information. Bottom:
Schematic representation of Cyt orientation at extreme o and ¢ values.
The SAM is represented by the dashed areas. Note that for o = 0° and a
= 180° different ¢ values do not represent different protein orientations

perpendicular to the SAM surface. In this region the mean dipole
moment is high (~570 D), with a mean angle with respect to
the Z-axis of 152°. A closer look to the MZ shows that three
subzones can be defined: MZC that exhibits the highest a values
and comprises 04 and a part of r4; MZB defined by o1, 02 and
03; and MZA represented by rl, r2 and 3.

Three other zones can be defined: zone II (r5 and 07),
characterized by a heme plane tilted by about 50° with respect
to the surface and a very low protein mean dipole (~250 D);
zone III (05), with the heme nearly parallel to the surface; and
zone IV (06) with the heme tilted about 40° with respect to the
surface but on the opposite side of zone II. Zones III and IV
show intermediate protein dipole values of about 430 D with
angles with respect to the normal of 140° and 133°, respectively.

Note that, given the asymmetry of the heme location inside
the protein fold, different orientations define different distances
between the heme-iron and the SAM surface. In the MZ Cyt
lies with the heme facing the SAM, and thus, the iron—SAM
distance is about 10—12 A. In the other zones the heme is more
remote from the surface with distances increasing above 16 A.

An interesting conclusion that can be derived from Figure 1
is that, although the rotation of the adsorbed protein is obviously
restricted with respect to solution, it still exhibits significant
mobility, as inferred from the range of o and ¢ values that are
explored for each starting conformation. In most cases the

5772 J. AM. CHEM. SOC. = VOL. 132, NO. 16, 2010

protein remains adsorbed roughly by the same surface patch
(i.e. with the same coarse orientation) during the simulation time,
but in some other cases the molecules rotate by more than 20°,
thereby changing significantly the orientation and contact
surface. These reorientations are accompanied by small structural
changes of the protein that may have an impact on its redox
properties (vide infra). The arrows in Figure 1A provide a rough
indication of the net direction of the large amplitude motion
(initial vs final) of Cyt along the dynamics for ZII, MZA and
MZC. It can be seen that for these starting configurations Cyt
rolls over the SAM exploring a broad range of orientations
represented by the colored areas, but it finally tends toward the
central zone of the plot. Although less clear due to the smaller
total area, a similar observation is made for MZB. This behavior
suggests that the complete orientational space might be described
by the sum of the different simulations and that, in those cases
where the areas overlap, the movement from one conformation
to the other might be possible, although it cannot be captured
by the simulations due to time constraints inherent to the method.

Binding Energies for the Different Domains. To further
characterize the Cyt/SAM complexes, we have computed the
potential energy surface of the binding process along all
trajectories using the MM/PBSA approximation, as described
in the Computational Methods section. The mean values of the
binding energies obtained for each simulation are summarized
in Table S3 in the Supporting Information, along with the
different contributions to the total energies. All conformations
exhibit relatively high binding energies dominated by electro-
static contributions which are partially compensated by changes
of the solvation free energy. As expected, the lower binding
energies correspond to the initial protein configurations that
exhibit higher mobility, with r4 and r5 being the most mobile
ones. In contrast, MZ exhibits the higher binding energies, as
well as the largest dipole moments perpendicularly oriented with
respect to the surface and, therefore, is considered the preferred
adsorption domain.

A closer look at the MD simulations and binding energies
related to the MZ indicate two distinctive clusters that cor-
respond to different redox states. Cyt™? is likely to be found in
MZA, while Cyt™ is preferentially found in MZB. The
differences are highlighted in Figure 2 by plotting the binding
energy of both redox states as a function of the orientation for
all simulations in the MZ. For Cyt*? we can identify two energy
wells at (a0 = 90°, ¢ = 180°) and (a = 105°, ¢ = 145°)
separated by a small barrier. In contrast, Cyt*® shows a deeper
minimum at (o. = 130°, ¢ = 160°) and a slightly higher second
well at (o = 115°, ¢ = 190°). The existence of multiple energy
wells and the differences between redox states indicate that Cyt
binding is not homogeneous and multiple orientations may
coexist in thermal equilibrium. In agreement with this prediction,
Araci et al. have reported a distribution of orientations for Cyt
adsorbed on indium—tin oxide, with preferential orientations
corresponding to o A~ 50°.°° Note that this tilt angle is
indistinguishable from a = 130° according to our orientation
characterization.

In order to verify the redox state dependence of the orienta-
tion, four additional 25 ns MD simulations were performed by
placing the structure of Cyt*? in orientations typical for Cyt™>
and vice versa. In all cases the simulations resulted in a
reorientation of the protein molecules toward the configurations

(39) Araci, Z. O.; Runge, A. F.; Doherty III, W. J.; Saavedra, S. S. J. Am.
Chem. Soc. 2008, 130, 1572.
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Figure 2. Binding energy vs orientational angles for the reduced (top panel)
and oxidized (bottom panel) Cyt. The color code indicates increasing binding
energies from —20 kcal mol ™! (blue) to —100 kcal mol™! (red).

preferred in the respective redox state. Therefore, the redox state
dependence of the protein orientation displayed in Figure 2
cannot be ascribed to improper sampling.

Structural Determinants of (Differential) Binding. In order
to understand the structural basis for the differential adsorption
of Cyt*? and Cyt™, we have analyzed the different structures
obtained by MD simulations in comparison to the corresponding
crystallographic structures. First, we have compared average
structures for all simulations of Cyt™ and Cyt*? in the MZ (A
and B) using both the crystallographic and the average structures
as a reference. As shown in Figure S4 and Table S5 in the
Supporting Information, no significant structural differences are
observed between structures of different simulations showing
that each redox state is in a stable conformation. Figure 3 shows
two selected average structures (one for each redox state)
together with the initial X-ray structures.?®’

The main difference between the structures is located in the
o Af1 loop. For Cyt™ the average structure remains very similar
to the crystallographic structure, and they are clearly different
from those of Cyt*?. Comparison of rmsd values for the entire
protein and the loop only (Table S5 in the Supporting Informa-
tion) shows that for Cyt™ the loop exhibits mobility comparable
to the whole protein, and furthermore, the structure remains very
close to the crystallographic one. Also for Cyt™ the mobilities
of the loop and of the whole protein are very comparable.
However, in this case the establishment of contacts between

Figure 3. Top: comparison of MD average structures for oxidized (cyan)
and reduced (orange) Cyt, together with the crystallographic structures of
the oxidized (blue) and reduced (red) Cyt. The green circle indicates the
aAS1 loop. Bottom: SAM binding zone highlighted on the reduced (orange-
red) and oxidized (blue-cyan) structures. SAM contact zones are represented
in red and blue for Cyt™? and Cyt™?, respectively.

the loop and the SAM induces a larger structural distortion of
the loop with respect to the starting crystal structure. Analysis
of the interaction zones with the SAM surface explains these
differences (Figure 3). Both redox states bind through the
C-terminal helix A (lysinel3), the oDE or w loop (lysines 79,
86 and 87) and the small helix D (lysines 72, 73). In the reduced
state, however, additional interactions are formed with lysines
22 and 25 from the aAS1 loop, forcing the loop to adopt the
observed conformation and rotating the molecule to lower a
values. In the oxidized state, on the other hand, a new contact
is established with Lys8 located at the beginning of helix A,
thus forcing the molecule to rotate toward higher a values.

Note that the computationally predicted Cyt*? contact lysines
are in excellent agreement with previous experimental observa-
tions by Xu et al.?°

Analysis of Electronic Couplings. To analyze the influence
of protein dynamics and the different binding orientations on
the heterogeneous ET reaction, we have computed the optimum
electron pathways and their corresponding electronic coupling
matrices (Tpa) along the simulations for each of the Cyt/SAM
complexes described above using the pathways algorithm. The
results summarized in Table 1 show that couplings strongly
depend on the orientation and binding zone. The highest average
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Table 1. Electronic Coupling Calculations Using the Pathways Algorithm (all values are expressed in eV)?

MD zone (Tony P TR boptimal path

rl MZ A 4.59 x 107 5.81 x 1073 1.85 x 1073 HEM-CYS17-SAM

2 MZ A 44 x 107* 8.32 x 1073 14 x 1073 HEM-CYS17-SAM

r3 MZ A 510 x 1074 1.72 x 1074 1.7 x 1073 HEM-CYS17-SAM

ol/r MZ A 525 x 107* 8.79 x 1073 1.6 x 1073 HEM-SAM

03/r MZ A 324 x 1074 7.25 x 1073 9.37 x 107* HEM-SAM

03 MZ B 42 x 107 1.16 x 107* 1.7 x 1073 HEM-SAM

02 MZ B 8.02 x 1073 2.57 x 1073 253 x 107* HEM-WAT-SAM

ol MZ B 6.9 x 1073 8.83 x 107° 3.7 x 1074 HEM-WAT-SAM

r2/o MZ B 2.7 x 1074 6.87 x 1073 9.3 x 107* HEM-SAM

r3/o0 MZ B 1.25 x 1073 2.73 x 107° 6.01 x 1073 HEM-SAM

r4 MZ B/C 9.8 x 1073 1.28 x 1073 48 x 107 HEM-SAM

o4 Mz C 2.1 x 1073 3.57 x 107° 1.1 x 107 HEM-METS80-LYS79-SAM

o7 I 7 x 10°¢ 1.52 x 107° 3x 1073 HEM-ARG38-SAM

5 11 8.5 x 107 1.94 x 107°° 3.7 x 1073 HEM-GLY41-SAM

05 111 8 x 1077 3.24 x 1077 2.31 x 107 HEM-MET80-WAT-SAM

06 v 1.1 x 107¢ 5.65 x 1077 232 x 107 HEM-TRP59-THRS58-SAM
“ Labels “0” and “r” refer to oxidized and reduced Cyt, respectively (see Figure 1A and corresponding text). The o#/r label denotes a Cyt™ structure

in a starting orientation that correspondes to Cyt+2 preferential binding and vice versa for r#/o. (Tpa), T¥inand 7¥&* stand for average, minimum and

maximum coupling, respectively. * For optimal paths belonging to MZ A and MZ B, HEM stands for the pyrrolic ring C.

and maximum couplings ({Tpa) and TR, respectively) are
observed in the MZ, particularly MZA. Zones II, III and IV
exhibit (Tpa) values that are 2—3 orders of magnitude lower
than in the MZA, and therefore, these configurations are unlikely
to be relevant for the heterogeneous ET reaction.

The dependence of Tpa on o and ¢ in the MZ is shown in
Figure 4. For both Cyt*? and Cyt*?, maximum couplings are
achieved at angles of a ~ 90° and ¢ &~ 195°, which correspond
to the heme group nearly perpendicular to the surface and in
direct contact to the SAM. A comparison of Figures 2 and 4
reveals that for Cyt*? the optimum orientation in terms of Tpy
is relatively close to the maximum of the binding energy. Thus,
establishing maximum coupling for the thermodynamically most
stable orientation requires a relatively small rotation (~20°) with
respect to @. For Cyt™>, in contrast, the best binding subzone
corresponds to low coupling values, while the high-coupling
zone shows weak binding. Therefore, Cyt™ binds preferentially
trough a low-coupling zone, thus requiring a large amplitude
reorientation (40—50° in each angle) to achieve maximum
coupling. This may result in protein movement being the rate-
limiting event in the reduction of Cyt'3, consistent with
experimental observations.**

Structural Analysis of ET Paths. The present results clearly
show that the protein orientation determines the order of
magnitude of the Tpa. A detailed analysis of calculated Tpa
values along the MD simulations shows that, in addition to the
coarse orientation effect described above, small structural
fluctuations may alter T values by up to 1 order of magnitude,
thus exerting a fine-tuning of the ET rate. The molecular basis
of such tuning resides in low-amplitude global breathing motions
of the protein and the mobility of interfacial water molecules.
The first effect is exemplified in Figure 5 for one simulation of
Cyt™? in the MZ. It can be seen that small fluctuations of the
heme group and side chains of a properly oriented molecule
are sufficient for varying Tp, by a factor of 3—35, corresponding
to alterations of kgr by a factor of 9—25.

In addition, water molecules can transiently turn a low-
coupling pathway into a more favorable one, by bridging
through-space jumps and converting them to tightly coupled
hydrogen-bond mediated ones. This is shown in Figure 6 for
one MD simulation of Cyt™ in the MZ. The spikes that represent
10-fold increases of Tpa do not correlate with orientational
changes, but are caused by transient short-circuiting of the pre-
established pathway by water molecules.
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Figure 4. Average electronic couplings as a function of the orientational
angles for the reduced (top panel) and oxidized (bottom panel) Cyt. The
color code indicates increasing electronic couplings from 0.2 meV (blue)
to 0.8 meV (orange).

Note that protein, water, and SAM mobility, which are crucial
for the fine-tuning of the Tp,, are likely to be affected by the
temperature, viscosity and electric field strength at the interface.
In the present simulations the electrode potential and, therefore,
the interfacial electric field, is not explicitly considered. It is
very likely that under the influence of the strong electric fields
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Figure 5. Variations of the electronic coupling due to heme and heme
side chain fluctuations. The bottom panel shows the variations of the angles
a and ¢, the distance from the heme iron to the Au and the electronic
coupling along the 20 ns simulation. The blue vs green structures represent
a configurational change associated with a 2—5-fold increase in the
electronic coupling.

characteristic of electrochemical and biological interfaces the
mobility is largely restricted, and consequently, the most
favorable configurations might be reached with lower frequency.
On the other hand, it can be expected that the lifetime of the
favorable configurations is also extended considerably, thus
increasing the probability of electron tunnelling from such
configurations.

Dynamical Analysis of Cyt Dipole. As shown above, Cyt
achieves maximum dipole moment values within the MZ. A
closer look reveals that the modulus and direction of the dipole
vary significantly along the simulations (Figures S6 and S7 in
the Supporting Information). Variations of the modulus mainly
arise from the movement of charged residues during the MD,
while the direction varies in response to both the movement of
charged residues and concerted rotations of the protein. This
effect is visualized in Figures 7 and § for both Cyt*? and Cyt ™.

For Cyt™ two regions of high and low dipole moment values
can be clearly distinguished. Maximal dipole moments are found
at two locations: (o0 = 80°, ¢ = 185°) and (a = 120°, ¢ =
200°), i.e. with the heme propionates pointing away from the
SAM. Interestingly, dipole moment orientations close to 180°
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Figure 6. Water-mediated increase of the electronic coupling. The top panel
represents different electronic pathways in different colors. Red: optimum
pathway involving a through-space jump. Blue: pathway short-circuited by
water molecules. Green: pathway after reorientation of Cyt with an increased
heme—SAM distance. The bottom panel shows the variations of the angles
a and ¢, the distance from the heme iron to the Au and the electronic
coupling along the 20 ns simulation. The color code is similar to the one
employed in the top panel and indicates the optimal pathways operating
along the simulation.

(i.e., perpendicular to the surface) are achieved in two zones
which overlap with those of the highest dipole moment values.
In contrast, Cyt™, which generally displays lower dipole
moment values, does not show any evident correlation between
modulus and direction. Note that for Cyt*? the variations of
the dipole modulus are much smaller than for Cyt™. The
differences can be mainly ascribed to the enhanced structural
flexibility of Cyt™ upon contacting the aAS1 loop with the
SAM (see above). The magnitude of the change of the dipole
moment is in agreement with previous studies showing that
subtle deformations of Cyt that do not represent a change of
secondary structure may induce significant variations of this
parameter.40

Finally, it is interesting to compare binding energies (Figure 2)
and dipole moments (Figures 7 and 8). In the present work all
simulations have been performed considering an uncharged metal
substrate that is not subjected to an externally applied potential.

(40) De Biase, P. M.; Paggi, D. A.; Doctorovich, F.; Hildebrandt, P.; Estrin,
D. A.; Murgida, D. H.; Marti, M. A. J. Am. Chem. Soc. 2009, 131,
16248.
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Figure 7. Total protein dipole moment as a function of the orientation for
reduced (top panel) and oxidized (bottom panel) Cyt. The color code indicates
increasing dipole moments from 300 D (blue) to 700 D (orange).

Thus, from the point of view of the charges only, this situation is
comparable to a working electrode close to its potential of zero
charge (E,,.). In the experimental studies performed on equivalent
systems, however, potentials may be well above or below E,,,
depending on the nature of the metal and the coating. This implies
that the adsorbed Cyt molecules experience strong interfacial
electric fields (Eg) that can affect the protein orientation signifi-
cantly. The Er will favor those orientations with the dipole
perpendicular to the surface (i.e., parallel to the Er vector).
Therefore, the total Cyt/SAM interaction energy will be a combina-
tion of the binding energies calculated in the absence of an Er and
the interactions of the Er with the dipole moment. In a first
approach, the result can be considered as an Ep-weighted combina-
tion of the plots in Figures 2, 7 and 8. In the low Ef regime, the
protein is expected to be preferentially oriented according to the
minima in Figure 2. In contrast, high Er values will drive the protein
to the maxima of Figure 8.

Discussion

What Governs Cyt Orientation? The results presented in this
work have several implications concerning the orientation of
Cyt in electrostatic complexes with carboxyl-terminated SAMs.
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Figure 8. Dipole moment orientation as a function of the protein orientation
for the reduced (top panel) and oxidized (bottom panel) Cyt. The color
code indicates increasing perpendicularity of the dipole moment with respect
to the Au surface from 130° (blue) to 170° D (orange).

First, the existence of multiple energy wells suggests a distribu-
tion of orientations of the adsorbed proteins. Second, the
adsorbed molecules exhibit significant mobility that can be
described as protein rotations on the surface driven by the
formation of new lysine/SAM interactions and the concomitant
losing of other contacts. Third, binding energy analysis shows
that Cyt*? and Cyt™ have different preferred orientations due
to small structural variations at the level of the aAS1 loop.

These conclusions are valid for an uncharged metal substrate.
At an electrochemical interface the preferred orientation will
depend not only on the specific protein/SAM interactions but
also on the unspecific interactions of the protein dipole moment
with the interfacial Er. Given that dipole moment orientations
and binding energy surfaces show different optimum distribu-
tions (Figures 2 and 8), their relative populations are expected
to respond to changes of the applied potential. This prediction
is in very good agreement with previous experimental results
which show a change in the average heme orientation as function
of the Er controlled either by the electrode potential, the SAM
thickness or the solution pH.>**

What Determines the Observed ET Rate? Long-range ET
kinetics can be described in terms of the high-temperature limit
of Marcus semiclassical equation, which can be expressed as
the product of a Franck—Condon (FC) factor and the 7Tp, term.
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The FC factor is determined by the reorganization energy (1)
and by AG®, which in turn depends on the standard reduction
potential of Cyt (E°). Neither A nor E° is expected to be a
function of the protein orientation, unless different orientations
produce significant alterations of the protein structure to different
extents. As shown in previous sections, MD simulations only
detect minor structural variations at the level of the A1 loop
but not at the level of the heme, and only for Cyt+2. Therefore,
variations of kgr can be primarily assigned to differences in Tpa
for different orientations.

Pathways computations along MD simulations of the Cyt/
SAM complexes show that optimal 7, values strongly depend
on the protein orientation. Indeed, relatively small reorientations
of the complexes within the MZ result in changes of Tpa by a
factor of 2—10, which corresponds to a 4—100 fold variation
of the heterogeneous kgr. Moreover, orientations with the best
electronic coupling do not overlap with those exhibiting the
highest binding energies and/or optimum Er—dipole alignments,
as also observed experimentally for Cyt adsorbed on indium—tin
oxide.>® Therefore, on the basis of the present results, the
following scenario can be envisaged for an electrochemical
experiment.

Given an orientational ensemble, proteins in orientations of
best electronic coupling will be reduced/oxidized first, resulting
in a modified ensemble that will relax to the corresponding
equilibrium distribution. This ET-coupled reorientation is driven
by the different energy and dipole distributions obtained for
each redox state. In the presence of a strong Er two effects are
expected to modify the ET rate. First, the Er will change the
orientational distribution by favoring those orientations with an
aligned dipole. The resulting ensemble is expected to have lower
(Tpay values, i.e. lower measured kg, since best couplings values
do not correspond to an Ep aligned dipole. Second, reorientation
of the protein to a more favorable conformation for ET is
expected to be retarded in the presence of a strong Eg due to
dipole alignment. The magnitude of the latter effect can be
estimated based on the orientation-dependence of the binding
energy, coupling and dipole moment. Assuming that the
orientational population of Cyt is determined only by the bind-
ing energy, a Boltzmann analysis shows that Cyt*? presents
significant populations only for a values between 90°—100° (see
Figure S8 in the Supporting Information), i.e. similar to the values
for a that represent the best couplings in this redox state. However,
in order to achieve maximum coupling, the protein needs to rotate
by ~30° in the ¢ direction. Such a rotation would imply an
activation energy (E,) of ~16 kcal-mol™!, estimated as the
difference between the binding energy in the preferred orientation
and the maximum energy found along the motion toward the target
orientation, i.e. the one with highest electronic coupling. Cyt™,
on the other hand, presents a narrower distribution, localized around
o = 130° and @ = 155°. Thus, in order to reach the highest
coupling zone, Cyt™3 must rotate 30° in each angle, which implies
E, ~ 40 kcal*mol .

In the presence of a homogeneous Ep, the activation energy
required for rotation of Cyt from the best binding zone to the
best coupling zone includes an additional work term

Wy = — il * |Eglcos 6 3)

where zi is the permanent dipole moment, IEFI is the electric
field and 6 is the angle between g and |Egl. Table 2 shows the
effect of this additional activation term on ki estimated for
different field strengths assuming an Arrhenius-like behavior.

Table 2. Estimation of the Eg Effect on kg of Cyt™ and Cyt*3 for
the Transition from the Most Stable Orientation to the One
Providing Optimal Electronic Coupling

Er (V-AY) Wer (kJ-mol™") E, (kJ-mol™) Kn Kever

Cyt+3

0 0 167.5 1

0.001 1.4 168.9 0.6

0.01 14.0 181.5 3x 1073

0.05 70.0 237.4 55x 1071

0.1 139.9 307.3 3.0 x 1075

1 1398.7 1566.1 6.7 x 107246
Cyt+2

0 0 67.3 1

0.001 0.6 67.9 0.8

0.01 6.4 73.7 7.6 x 1072

0.05 31.8 99.1 2.6 x 107°

0.1 63.7 131.0 6.9 x 10712

1 636.7 704.0 2.4 x 107112

As expected, moderate fields comparable to those expected at
electrochemical and biological membrane interfaces may have
a drastic effect on kg.

Electric fields are not only expected to influence the coarse
orientation and activation barriers for reorientation of Cyt in
the electrostatic complexes. Small thermal fluctuations of the
adsorbed protein and interfacial water molecules, which have
been shown here to be crucial for establishing transient ET paths
of high Tpa, should also be slowed down significantly in the
presence of sufficiently strong fields. The result would be a
reduced probability of reaching configurations of best electronic
couplings and, therefore, a lower apparent ET rate.

The present results provide a consistent molecular interpreta-
tion to the distance-dependence of the apparent ET rates
observed experimentally for Cyt and other proteins on SAM-
coated electrodes. At thick SAMs the Ef at the protein binding
site is small and, therefore, protein and interfacial water
molecules are able to experience fast reorientation. In this regime
the distance between the electrode and the redox center implies
low Tpa values and, thus, electron tunnelling is the rate limiting
event. At thinner films the interfacial Ey increases, thereby
retarding reorientation and thermal fluctuations that, hence,
become rate-limiting.

Physiological Relevance of the Biomimetic Complexes. SAM-
coated electrodes have been extensively employed for investi-
gating redox proteins. There is no doubt that these biocompatible
systems represent a powerful platform for performing electro-
chemical and spectroelectrochemical studies that can afford
valuable thermodynamic, kinetic and structural information of
the immobilized protein. In some cases they can also be regarded
as biomimetic in the sense that they reproduce some basic
features of the physiologically relevant interface. The question
whether conclusions derived from experiments with such
simplified biomimetic systems can be extrapolated to real
complexes, however, remains unanswered. In the specific case
of Cyt/SAM complexes, the first issue to be considered is their
structural/orientational correlation with the physiological com-
plexes of Cyt with mitochondrial membrane complexes I1I and
IV (bcy and CcO, respectively). Regrettably, there is no available
crystal structure for any of the corresponding mammalian
protein—protein complexes, although a structural model for the
mammalian Cyt/cytochrome ¢ peroxidase (Cyt/CcP) complex
has been proposed.*' The structure of the complex of yeast iso-

(41) Pelletier, H.; Kraut, J. Science 1992, 258, 1748.
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Table 3. Observed Electrostatic Cyt/partner Interactions

Complex

Cyt/be Cyt/CcO Cyt/CcP Cyt/SAM
- Lys8 Lys5 Lys8

Lys13 Lys13 Lys13 Lys13
Lys27 Lys72 Lys72 Lys72
Lys79 Lys73 Lys73 Lys73
Lys86 Lys86 Lys86 Lys86
Lys87 Lys87 Lys87 Lys87

Cyt with b, has also been reported.** Thus, a crude estimate
of the possible electrostatic contacts in the equivalent mam-
malian complex can be obtained by superimposing the structure
of horse heart Cyt with the available iso-Cyt/bc; complex
structure. For Cyt/CcO complexes, on the other hand, no
structure is available for any species, but the interactions have
been simulated using a rigid docking approach.** The analysis
of the three model complexes (Cyt/CcP; Cyt/bc; and Cyt/CcO)
indicates that the electrostatic interactions of Cyt with any of
the partners rely on 5—6 Lys residues which are essentially the
same in all cases (see Table 3). Interestingly, the Cyt/SAM
system mimics correctly the putative binding mode of Cyt to
CcO and CcP, and also reproduces 3 out 5 predicted Cyt/bc,
interactions.

According to the results of the present work, maximum 7pa
values are obtained by direct contact of the heme edge with the
SAM surface. This conclusion agrees with a previous proposal
for the optimal electron pathway from Cyt to CcO. The
predictions of MD simulations on Cyt/SAM biomimetic systems
are also in agreement with previous experimental results
indicating differential adsorption of Cyt*? and Cyt*® to CcO,
as well as rearrangements of the complex upon interprotein
ET.**~* Moreover, it has been shown that increasing trans-
membrane potentials slow down the catalytic activity of CcO
toward Cyt.***° In the same line, the reaction between Cyt and
CcP is inhibited at low ionic strengths, presumably due to
electrostatic freezing of the interprotein complex.>® Bell-shaped-
behaved ionic strength dependencies of the ET rates have also
been observed for other interprotein redox complexes,” * and
can be generally interpreted in terms of the qualitative picture
emerging from the present simulations.

(42) Lange, C.; Hunte, C. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 2800.

(43) Roberts, V. A.; Pique, M. E. J. Biol. Chem. 1999, 274, 38051.

(44) Cheung, E.; Taylor, K.; Kornblatt, J. A.; English, A. M.; McLendon,
G.; Miller, J. R. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 1330.

(45) Michel, B.; Bosshard, H. R. Biochemistry 1989, 28, 244.

(46) Michel, B.; Mauk, A. G.; Bosshard, H. R. FEBS Lett. 1989, 243, 149.
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Biochemistry 1989, 28, 456.
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Thus, it appears that the Cyt/SAM complexes studied here
by computational methods and experimentally in previous work
are able to reproduce some essential features of the physiological
complexes and, at the same time, exhibit the simplicity required
for in-depth physicochemical studies.

Conclusions

The simulations presented here refer to a simplified system
where the high local electric field present at electrochemical
and biological interfaces are not explicitly considered. Under
these conditions, it is shown that even for Cyt which is regarded
as the typical example of a redox protein possessing a well-
defined charged binding site, electrostatic interactions with an
oppositely charged model system lead to a distribution of
orientations and, therefore, to a distribution of electron tunnelling
probabilities. Moreover, it is shown that the adsorbed protein
exhibits significant mobility in the electrostatic complex. These
results suggest that the measured ET rates in real complexes
represent a convolution of orientational dynamics and tunnelling
probabilities. Moreover, subtle structural fluctuations of the
protein and interfacial water molecules that do not imply coarse
reorientation can be sufficient for modulating the ET rate by
more than 2 orders of magnitude.

Certainly much more work with model systems of higher
complexity is required for a precise description that can be
quantitatively compared with real systems. The simplified
system, however, captures the essence of the problem and
provides a molecular picture that qualitatively should also hold
for real complexes. The essential difference that can be
anticipated is a narrower distribution of orientations and lower
protein and interfacial water mobility due to the action of the
interfacial electric fields and possible specific interactions. This
effect might be at the origin of the “unusual” distance-
dependence of the ET rates experimentally observed for a variety
of proteins in similar systems, which has been a long-standing
open question in bioelectrochemistry.

Moreover, the findings from the present computational study
may have important implications for the in vivo control of ET
processes in the respiratory chain, particularly related to the
possible modulation by the transmembrane potential,>*° and
provide a consistent molecular picture for the widely observed
bell-shaped dependence of ET kinetics with ionic strength in
protein—protein redox complexes.”® >
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