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ABSTRACT: Horse muscle myoglobin (Mb) was tightly immobilized at Au-deposited
~15-A-thick mixed-type (1:1) alkanethiol SAMs, HS—(CH,),;,—COOH/HS—(CH,);;—
OH, and placed in contact with buffered H,O or D,O solutions. Fast-scan cyclic
voltammetry (CV) and a Marcus-equation-based analysis were applied to determine
unimolecular standard rate constants and reorganization free energies for electron transfer
(ET), under variable-temperature (15—55 °C) and -pressure (0.01—150 MPa) conditions.
The CV signal was surprisingly stable and reproducible even after multiple temperature
and pressure cycles. The data analysis revealed the following values: standard rate constant,
33 57! (25 °C, 0.01 MPa, H,0); reorganization free energy, 0.5 + 0.1 eV (throughout);
activation enthalpy, 12 + 3 kJ mol™’; activation volume, —3.1 + 0.2 cm® mol™"; and pH-
dependent solvent kinetic isotope effect (ki;/k}), 0.7—1.4. Furthermore, the values for the
rate constant and reorganization free energy are very similar to those previously found for
cytochrome c¢ electrostatically immobilized at the monocomponent Au/HS—(CH,);;—
COOH junction. In vivo, Mb apparently forms a natural electrostatic complex with

cytochrome b (cyt-bs) through the “dynamic” (loose) docking pattern, allowing for a slow ET that is intrinsically coupled to the
water’s removal from the “defective” heme iron (altogether shaping the biological repair mechanism for Mb’s “met” form). In
contrary, our experiments rather mimic the case of a “simple” (tight) docking of the redesigned (mutant) Mb with cyt-bs (Nocek
et al. J. Am. Chem. Soc. 2010, 132, 6165—6175). According to our analysis, in this configuration, Mb’s distal pocket (linked to the
“ligand channel”) seems to be arrested within the restricted configuration, allowing the rate-determining reversible ET process to
be coupled only to the inner-sphere reorganization (minimal elongation/shortening of an Fe—OH, bond) rather than the
pronounced detachment (rebinding) of water and, hence, to be much faster.

B INTRODUCTION

Historically, globins (mostly myoglobins of different origin)
have been introduced as typical representatives of smaller
globular proteins to study their structure, dynamics, and
function and the links between these three fundamental
aspects.' > A broad spectrum of intraglobular, hierarchically
networked space- and time-spanned conformational trans-
formations have been recognized to determine the functional
properties, which, for diverse globins, entail small-ligand storage
and transport,' %7 “reparative” (outer-sphere) electron trans-
fer (ET),”” "% molecular catalysis (enzymatic activity),"'"'> and
so on. However, the relative ease of exposing of well noticeable
conformational motifs has usually been counterbalanced by the
richness of their manifold, hence giving rise to difficulties in
profound mechanistic comprehension.’

Specifically, in mammals, myoglobin (Mb) [as well as
hemoglobin (Hb)] binds oxygen (O,) in the reduced (Fe**)
state, but under physiological conditions, it can unintentionally
be oxidized to the O,-inactive state (Fe**).*° In vivo, the
globins’ reparation apparently takes place by the help of soluble
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cytochrome bs (cyt-bs) which reduces Fe**Mb (or Fe**Hb)
back to the active Fe®* state by interprotein (outer-sphere)
ET.*7'""™" In the oxidized (ferric) Fe®* state, globins in their
distal pockets have a water molecule covalently bound to the
heme iron (forming the “met” form), with water being
simultaneously hydrogen-bonded to the imidazole group of a
distal His-64. In the reduced (ferrous) Fe?* state, H,O does not
bind to the heme iron but can probably retain the hydrogen
bond to His-64.'*>* Detachment of water from the heme iron
and its subsequent intraglobular diffusion, presumably through
the hydrogen-bonded aqueous network (through the so-called
“ligand channel”, vide infra), should be a prerequisite for the
ultimate penetration of O, into the distal pocket and binding to
Fe?*»7%*73% Indeed, when small “gaseous” ligands such as O,,
CO, or NO bind to the ferrous iron atom in Fe**Mb, the distal
pocket water must be displaced beforehand. Hence, the Fe**/
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Fe®* redox process (implying the outer-sphere ET pattern) in
globins is essentially coupled to a naturally occurring
detachment of the water molecule from the heme and,
obviously, to a substantial reorganization of the nearest
environment [e.g,, the conformational displacement of a His-
64 side group with imidazole hydrogen-bonded to a given
water, hopping of water molecules within the associated
intraglobular water chain, opening of the protein’s ligand
channel (gate); see refs 35—44, vide infra]. The mechanistic
issue of coupling between the outer-sphere ET and water
displacement, has been investigated by several experimental and
theoretical approaches:

In their earlier work, Parak et al.**~** reduced the high-spin
metmyoglobin (Fe**MbH,0) by either X-irradiation (reduc-
tion by thermalized electrons) or dye-mediated photoinduced
ET at cryogenic temperatures. Formation of the “metastable”
low-spin Fe”"MbH,O configuration was observed by means of
X-ray diffraction and Mossbauer and optical spectroscopies,
with H,O still covalently bound to Fe**. Upon heating above
140 K, this species transformed into the conventional (“stable”)
high-spin Fe?*Mb (“deoxy”) form, with H,O somewhat moved
away from Fe?*3*~* Hence, under these cryogenic conditions,
the ligand water can attain only three fixed positions at (near)
heme iron, rather than diffuse through the ligand channel.

Different groups have applied electrochemical techniques to
study the redox response of a native or chemically modified Mb
in a freely diffusing regime™* and demonstrated that
chemical alterations that presumably destroy a water chain
within the ligand channel (hence, blocking the detachment and
migration of water from the heme iron) lead to the essential
increase in the ET rate constant. Other electrochemical studies
have e)%)loited the redox properties of Mb in a surface-confined
regime’®>* and found that the ET rate is essentially
determined by the confinement mode.

As briefly mentioned above, Hoffman and co-workers'>~
extensively studied “homogeneous” (liquid-phase) ET between
cyt-bs and the native and mutant forms of Mb and
demonstrated that the wild protein forms a rather loose
precursor complex with cyt-b; (the case of a “dynamic
docking”) and then undergoes relatively slow interprotein
ET. The proper re-engineering of the protein surface might
lead the tight protein—protein complexation (the case of a
“simple docking”) and the essentially improved ET rate
constant.'"”

Very recently, by connecting the two earlier approaches,
Bowden et al>>*° considered links between the protein—
protein and protein—SAM docking paradigms (implying liquid-
phase and interfacial assemblies, respectively) in the context of
the impact of the docking strength on Mb’s functional ability.
They reported voltammetric studies on dehydroperoxidase
(monomeric bacterial globin®’) long-range ET at Au electrodes
modified by thicker mixed (—COOH/—OH)-terminated
SAMs.>>*° The subsequent analysis led to the necessity of
considering the role of the protein’s conformational dynamics
in ET. A similar tentative conclusion was drawn in our
preliminary short communication®® reporting voltammetric
studies of ET for horse muscle Mb tightly bound to mixed
HS—(CH,);;—COOH/HS—(CH,),;;—OH SAMs.

Furthermore, advanced theoretical modeling and
molecular dynamic simulations®*™% were performed to
comprehend Mb mechanisms at the atomistic level. In
particular, notions of the 6%eneralized (“multidimensional”)
theory of charge transfer®~’' (encompassing the basic
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Landau—Zener energy-curve-crossing paradigm) were ad-
dressed to understand coupling of the ligand attachment/
detachment reaction coordinate with the heme/protein degrees
of freedom.**~%¢ Almost in parallel, notions of the same general
theory were applied for the mechanistic analysis of ET
(electron-exchange) coupling with recognizable intramolecular
(inner-sphere) and solvent (outer-sphere) vibrational modes in
model metal complexes such as [Fe(H,0)¢]"/3*.7>77¢
However, no attempts have been made so far to treat all of
the elementary events involving metmyoglobin, including the
water ligand dynamics and outer-sphere ET, within a unified
combined model based on the generalized multidimensional
theory.””~7!

In this article, we present a complete account of our original
work on Mb film voltammetry at mixed, tightly grasping Au/
SAM junctions, including the effects of temperature, pressure,
and solvent isotope substitution. Our results indicate very
strong docking of Mb that, seemingly, severely restricts the
ligand channel opening and, hence, any sizable detachment of
water from the heme iron (resembling the case with a frozen
environment™~**). In terms of contemporary theoretical
notions, “ligand water” in this particular system acts as stable
ligand, undergoing minor inner-sphere reorganization upon
electron exchange, and this fact leads to accelerated ET rate
constant (compared to the case of “free” Mb, in which ET can
be coupled to the longer jump of a ligand water inside Mb’s
distal pocket) approaching that of cyt-c under comparable
experimental conditions.

B EXPERIMENTAL SECTION

Materials. Higly purified Mb from horse skeletal muscle was
purchased from Sigma and used as received. The alkanethiols
12-mercaptopropionic acid and 11- mercaptoundecanol, of the
highest purity commercially available, were from Sigma-Aldrich
and used as received. Deuterium oxide was obtained from
Euriso-top C.E. Saclay Gif-sur-Yvette, France. Tris-
(hydroxymethyl)aminomethane hydrochloride (Tris-HCI,
98%; Sigma) buffers, which are known to withstand pressure-
induced pH changes,”” were used in the high-pressure
experiments, at pH/pD 7.3, as well as in the variable-
temperature (pH/pD 7.3) and variable-pH (5.6—7.3; T = 2§
°C, ambient pressure) experiments, to guarantee comparable
experimental conditions. In addition, phosphate buffers were
used to allow for a further pH (pD) variation within the range
of 7.3—8.5. Working solutions (20 mM Tris or phosphate)
were prepared by dissolving the buffer components in Milli-Q
water or commercial D,0O. Correspondingly, the pH or pD
values for the working solutions were adjusted by addition of
H,O- or D,0-based concentrated solutions of NaOH or HCI.
[See refs 78—81 regarding the comparison of pH and pD scales,
as well as the corresponding subsection in Results and
Discussion. ]

Electrochemical Cell and Electrode Preparation. The
high-pressure electrochemical cell and vessel were described in
detail before.** " In brief, the working electrode (@ 1.6-mm
gold disk sealed in Teflon cylinders, BAS), auxiliary electrode
(platinum wire), and quasireference electrode (Ag/AgCl/4 M
KCl) were sealed into the cell cap by two O-rings. The
assembled pressure vessel containing the cell was placed in a
thermostatted water jacket equilibrated at the desired temper-
ature. The temperature was controlled to within +0.1 °C using
a digital temperature controller. Working solutions were
thoroughly purged with argon (for ca. 30 min) before kinetic

dx.doi.org/10.1021/jp4101569 | J. Phys. Chem. B 2014, 118, 692—706



The Journal of Physical Chemistry B

3.00E-07

(@)

2.00E-07 A

1.00E-07

—

=< 0.00E+00 1

-

-1.00E-07

-2.00E-07

-3.00E-07

-0.2 -0.1 0 0.2 0.3 0.4

E (V)

1.50E-06
| (b)
1.00E-06

5.00E-07 -

0.00E+00 -

-5.00E-07 -

-1.00E-06 -

-1.50E-06 T T T T T T T T T T
-0.2 -0.1 0 0.2 0.3

0.4

Figure 1. Typical cyclic voltammograms for the Mb electron exchange at Au/SAM junctions composed of the mixed (1:1) alkanethiol elements
HS—(CH,),;—COOH and HS—(CH,),;—OH. Potential scan rates: (a) 0.3, 0.5, 0.7, and 1 V s™! (H,O, phosphate buffer, pH 7.3, 25 °C); (b) 1, 2, 3,

and 5 V57! (D,0, Tris buffer, pH 7.7, 50 °C).

Table 1. Kinetic and Activation Parameters of ET (Electron Exchange) for Mb Immobilized at a 1:1 Mixed HS—(CH,),,—
COOH/HS—(CH,),,—OH SAM (H,O and D,O Solutions) and at the Monocomponent HS—(CH,),,—COOH SAM, along with
the Available Data for Cyt-c Immobilized at the Same Monocomponent SAM

K (s7h)
protein, SAM type (20 °C, 0.1 MPa)
Mb, mixed SAM (H,0) 33 (pH 7.3)
Mb, mixed SAM (D,0) 38 (50)° (pD 7.3)
Mb, mono SAM (H,0) 8 (pH 7.3)
cyt-c, mono SAM (H,O) 36" (pH 7.0)

“Value from a particular experimental series on the impact of T and P on k°.

from refs 92 and 109. “Data for freely diffusing cyt-c from ref 83.

A (eV) AH, (k] mol™") AV, (cm® mol™)
0.5+ 0.1 12.1 + 0.3 -31+02
0.5 + 0.1 112 + 0.5 -36+03
not measurable not measurable not measurable
04-0.6° 14.4° -5.57

“Data from ref 114. “Data for cyt-c attached to the Py-terminated SAM

experiments to remove the oxygen. The variable-pressure
measurements were performed starting at P = 5 MPa (to
eliminate any small bubbles) in steps of 50 MPa. The variable-
temperature measurements were performed with temperature
steps of 10 K.

The gold disk electrode, used as SAM-deposited substrates in
bioelectrochemical kinetic experiments, was treated according
the procedures described elsewhere.®> In brief, the electrode
surface was cleaned with successive exposure to 60 °C
sulfochromic acid and 5% HF. This procedure was repeated
three times. Mono-component and mixed self-assembled
monolayers were prepared by direct immersion of freshly
cleaned electrodes into single-component and mixed (1:1)
ethanol solutions of the corresponding 5 X 107 M alkanethiols
for 24 h. The electrodes were kept in the coating solutions
overnight to allow complete formation of SAM films. For
protein immobilization, SAM-modified electrodes were thor-
oughly rinsed with ethanol, Milli-Q water, and finally buffer
solution and were transferred into 20 mM Tris (or phosphate)
buffer solution containing 1 mg mL ™" Mb for up to 30 min. All
potentials are given versus Ag/AgCl/3 M NaCl

Instrumentation and Measurements. Electrochemical
measurements were carried out with an Autolab Electro-
chemical Analyzer PGSTAT 30, equipped with the General
Purpose Electrochemical System (GPES) software for
Windows (version 4.9). Conventional fast-scan cyclic voltam-
metry (CV) was applied for the determination of the standard
unimolecular kinetic constant (k°) by plotting the deviations of
the cathodic (Ep.) and anodic (Ep,) CV peak positions from the
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formal redox potential, E® = (Ep. + Ep,)/2 (AE = |Ep. — E°l ~ |
Ep, — E°) versus the reduced potential scan rate, through the
established proceduresss_go (see also refs 86, 87, and 91—93
and the next subsection). Autolab software was used for a
variety of data analyses and the corrections of the experimental
CV response for “postmeasurement” ohmic potential drop
(IRg, where Ry, is the solution resistance between the reference
and working electrodes) 3657 when needed. The values of R, at
different temperatures were calculated taking into account the
changes in conductivity of the solution with temperature.

The surface coverage of electrochemically active Mb (I") was
determined using the area under the peak of the CV curve ()
according to the equation”

[ = 0/nFSv (1)
where n is the number of transferred electrons, F is the Faraday
constant, S is the geometric area of the electrode, and v is the
potential scan rate. The value of I' for Mb at mixed-SAM-
modified gold electrodes (T = 25 °C, ambient pressure) was,
on average, (4 +£1)x 107" pmol cm™2,

CV Data Analysis. Figure 1 shows representative cyclic
votammograms recorded for Mb films immobilized at Au/SAM
junctions composed of the mixed-type (1:1) alkanethiol
elements, HS—(CH,);;—COOH and HS—(CH,),;—OH. The
CV signal was surprisingly stable and reproducible for many
hours, even after multiple temperature and pressure cycles
within the ranges 15—55 °C or 0.01—150 MPa, respectively. In
contrast, in the case where the monocomponent Au/SAM
junctions made solely of the HS—(CH,);;—COOH element
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Figure 2. Data fittings for CV peak deviations from the midpoint potential as a function of the scaled scan rate (points) by the Marcus model with 4
= 0.5 £ 0.1 eV (solid lines): (a) D,O; pH-meter reading 6.4 (phosphate buffer), 25 °C; pressure 0.1 and 150 MPa, respectively. (b) Different Mb
samples (within a purchase time gap of one year) under different buffering (phosphate vs Tris buffer) and pH (6.0—8.0) conditions (25 °C, 0.1
MPa). Dashed curves are drawn solely for purpose of guiding the eye (see text for more details).

were applied, an electrochemical CV signal similar to that
depicted in Figure 1, appeared (not shown), but was much
weaker, displayed a much lower value of the rate constant (see
Table 1 and discussion below), and tended to disappear within
approximately 30 min. Obviously, the reason for this dramatic
divergence is the difference in morphology between the
surfaces for these two types of SAMs, namely, the lower charge
density for the mixed SAM compared to the monocomponent
one. Indeed, according to Liang et al,'® for Mb, the protein
surface area surrounding the partially exposed heme edge
(presumably responsible for Mb docking) is not uniformly
positively charged; hence, along with the additional possibility
of a slight divergence in the SAM components’ length, this
factor leaves vast room for the variation in protein/SAM
binding (grasping) efficiency (see, e.g, ref 93 on a similar
issue).

Marcus equation analysis was applied throughout to
determine values of monomolecular standard rate constants
and reorganization free energies of ET. In liquid electrolytes,
Marcus theory67’70 and its basic extensions (see refs 68, 69, 71,
and 95—99) are commonly used to describe electrochemical
charge-transfer rates in both the weak- and strong-electronic-
coupling limiting cases. In general form, the reduction and
oxidation rate constants can be expressed by the equations®® "

kred(é) =A /exp{— [(EF B 84?/?'+R;f§ + /10]

44,RT

k@) =4 [ exp{— o= o) = &t ol }[1 N)
de

RT )
In eqs 2 and 3, 4, is the overall (resulting) reorganization
energy of the system (vide infra), £ is the overpotential (equal
to the applied potential relative to the formal potential of the
redox molecule), & is the Fermi energy (equal to the applied
potential), f(¢) is the Fermi function, R is the gas constant, T is
absolute temperature, and A is a pre-exponential factor whose
form is specific for the intrinsic ET mechanism. The term ¢ is
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an integration variable that corresponds to the energy of the
electronic levels in the electrode.

B RESULTS AND DISCUSSION

Noticeable Deviations from the Marcus Model. Panels
a and b of Figure 2 depict representative fitting patterns applied
for the CV data obtained under different experimental
conditions (different pressure, buffer composition, pH). One
can see that the CV data within the overvoltage ranges up to ca.
0.1 eV (ca. 10 kJ mol™") can be almost perfectly fitted by the
procedure based on the classical Marcus equation.”®™!
However, the data outside this range cannot be fitted by any
theoretical curve of the Marcus model, which seemingly is an
indication of nonparabolic shapes for free energy wells that
present the ET energetics.””'% "% Importantly, the observed
deviations cannot be attributed to the effects of uncompensated
resistance, as the respective inputs for systems in the present
study were found to be small and fully removable through the
standard procedures (see the Experimental Section). The solid
lines in both panels of Figure 2 correspond to a theoretically
predicted situation with a Marcus reorganization free energy
(4) of 0.5 + 0.1 eV (implying parabolic shapes of respective
free energy wells). The relatively large error of ca. 20% comes
from the limited overpotential ranges in which the data still
match the Marcus model (vide infra).

It is natural to assume that, for the composite, slowly relaxing
environments such as hydrated proteins additionally confined
within semirigid films, the resulting (effective) Gibbs energy
wells that shape, 4, are almost equally contributed by the fast,
statistically independent harmonic modes and by slow,
cooperatively relaxing (dissipative) modes, where the latter
are liable to inharmonic alterations (see the next subsection for
more details). Under zero- or small-energy-gap conditions,
seemingly, both of them tend to display the linear or at least
quasilinear medium response pattern.mo_107 However, at
higher overpotentials, the high-energy, nonparabolic limbs of
the ET-coupled conformational energy wells begin to
participate at the curve-crossing point of the resulting free
energy wells, which would unavoidably result in deviations from
Marcus-type fitting curves,*””'°"'% as depicted by Figure 2.
Furthermore, one should note that application of Marcus
analysis for a limited range of experimental data collected at
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Figure 3. Dependencies of peak currents for Mb electron exchange at Au/SAM junctions as functions of the (a) potential scan rate and (b) square
root of the potential scan rate. The bold dashed straight lines indicate mechanistic matches for the “diffusion-free” and “diffusion-related” regimes.

lower overvoltages (up to ca. 0.1 eV) is well justified provided
that the values of the thus-determined standard rate constants
and reorganization free energies are considered as effective ones
(having physical meaning at lower energy gaps), that is, the rate
constants at large overpotentials (energy gaps exceeding ca. 0.1
eV) cannot be calculated using this value of the reorganization
energy (vide infra). One can see that, below ca. 0.1 eV, the CV
data collected under very different experimental conditions can
be fitted by an almost “universal” theoretical curve signifying
the common value of 4, (0.5 + 0.1 eV; Figure 2). However, the
values for rate constants under different conditions certainly are
different (see Table 1). The CV behavior at large overvoltages
(Figure 2b) was different for two Mb samples with the same
specifications, purchased within a one-year interval. This might
be an indication that the contribution of individual harmonic
(presumably “fast”) reorganizable modes is much more
reproducible from sample to sample than that from much
“slower”, partially unharmonic modes, representative of the
protein’s and SAM’s collective fluctuations (much more prone
to variations caused by intrinsic sample-to-sample variations or
external physical or chemical factors), vide infra.

Recently, Mie et al.*® reported on the large “inverted” solvent
H,0/D,0 kinetic isotope effect (KIE) of 0.13 for wild-type
porcine Mb reacting at an In,O; electrode in a freely diffusing
regime (pH 6.5, phosphate buffer). This large KIE was
eliminated by means of modifications of the distal histidine
(His-64) through either mutation or chemical treatment by
BrCN. These modifications are also known to improve ET rate
constant, along with the electrochemical performance, reversi-
bility, and reproducibility.**~** Based on the previous results,
the authors of ref 48 explained their findings on the KIE
interplay in terms of the involvement of a water molecule
bound to the heme iron of the intact Mb in its oxidized form
(forming metmyoglobin) and its dissociation and reassociation
accompanying Fe reduction and reoxidation. This process
presumably is accompanied by substantial reorganization of the
hydrogen-bonded network around the distal pocket involvin
the protein’s slow collective (conformational) modes.*”**~°
Mutational replacement of distal histidine or its chemical
modification by BrCN seemingly prevents the heme group
from binding water because of the lack of the necessary
stabilizing interaction, leaving the heme iron structure five-
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coordinated (forming so-called deoxymyoglobin).**~** This, in
turn, prevents the distal pocket area from large-scale energy-
consuming collective restructuring, making the resultant ET
process detangled from the reorganization of excess inner-
sphere (Fe—OH,) and related conformational modes and,
hence, much faster (vide infra).

Coupling of ET to “Mobile” Water and Heme/Protein
Dynamics. In the long-range, nonadiabatic (NA) ET regime
(see refs 68—71, 83, 86, 88—93, and 108—110), the pre-
exponential factor can be written as

n°RT
Ao

V.2
AZANA:%pm

(4)

where V,3 is the electronic coupling between the electron-
donor and -acceptor states and p,, is the density of electronic
states in the metal (electrode). Other symbols were defined
above. The standard electron-transfer rate constant, k%, can be
obtained from either eq 2 or 3. Within the NA limit, where V3
< RT (or 4y), and when the overpotential is zero, so that the
ET is controlled by exchange at the electrode Fermi level, eqs 2
and 3 simplify to (see refs 68—71, 83, 86, 88—93, and

108—110)
AG, )
RT (%)

where, within the harmonic approximation for Gibbs energy
wells, in a general case, the following approximation is
applicable (see, however, the discussion below on restrictions
on the harmonic approximation for the current case)

Ac = (G + Ao)?
* 42

K=A exp(—

(6)

in which AG, is the free energy gap (matching the overvoltage,
e£; see eqs 2 and 3). Further, in the case of zero overvoltage
(condition for the determination of the standard rate constant,
k%), eq 6 simplyfies to AG, = 1,/4.

In the case of complex redox-active systems, such as the
confined protein, the slow modes of the protein’s immediate
environment, the protein/water interfacial zone, the protein
matrix, and even the protein’s metal core (heme) can essentially
be coupled and, as already mentioned above, form hierarchi-
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cally organized networks (see refs 2—S, 34—38, 59—61, 87,
100—103, and 107). Certainly, the heme modes involved in the
spin inversion event (if it occurs) and remote proton
translocations disclosed through the KIE definitely are involved
as individual and/or collective reorganizable modes (vide infra).

Figure 3 displays the dependencies of peak currents for Mb
electron exchange at Au/mixed-SAM junctions against the
potential scan rates in two different ways. Figure 3a displays the
peak current directly as a function of the potential scan rate,
whereas Figure 3b shows it as a function of the square root of
the potential scan rate. In the “classical” case of tightly
(irreversibly) immobilized redox-active species, a linear depend-
ence in Figure 3a could be expected, whereas in the “classical”
case of a freely diffusing redox couple, a linear dependence in
Figure 3b is anticipated."'’ Obviously, formally, both patterns
are encountered. Because Mb detachment from the SAM
surface is excluded (as checked by control experiments after
each small and large cycling experiment, implying cycling versus
scan rate and versus temperature and pressure), some intrinsic
mechanistic complication can be outlined. Behavior similar to
that shown in Figure 3b was observed by Bowden et al.>>*® for
the case of mixed-SAM-immobilized bacterial globin and
ascribed to the manifestation of the conformational aspect,
implying the depletion of the redox-active globin fraction with
increasing scan rate; namely, it is assumed that some globin
fractions are tightly fixed such that the accompanying
conformational transformation cannot follow the scan rate
and, hence, cannot allow for ET. Consequently, more tightly
bound fractions of Mb are increasingly turned off. Interestingly,
the pattern transition from type a to type b (Figure 3)
correlates with the pattern transition depicted in each panel of
Figure 2, from a pattern that can be fitted by the Marcus model,
that is, by the trumpet-like function resembling the medium’s
linear response (parabolic free energy surfaces), to the pattern
where such a fitting is impossible (see ref 87 for another
example). In the framework of the hypothesis proposed by
Bowden et al.,56 an observed correlation between the anomalies
regarding the CV peak current and peak potential patterns
(both exposed at higher potential scan rates), at first glance, do
not seem controversial. However, as higher overpotentials
(which, in general, favor the overall ET process) are attained at
higher scan rates, it becomes unclear why ET for some Mb
fractions should be entirely blocked. Instead, some other, more
delicate complication should be operative here.

In a previous article,”” we interpreted the anomalous
appearance of trumpet-like curves similar to those depicted in
Figure 2a,b as due to a violation of the medium’s linear
response archetypal model (involvement of nonparabolic
fragments of corresponding free energy reaction curves). We
also recall the pattern depicted in Figure 3b realized at relatively
high scan rates, which, within the traditional CV analysis," "'
should be associated with reactant diffusion, in contrast to the
pattern in Figure 3a, which is typical for the surface-confined
ET process. A changeover between these two patterns has
previously been observed for a number of interfacial processes,
with the immobilized species involved in ET coupled to the
diffusional motion of another reactant, for example, a proton
(note the well-documented case of the surface confined glucose
oxidase'>!13). Although, in contrast to the case of glucose
oxidase,"" "> in our case, ET is presumably coupled only to
remote proton transfers (vide infra), at higher scan rates when
higher overvoltages are attained, diffusion of protons through
the protein matrix, which should, in turn, be coupled to the
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conformational degrees of freedom, might become a bottleneck
component of the overall concerted process. Specifically, at
high overpotentials, the high-lying fragments of ET-related free
energy curves (essentially contributed by conformational
modes) become progressively involved. Because the curvature
of these fragments can, in general, deviate from the classical
parabolic shape (in particular, be steeper at higher energy
levels; see, e.g., refs 87 and 100—106), this might lead to the
kinetic irregularities depicted in Figures 2 and 3.%

Figure 4 displays a logarithmic plot of a data collection
including a logarithmic plot of the electron-exchange
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Figure 4. Logarithmic dependencies of rate constants of electron-
exchange processes at alkanethiol SAM-coated Au electrodes for the
following systems: cyt-c at HS—(CH,),—COOH SAMs (violet
circles),'®'"* azurin at HS—(CH,),—CH; SAMs (sky blue and
orange rhombi; see refs 86 and 110 for reviews), myoglobin at mixed
HS—(CH,),;;—COOH/HS—(CH,),,—OH SAMs (open and solid red
circles; this work), and myoglobin at HS—(CH,);;—COOH SAMs
(solid blue circle; this work), where the data for the two myoglobin
systems are pointed out by the red and blue dashed arrows,
respectively. See text for details.

unimolecular rate constants for cyt-c and azurin at Au
electrodes coated by the monocomponent HS—(CH,),—
COOH'"*'"* and HS—(CH,),—CH,**'"® SAMs, respectively,
with variable n (n = 3—17). The rate constants for Mb
immobilized at the monocomponent HS—(CH,),;;—COOH
SAM and at the 1:1 mixed HS—(CH,);,—COOH/HS—
(CH,);;—OH SAM (this work) are also displayed. Surprisingly,
the value for the latter system coincides, within the
experimental error, with that obtained for cyt-c at the
monocomponent HS—(CH,),,—COOH SAM,'"* whereas the
values for the reorganization free energies are also similar
(Table 1).

The rate constant for Mb at the monocomponent SAM that
could be measured within the limited time periods (because of
Mb desorption) displayed a much smaller value (Table 1),
notwithstanding the virtual similarity of ET distances for the
monocomponent and bicomponent SAMs. These facts are
indicative of the different steric/electrostatic interactional
requirements for the Mb and cyt-c tight docking at the SAM
terminal groups and the tunability of the SAM—Mb adsorption
strength through the variation of the SAM composition. Our
results also indicate that the ET efficiency for Mb essentially
correlates with the degree of surface confinement (adsorption
strength). The stronger the adsorption, the higher the ET rate
constant. (However, note that, in general, the opposite trend
occurs for a short-range, friction-controlled ET regime; see refs
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Figure S. (a) Dependence of the CV midpoint (formal redox) potential of Mb electron exchange on pH: phosphate buffer, pink symbols; Tris buffer,
dark blue symbols. (b) Dependencies of standard rate constants of Mb electron exchange, determined in buffered H,O and D,O solutions, on pH:
phosphate buffer, solid symbols; Tris buffer, open symbols; H,O solutions, triangles; D,O solutions, rhombi. Dashed curves are drawn solely to
guide the eye; violet symbols and corresponding dashed curve represent pD values determined for D,O solutions, implying a 0.4 unit correction for
the pH-meter reading; black dashed curve represents the same curve without correction (direct pH-meter reading); vertical red line indicates the pH
value (7.3) at which the experiments for variable temperature and pressure were performed. See text for further discussion.

86, 87, 93, 109, and 110.) This conclusion is in accord with the
recent work of Hoffman and co-workers'>™"” in which high rate
constants of interprotein ET to Mb were achieved through the
tightening of the protein—protein precursor docking complex.
Recalling now results of other earlier studies in which, on one
hand, different coupling regimes between ET and water
displacement were demonstrated®™* and, on the other
hand, two major (extreme) forms of Mb conformation (open
vs closed) were established,>** one might come to the logical
conclusion that tight docking (i.e., external physical restriction
of the conformation opening) leads to the restriction of normal
water “detachment” from the heme group and subsequent
intraglobular diffusion to the Mb exterior through the ligand
channel, whereas loose docking allows it. Full water release
should be coupled with the reduction of the metmyoglobin
form by outer-sphere ET from the naturally occurring partner,
cyt-bs, through the loosely bound precursor complex, also
allowing for water replacement by the key ligand, O,.

Effects of Isotopic Composition (D,O versus H,0), pH
(pD), Temperature, and Pressure. The values of the
standard rate constants under different experimental conditions,
determined through the above-described fitting procedure, and
the corresponding activation parameters are collected in Table
1. Figure Sa depicts the dependence of the CV midpoint
potential (ie, the formal redox potential) on pH for Mb
immobilized at Au-deposited mixed-type (1:1) HS—(CH,);;—
COOH/HS—(CH,),,—OH films, whereas Figure Sb depicts
the dependencies of the respective standard rate constants
determined in buffered H,0 and D,O solutions on pH
(triangles), pD (rhombi), and uncorrected pH-meter reading in
D,0 (black dotted curve without symbols; vide infra). The
average slope for the first dependence, if considered linear, is ca.
20 mV per pH unit, which is much lower than the value
expected for a simple equilibrium of a single proton transfer per
transferred electron, namely, 59 mV per pH unit.'"* In the
literature, for diversely arranged Mb layers, mostly larger slopes
were reported (up to S0 mV, at the maximum), but always less
than the theoretical value.*™>* The noninteger values normally
imply that a series of acid—base equilibria, rather than a single
equilibrium, might fractionally contribute to Eo.>> Generally
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speaking, several histidine groups of Mb displaying similar pK,
values might contribute. According to Cooper et al,*® these
residues are likely to be not the proximal or distal histidines but
rather the remote ones. It seems that protonic equilibria are
only weakly coupled to ET in Mb, and the type of the Mb
confinement might notably affect this coupling.

Inspection of Figure Sb indicates that the KIE magnitude,
and even the aspect of its inversion, essentially depends on a
consistent choice of the pD scale. The broadly used correction
for the pD determination, pD & pH, ) + 0.4 (where pH, )
refers to the pH-meter reading in D,0 solutions”®™®!) is due to
intrinsic properties of the electrode’s glass membrane.''®
Systematic studies on side-group pK, shifts in D,0””*" have
demonstrated that the consistent comparison of proteins’
charge states requires that parameters such as E, or k” should
be compared under conditions of nearly equal pH-meter
readings in H,O and D,O solutions; that is, virtually no
correction to pH,,(p) is required.79’80 Indeed, the KIE inversion
almost disappears when the latter condition is applied (see the
dotted curve in Figure Sb). In this context, the large inverse
KIE for ET detected in ref 48 for freely diffusing Mb, obviously,
cannot be explained by any error for the pD scaling. Rather, the
rigidifying (stabilizing) impact of D,0 versus H,O (see, e.g.,
refs 80 and 117) seems to cause an essential restriction of the
conformational flexibility that blocks the ligating water’s
prolonged translocation, a situation resembling that for
surface-confined (tightly bound) Mb in the present study
(vide infra). The almost exponential change of the ET rate with
the D,O fraction in H,O/D,0 mixed electrolyte solutions™
confirms a version of the D,O-induced triggering of the tight
Mb conformation. Importantly, in the case of tight interfacial
confinement, transfer into D,O solution seemingly causes only
minor additional conformational stabilization of Mb.

Furthermore, study of the impact of temperature and
pressure effects normally provides valuable information on
fine mechanistic details of biomolecular processes, including ET
(see refs 4, 6, 20—26, 34—36, 39—42, 67—71, 86, 87, 95—99,
and 110). Specifically, in a nonadiabatic regime of ET (eq 4),
activation enthalpy, AH,, can be directly judged against the
reorganization Gibbs energy, 4, (through eqs S and 6),
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Figure 7. Schematic representation of free energy cross sections along (A) the heme—water (iron—oxygen) chemical bond formation (breakdown)
coordinate, where R represents the Fe--O distance, and (B) the overall generalized reaction coordinate. Panel A depicts the energy curves
attributable to Sy, S,, and S, all of which are effectively bonding states.®? The blue curve matches the singlet state of the ferric metmyoglobin,
MbFe*H,0, with the shortest Fe--O bond (~2.11 A); the bold red curve matches the quintet state of the ferrous form, MbFe*"H,O, with the
intermediate Fe---O bond (~2.49 A), and the bold green curve matches the triplet state with the weakest Fe---O bond (~3.23 A). The double-sided
blue arrow shows the Fe---O bond reorganization during electron exchange in a tight complex. Panel A’ (inset of panel B) depicts this kind of
transition, simultaneously showing the alternative, classical, and quantum patterns.”* The vertical black arrow in panel A shows the first step of the
reversible photodissociation process of water from MbFe>*H,O below 100 K, observed in refs 21 and 22. A thermally activated equilibrium between
these states shown by the double-sided green arrow has also been well-documented.*** In both panels A and B the case of the zero energy gap,
matching the standard rate constant of ET, along with the overvoltage variation are schematically shown. Panel B also shows the deviation of the
shape of the energy curve from that of the harmonic curve, presumably leading to various deviations from the classical fitting pattern depicted in
Figure 2a,b; see text for further details.

provided that the activation entropy is assumed to be d(In £°) AV,
negligible.**""*"'? The Arrhenius-like plotting of In(k°) versus oP = TRT
T~! provides the activation enthalpy through the equation (see ®)

refs 4, 34, 6871, 84-87, and 110) Over limited ranges of T and P, these dependencies can be

o(In k%) AH considered linear, and the corresponding values of the

=-—22 activation parameters can be considered as nearly constant
[O(I/T) :L R (7) (see Figure 6 and Table 1).

Figure 6 depicts the temperature (Arrhenius) and pressure

Similarly, the dependence of In(k};) on P provides the dependencies of k° taken at pH 7.4 (Tris buffer), in both H,0

activation volume, AV, (whose value is also sensitive regarding and D,O, for the Mb sample that exhibited the maximum
the ET regime; see refs 82—87, 120, and 121), through the “inverted” KIE (see Figure Sb and Table 1 for the respective
equation (see refs 6, 84—87, 110, and 120—124) activation parameters and the discussion above). The obtained
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values of the activation parameters, AH, and AV, are the same
within the experimental error for H,O and D,0, indicating that
these parameters might also be virtually independent of variable
pH or pD (note the small absolute value of KIE throughout)
and, hence, the method of comparison of k” in H,O and D,O.
The values of AH, are also in agreement with the value for 4,
implying that the one-fourth rule is valid and that the activation
entropy is negligible (that is, AH, ~ 10/4,°%"'®'"® vide supra).
The latter fact is in a good agreement with our conjecture that
the resulting ET free energy surfaces, including the inner-
sphere component depicted as the inset in Figure 7, implying
classical barrier crossing along R, vide supra, have nearly
parabolic (harmonic) shapes up to the point of the energy
curve crossing (that is, the barrier top at zero energy gap).
Indeed, according to Figure 2, deviations from the parabolic
shape start to develop above the overvoltages of 0.10—0.15 V
(10—15 kJ mol™'). Furthermore, the obtained value for the
activation volume is in agreement with those ascribed earlier to
the nonadiabatic mechanism for long-range ET with cyt-c*>''°
and azurin 38711

Atomistic Picture of ET-Coupled Water Displacement.
The contemporary generalized (multidimensional) theory of
charge transfer allows for a consideration of coupling of the
outer-sphere ET (both long- and short-range) to different
degrees of freedom of the medium, including the first ligand-
sphere vibrational (quasiharmonic)69’70’74_78 and associative/
dissociative'** "%’ modes, environmental (solvent-related,
interfacial, and macromolecular) ballistic (see refs 67—70, 74,
76, and 104—107) and dissipative (see refs 100—103, 109, 110,
and 128—130) modes, and so on. Examples of respective
atomistic analysis of the ligand association/dissociation at
model hemes®™® and in globins®* "% and for ET
(electron exchange) in “simple” iron hexaaqua complexes’*"®
are available. In this subsection, based on the principles of the
generalized theoretical approach and in the spirit of the above-
mentioned preceding work, we attempt to construct a
combined model encompassing elementary processes, with
the involvement of metmyoglin (MbFe**H,0) and deoxy-
myoglobin (MbFe?*H,0; the associated, metastable and
dissociated forms, respectively, vide infra), under diverse
experimental conditions, including those of the present work.
More specifically, these events are as follows:

(a) fast and reversible ET (electron exchange) between the
electrode and metmyoglobin tightly immobilized through
the appropriately designed SAMs (“simple docking”,
according to the terminology of refs 10 and 13—17),
which is the present case and, presumably, the case of ET
in a solution-phase “re-engineered” [Mb; cyt-b;]
Complex;l4_17

low-temperature reduction of a “frozen” solution-phase
metmyoglobin,®~** with the water molecule still bound
to the reduced heme iron (the metastable state observed
below 100 K; note that, under these experimental
conditions, water dissociated from the heme at temper-
atures above 140 K*°~*);

simple reversible water photodissociation (and, hence,

rebinding) from the reduced state of metmyoglobin

below 100 K,*"?? in which, presumably, water’s trans-
location is restricted through the conformational
constrains in solidified medium (see below);

electrochemical quasireversible reduction of “freely

(b)

(c)

(d)
diffusing” metmyoglobin, which is a very slow ET
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process, seemingly coupled to water dissociation/
rebinding, which is, in turn, coupled to the “extra”
reorganization of the water network within the ligand
channel,*** and related conformational rearrangements
around the ligand entry site (gate opening).>*~*’

Figures 7A,B schematically depict free energy cross sections
along the heme—water (iron—oxygen) chemical bond for-
mation (breakdown) coordinate, with Rp,..q representing the
Fe---O distance, and the overall generalized reaction coordinate,
respectively, with the latter enveloping all of the classical
vibrational degrees of freedom subject to the ET-coupled
reorganization. Figure 7A was mainly constructed according to
the work of Strickland and Harvey,62 in which, for the model
system Fe/imidazol/porphyrin/water, three attractive Fe—OH,
energy curves were identified, resembling the ferric singlet (S,),
ferrous triplet (S;), and ferrous quartet (S,) states. The latter
two states, in essence, are nonbonding in nature; however, the
repulsive three-electron versus two-center interaction, accord-
ing to ref 62, is more than compensated by the larger
electrostatic energy of attraction between the water dipole and
the positive charge on the iron. In Figure 7A, the blue curve
matches the singlet state of the ferric metmyoglobin,
MbFe**H,0, with the shortest Fe--O bond (~2.11 A) within
the sequence; the bold red curve matches the quintet state of
the ferrous form, MbFe>H,O, with the intermediate Fe---O
bond length (~2.49 A); and the bold green curve matches the
triplet state with the weakest Fe-O bond (~3.23 A). The
double-sided blue arrow shows the Fe--O bond reorganization
during electron exchange in a tight complex (case a discussed
above). This implies simple bond elongation/shortening
coupled to a reversible ET, just as in the liquid-phase or
interfacial ET processes involving the [Fe(H,0)q]**/3*
couple.”””7% Indeed, calculations for simple [Fe(H,0)s]**/*—
OH, systems,"*"'** comparable to those by Strickland and
Harvey®® for a model Fe/imidazol/porphyrin/water system,
showed remarkable qualitative similarities between respective
spin states and the energy term sequence; yet, the quantitative
difference is evident through the higher binding energies and
corresponding shorter Fe---OH, bond distances for all of the
spin states involved, for the case of hexaaquairon complexes.
The previous theory-based analysis’* demonstrated that, for the
latter model system, around room temperature, thermally
activated overbarrier (classical) surmounting prevails over the
pure (zero-energy) tunneling pattern. However, at deeply
cryogenic temperatures, the tunneling mechanism should
become solely possible.”” The inset in Figure 7B (denoted
panel A’) depicts a transition along such a dualistic degree of
freedom, simultaneously showing the alternative, classical, and
quantum (that is, the nearly room-temperature and ultra-low-
temperature) patterns (vide infra).

Figure 7B also shows deviation in the shape of the overall
Gibbs energy curve from the harmonic one (due to the input
from increasingly steepening conformational wells,*”'*°~'%
vide supra), presumably leading to various deviations from the
Marcus-type standard fitting pattern, depicted in Figure 2a,b. In
both panels A and B of Figure 7, the case of the zero energy gap
that matches the standard situation in electrochemical science,
yielding the standard rate constant of ET,**~*"'%~11% js shown
as a main (starting) condition. In the original work by
Strickland and Harvey,62 both states S, and S; were found to lie
higher in energy compared to S,. However, one should note
that, in that work, interaction of the model Fe/imidazol/
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porphyrin/water moiety with the protein environment was not
taken into account. It has been demonstrated that this kind of
interaction is able (and, actually, is organized such) to readily
change the equilibrium between Mb’s different spin states,
thanks to the fine-tuning through the intraglobular hg'dro en-
bonding and/or long-range electrostatic interactions."**~">> In
turn, as mentioned above, the protein’s structural and dynamic
properties and, hence, the vertical disposition of the initial
(reactant) and final (product), that is, the “channel”, Gibbs
energy terms can be readily tuned by the immediate
environment (e.g, through the ligand-sphere and protein
matrix arrangement), as well as through external perturbations
(chemical modifications, physical confinement, electric field,
etc.) (see refs 2—5, 34—56, 82—87, 110, 120, 121, 129, 130,
133, 136, and 137). Certainly, the shapes of the overall
(multidimensional) and contributing Gibbs energy wells and
their vertical dispositions are controlled by the variety of all
these factors. According to one key result of fundamental
theory,®”'*® at least approximately (depending on the
deviations from the classical Marcus, i.e., perfectly harmonic,
model), under the condition of V,z < RT (typical for the
nonadiabatic ET regime, that is, the present case), in general,
the slopes of the initial and final resulting Gibbs energy terms
along all of the classical reaction coordinates (k = 1, .., n), in
the area of transition state (“saddle point”) can be described by
the equation
(1-a) 96 +a 96 _ 0

ark ark (9)

where the subscripts i and f indicate initial and final resulting
Gibbs energy slopes, respectively, along all of the classical
reaction coordinates (k = 1, .., n) in the area of saddle point
and « is the transmission factor, defined as

_0(AG) 1 | AG,

a = ==
o(AGy) 2 24

(10)

Equation 10 can be readily derived from eq 6, implying that the
harmonic approximation is valid well above the energy curves’
intersection point; see Figure 7 (ie, at moderate over-
potentials; not very distinct from the equilibrium potential,
vide supra). It is convenient to consider the zero-overvoltage
condition that corresponds to the zero free energy gap situation
for the overall Gibbs energy terms (Figure 7B) as a basic
(starting) condition, because for this state, eq 10 immediately
results in @ = 0.5, and eq 9 results in the expression

G, oG,
@Vk ark

(11)

The latter result indicates that, under this starting condition,
the slopes of initial and final resulting Gibbs energy terms along
all of the classical reaction coordinates in the area of saddle
point are nearly equal. Consequently, the equilibrium potential
for a given redox core is settled according to the system’s ability
to satisfy the condition of eq 9 with the participation of all
classical degrees of freedom, including the outer-sphere and
inner-sphere active (reorganizable) modes intrinsically coupled
to ET. According to this picture, any deviation from the
equilibrium potential (overpotential variation) leads to
corresponding changes in the relative vertical alignment for
the resulting Gibbs energy terms along the generalized reaction
coordinate, as well as their cross sections along the individual
variables.
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The vertical black arrow in Figure 7A shows the first step of
the reversible photodissociation process of water from
MbFe>H,0 below 100 K, observed by Nienhaus et al. in
refs 21 and 22 (case c discussed above). A thermally activated
equilibrium between these states shown by the double-sided
green arrow has also been well-documented.*~* Interestingly,
Nienhaus et al** reported on the quantum-mechanical
mechanistic pattern (H,O tunneling) at cryogenic temperatures
below 100 K and roughly estimated a tunneling distance of ca. 1
A in the rebinding process of the displaced water. The distance
between the S, and S; states (0.74 A) found by Strickland and
Harvey®> approximately matches the tunneling distance
estimated on the basis of cryogenic kinetic experiments of
Nienhaus et al.** Importantly, for the deoxy structure of sperm
whale Mb at room temperature, the X-ray data of Parak et al.*’
revealed a site inside the distal pocket that is 3.6 A from the
iron. If one assumes that the protein environment, including
the hydrogen bonding of a ligand water with the His-64
imidazole, along with the energy stabilization of the S, state,
also alters its respective energy minimum position to set the
Fe--OH, distance at 3.6 A (compared to that found for the
model porphyrine system by Strickland and Harvey®*), the low-
temperature tunneling distance between the S, and S, states
(assuming much less influence of protein on the S, state) now
would appear to be ca. 1.1 A, that is, perfectly matches with the
value deduced from the cryogenic kinetic experiments of ref 22.
The latest, most sophisticated MD calculations offered adiabatic
energy cross sections for some heme—ligand binding reaction
coordinates, indicating the existence of the extra energy
minimum at larger Fe--ligand separations (for CO and NO,
but not for H,O) resembling the so-called remote Xe4 site.5%°
We set the question open for further detailed studies whether
the excitation in mechanism c considered above leads to water’s
direct or stepwise photodissociation into the site detected by
Parak et al.*’ or the Xe4 site (followed by an eventual dropping
into the “pre-final” S, state), through the completely repulsive
energy term or through direct optical transfer to this temporary
state. Actually, both scenarios (parallel reaction channels)
might be realized simultaneously. At any rate, the electro-
chemical electron exchange for a freely diffusing, very loosely
confined Mb (case d listed above), which seems to be highly
inefficient in ET, can hardly be coupled to the complete
dissociation/association of the ligand water. The reverse
(oxidation) voltammetric peaks normally cannot be observed
for the case of dissociative ET.'*” We suppose that, for the case
of free Mb, its internal flexibility allows for the ET pattern
coupled to a larger, yet still reversible water displacement from
Sy directly to the S; state, which, under another distinct
conformational condition, might become better available for
coupling to ET. The position shift of the water molecule in case
d in Figure 7A is shown by the double-sided red arrow. The
overall reorganization Gibbs energy for the latter case has been
proposed to exceed that in case a of the present study (by the
simple comparison of standard rate constants) by ca. 0.2 eV.**

Special attention should be paid to the question of electronic
coupling between the initial and final states of a rather complex
process under the main focus of this article, encompassing both
the long-range outer-sphere ET (which is traditionally sketched
as Figure 7B) and inner-sphere reorganization of the water
ligand accompanied by a corresponding change of iron’s spin
state (between the S; and S, states, here originally depicted in
Figure 7A). Spin inversion processes, in general, are deemed to
be formally forbidden and, hence, very slow, because of very
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low electronic coupling between the reactant and product
states."*® Yet, it has been proposed that, in globins, thanks to
the protein’s spin-tuning properties, the values of V, for ligand
binding/release are much higher than those for model
porphyrin systems.'*® However, for electrochemical devices
such as ours, there is another serious reason for the lowering of
the Vg value. According to the general theory,ég_71 the overall
energy splitting (value of V, in eq 4) is identical along all of its
cross sections for all the contributing classically behaved
degrees of freedom (reaction coordinates) and is set collectively
by the system’s electronic subsystem. For cases in which outer-
sphere ET additionally is involved, the value of V,y decays
exponentially with the outer-sphere ET distance, Rgr, according
to the equation (see refs 83—86, 90—93, 108—110, 118, 119,
and 140)

Vap = VXB exp[—fA(Rgr — RET)] (12)
in which V3; is the electronic coupling at the hypothetically
closest possible approach between electron-donor and -accept-
or species, R%; (usually considered as a van der Waals distance
between the reactants’ metal cores) ; in our system, Rgr
represents the actual distance between an electrode surface
and the heme iron core, amounting to ca. 20 A, with a large
contribution from the SAM thickness of ca. 15 A (see refs 109,
110, and 140) and f is the decay coefficient, which has a value
of ca. 1 A™! for alkanethiol SAMs (see refs 83—86, 90—93,
108—110, 118, and 119). Based on these theoretical notions
and existing literature data, one can propose an approximate
value for V,y of ca. 107 eV for our system, provided that the
contribution from the iron spin-inversion component is not a
bottleneck. The comparative analysis of the present kinetic data
for Mb and matching literature data for cyt-c under comparable
ET condition (Figure 4 and Table 1) indicates that the
contribution to V,p from the spin-state changeover for Mb is
comparable to that for cyt-c. Hence, in both cases, very similar
values for V, and reorganization Gibbs energies (both inner-
and outer-sphere) are expected.

B SUMMARY

Extremely tight immobilization of horse muscle Mb at a Au-
deposited 1:1 mixed HS—(CH,),,—COOH/HS—(CH,),,—
OH SAM has been achieved. The clear voltammetric (CV)
response was highly stable and reproducible even after
repetitive temperature and pressure cycling over the ranges of
15—55 °C and 0.01—150 MPa, respectively.

The value of the rate constant for the electron exchange with
the Au electrode through SAMs of variable composition but
virtually same thickness was found to correlate positively with
the strength of the Mb immobilization as judged by the CV
signal stability.

Whereas the voltammetric signal, at relatively low scan rates
(ie, before the overvoltage of 0.10—0.1S was reached), was
very stable (robust) and followed the trend set by the Marcus
model (validating reliable determination of the sought kinetic
parameters), above this threshold, it displayed specific
instability (variability) regarding different factors such as date
of sample issue, simple aging for several hours, pH, and
pressure and temperature cycling.

The observed deviations from the Marcus pattern can be
explained by the involvement of the conformational component
in the resulting ET free energy surface tending to deviate from
the parabolic shape at their energy values exceeding 0.10—0.15
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eV (nearly above the curve crossing under the zero-overvoltage
condition).

The pH-dependent inverted small KIE turned apparently
normal when the actual charged states of the Mb molecule were
taken into the account, which can be explained through the
minor involvement of proton translocations belonging to
remote ionizable (imidazole) groups of Mb.

The whole variety of our experimental data, at the atomistic
level, can be explained on the basis of contemporary
generalized (multidimensional) ET theory, implying that strong
immobilization (tight docking) leads to the restricted environ-
mental configuration, allowing the reversible ET process to be
coupled to a minor inner-sphere reorganization (elongation/
shortening of an Fe—OH, bond) rather than to the
pronounced detachment (rebinding) of water.

In contrast, physiological full water release from deoxy-Mb
probably occurs by way of a cooperative translocation through
the whole hydrogen-bonded water chain inside the ligand
channel. In the first, ET-coupled elementary stage, water can be
displaced from the heme iron significantly (from S, to S;). The
corresponding free energy of reorganization should be large and
may slow the ET process significantly. This actually takes place
in a natural, loosely bound precursor complex with cyt-b;, also
allowing for water replacement by the key ligand, O,, through
the still-accessible ligand channel.
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