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Introduction

Despite the modest molecular dimensions and a relatively
“simple” function, the mechanistic understanding of cyto-
chrome c (CytC) and the whole c-type cytochrome family is
still far from satisfactory with regard to two most fundamen-
tal aspects, namely, molecular recognition and the charge-
transfer (CT) functionality.[1,2] These types of biomolecules,
which contain covalently integrated iron–heme moieties as
redox centers, are known to shuttle electrons in cellular pho-
tosynthetic and/or respiratory systems of living cells.[1,2]

However, the recently disclosed role of CytC in cell apopto-
sis[3] may serve as an indication of a much higher functional
and mechanistic complexity in this type of protein than was
thought before. To the same extent, an obstacle in the clari-

Abstract: Combined kinetic (electro-
chemical) and thermodynamic (calori-
metric) investigations were performed
for an unbound (intact native-like) cy-
tochrome c (CytC) freely diffusing to
and from gold electrodes modified by
hydroxyl-terminated self-assembled
monolayer films (SAMs), under a
unique broad range of experimental
conditions. Our approach included: 1)
fine-tuning of the charge-transfer (CT)
distance by using the extended set of
Au-deposited hydroxyl-terminated al-
kanethiol SAMs [-S-(CH2)n-OH] of
variable thickness (n=2, 3, 4, 6, 11); 2)
application of a high-pressure (up to
150 MPa) kinetic strategy toward the
representative Au/SAM/CytC assem-
blies (n=3, 4, 6); 3) complementary
electrochemical and microcalorimetric
studies on the impact of some stabiliz-
ing and denaturing additives. We
report for the first time a mechanistic
changeover detected for “free” CytC

by three independent kinetic methods,
manifested through 1) the abrupt
change in the dependence of the shape
of the electron exchange standard rate
constant (ko) versus the SAM thickness
(resulting in a variation of estimated
actual CT range within ca. 15 to 25 Å
including ca. 11 Å of an “effective”
heme-to-w-hydroxyl distance). The cor-
responding values of the electronic
coupling matrix element vary within
the range from ca. 3 to 0.02 cm�1; 2)
the change in activation volume from
+6.7 (n=3), to �0 (n=4), and �5.5
(n=6) cm3 mol�1 (disclosing at n=3 a
direct pressure effect on the protein’s
internal viscosity); 3) a “full” Kramers-
type viscosity dependence for ko at n=

2 and 3 (demonstrating control of an
intraglobular friction through the exter-
nal dynamic properties), and its gradu-
al transformation to the viscosity inde-
pendent (nonadiabatic) regime at n=6
and 11. Multilateral cross-testing of
“free” CytC in a native-like, glucose-
stabilized and urea-destabilized
(molten-globule-like) states revealed
novel intrinsic links between local/
global structural and functional charac-
teristics. Importantly, our results on the
high-pressure and solution-viscosity ef-
fects, together with matching literature
data, strongly support the concept of
“dynamic slaving”, which implies that
fluctuations involving “small” solution
components control the proteins’ in-
trinsic dynamics and function in a
highly cooperative manner as far as CT
processes under adiabatic conditions
are concerned.
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fication of cytochrome patterns due to a high diversity of
the intermolecular interactions should be mentioned.
Indeed, there is much evidence that at least some well-stud-
ied cytochromes, including CytC (or its modified variants),
operate either in a strongly (irreversibly) bound, loosely
bound (almost freely diffusing), or in both of these regimes
depending on the specific intracellular (in vivo) or experi-
mental conditions.[4–10] Furthermore, these diverse interac-
tions may control the proteins’ essential properties (includ-
ing structural, stability, and dynamic characteristics) and,
hence, the intrinsic redox mechanisms and their inter-
play.[6–10] The latter aspect, in turn, is closely connected with
an old puzzle that concerns the thermodynamic stability of
globular proteins,[11–15] as well as a novel problem on the
coupling of the proteins’ external and internal dynamic
properties and their hierarchical inter-relevance (“dynamic
slaving”).[16–18] All these issues are synergistically connected
and require profound studies by means of complementary
cross-testing strategies (e.g., combining kinetic and thermo-
dynamic, and/or different kinetic, namely, high-pressure and
solvent viscosity approaches). However, preferably, selection
of some reference experimental (environmental) conditions
would be rational implying minimization/unification of mo-
lecular interactions at the starting point, vide infra.

Experimental information on the CT kinetics in liquid-
phase systems involving CytC and its native or artificial
redox partners (redox proteins, complex ions, etc.) is exten-
sive (see for example, Refs. 19–22). However, even for this
well-characterized protein,[1,2,23a] systematic mechanistic
studies in “homogeneous” systems are moreover complicat-
ed, owing to restrictions in independent and gradual varia-
tion of factors determining both molecular recognition and
intrinsic CT patterns. Instead, as an unfortunate prerequisite
(unavoidable for cases of traditional solution systems), an
extra environmental (structural and dynamic) complexity is
introduced by the participating redox partner.[21,22] The strat-
egy of covalent attachment of “small” complex ions as
redox counterparts at different external sites of CytC,[19, 20]

although offering significant insights, does not permit suffi-
ciently smooth variation of intrinsic parameters, such as
electronic coupling (correlated with the CT distance; see
below), due to the highly inhomogeneous nature of the pro-
tein interior.[1,2]

In contrast, the artificial bioelectrochemical devices that
are composed of Au-deposited self-assembled monolayer
(SAM) films of variable composition and thickness, with
redox proteins irreversibly attached or freely diffusing to
the SAM terminal groups,[23–31] seem to be free of the above-
mentioned limitations. They offer a number of novel proper-
ties that can be classified, on the one hand, as regarding the
relevance to intrinsic CT mechanisms implying almost un-
limited possibilities of the easy variation of SAMs’ chain
length (thickness) and their internal composition (by using
aliphatic, p-conjugated, or alternating/mixed chains). Both
factors greatly affect the electronic coupling strength, thus
allowing for a variation of the rate constant over many
orders of magnitude,[24,25, 27,29–31] and an eventual mechanistic

changeover that has been indicated for a few bioelectro-
chemical assembles,[30a,b] as well as for a model electrochemi-
cal system involving metal complex redox couples.[29,33] On
the other hand, as regarding the molecular recognition
mechanisms, the possibility of almost unlimited variation of
the SAMs’ terminal components (including inert, electro-
statically, or specifically active groups), and their mixtures
should be mentioned.[24,28]

The advantages of bioelectrochemical kinetic approaches
and subsequent mechanistic analysis were basically captured
by systematic kinetic studies for the irreversibly attached
CytC regarding the variation of the SAM terminal-group
composition (w-COOH[24, 26,30] vs. w-Py[27,29]), along with the
variation of SAM thickness (n=2 to 21).[26–30] For the case
of freely diffusing CytC, previous work includes the varia-
tion of the SAM composition (implying “primitively” organ-
ized SAMs of typically small organic molecules with fixed
SAM thickness),[36] variation of the electrode overvoltage
(at fixed n),[25] variation of a denaturant (urea) concentra-
tion, mostly at low pH (no systematic variation of n),[23b] and
variation of hydrostatic pressure[32] (including the first high-
pressure (HP) kinetic study of a bioelectrochemical system
restricted to “primitive” thin SAMs of invariable n[32a]).

However, systematic kinetic studies for free CytC (e.g.,
diffusing to w-OH) with essentially variable n, are still lack-
ing. Other pieces also remained fragmentary and did not ad-
dress some principle inherent links among the structural and
functional properties of redox proteins that can be manifest-
ed through the correlations between the corresponding ki-
netic and thermodynamic parameters. Synergistic links be-
tween different kinetic approaches (e.g., implying the varia-
tions of hydrostatic pressure and solution viscosity) that pro-
vide complementary mechanistic information, could also be
of great advantage. Taking into account the necessity of fur-
ther complex and systematic investigations on such a model
redox protein as CytC under some “reference” conditions,
implying exclusion of the a priori strong (and poorly con-
trollable) alterations by other large-scale items, such as
other (partner) protein molecules, phospholipid membranes
or SAM arrays, we offer in the present report results of un-
precedented extensive mechanistic investigations of CytC
covering the following aspects (for a preliminary report on
some aspects of the present work, see reference [32b]):

1) Systematic bioelectrochemical kinetic studies with the in-
volvement of hydroxyl-terminated alkanethiol SAMs
(weakly interacting with CytC) of variable thickness pro-
viding variation of the electronic coupling factor within
the maximum (measurable in a freely diffusing regime)
broad range (with n=2 to 11), hence allowing for the hy-
pothetical mechanistic changeover from the adiabatic
(strong electronic coupling, thin SAMs) limit to the non-
adiabatic (weak electronic coupling, thick SAMs) limit,
as was demonstrated earlier for CytC bound to w-
COOH- and w-Py-terminated SAMs.

2) Extension of previous HP bioelectrochemical kinetic
studies[32a] for primitive thin SAMs to the series of simi-

www.chemeurj.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 7041 – 70567042

www.chemeurj.org


lar devices, involving in this case CytC freely diffusing to
w-OH-terminated SAMs of essentially variable thickness,
to test for the first time the CT mechanistic changeover
through HP kinetic studies.

3) Further extension of these kinetic studies applying varia-
ble solution viscosity to free CytC aiming at an addition-
al test of the mechanistic changeover (proven earlier for
irreversibly attached CytC). Comparative analysis of the
impact of solvent viscosity and HP aimed at new insights
into the issue of dynamic slaving.[17,18b] In addition, test-
ing of the thermodynamic stabilizing effect of a viscous
additive, glucose, by differential scanning calorimetry
(DSC, vide infra).

4) Combining the kinetic (electrochemical fast scan cyclic
voltammetric, FSCV) and thermodynamic (DSC) strat-
egies for the rigorous cross-testing of intercorrelated ki-
netic and thermodynamic manifestations of the glucose-
induced, presumably highly stabilized, and urea-induced,
presumably partially denatured (molten-globule-like,
MG), states all at neutral (physiological) pH.

The FSCV technique[34, 35] was in most cases (for n=2, 3,
4, 6) applied to determine the heterogeneous standard rate
constant, a method that has been proven to be fully ade-
quate for both the determination of the physical condition
(structural accomplishment) of composite self-assembled
systems, and accurate determination of dynamic characteris-
tics, such as heterogeneous kinetic constants and diffusion
coefficients, under variable experimental conditions.[32a, 33a, 36]

Theoretical background: For freely diffusing reactant spe-
cies, such as CytC, the experimentally determined standard
heterogeneous rate constant, ko

het, within the framework of
the conventional encounter pre-equilibrium model, can be
written as Equation (1),[37] in which KA is a statistically aver-
aged pre-equilibrium term (which normally can be assumed
to be constant within the series of SAMs with identical ter-
minal groups, vide infra[32a, 33]), and ko

ET is the intrinsic unimo-
lecular electron-transfer (ET) rate constant representative
of either a nonadiabatic or adiabatic process.

ko
het ¼ KAk

o
ET ð1Þ

Theoretical work that accounts for both these mechanisms
and the smooth turnover between them is availa-
ble.[29b, 37c,38–40] The recently updated expression is that given
in Equation (2),[29b] in which Hif is the electronic coupling
matrix element, l is the reorganization free energy, and 1m

is the density of electronic states in the metal (electrode).

ko
ET ¼

ðH ifÞ
2

�h

1m

1þg

�

p
3RT

l

�1=2

exp
�

�
DGa

RT

�

ð2Þ

The activation free energy is defined by Equation (3),[41, 42]

in which DGo is the free energy gap (throughout the present
work DGo=0 by definition of the standard heterogeneous
rate constant, see Experimental Section).

DGa ¼
ðl�DGoÞ

2

4l
�Hif

ð3Þ

The adiabaticity criterion, g, that acts as a control parame-
ter is given by Equation (4),[29b, 38, 40] in which the effective
frequency neff is related to a single or several relaxation
process(es) in the vicinity of the reaction zone that are in-
trinsically coupled to electron transfer (actually, neff~h, in
which h is the medium’s effective viscosity).[38–40]

g ¼
p3RTðHifÞ

21m

�hneffl
ð4Þ

See also references [43–46] for the first general and later
phenomenological formulations. Whether g!1 or g @1 [de-
pending on the values of the intrinsic parameters from
Eq. (4), especially of Hif, the value of which can be varied
greatly in our experiments], one arrives at two different ex-
pressions for the intrinsic rate constant [Eqs. (5) and (6)],
with the following phenomenological extensions:

kET / exp½�bðRe�R0Þ	 ð5Þ

kET / h�d ð6Þ

The expression in Equation (5) is that for long-range CT,
in which Re is the CT distance, Ro is the distance at minimal
reactant–electrode separation, and b is the decay parameter
for alkanethiol spacers normally of the order of ca.
1 Å�1.[26–30,33] The expression given in Equation (6) is that for
the short-range CT, in which d is an “empirical” solvent–
protein coupling parameter with values between 0 and 1,
with d�1 standing for full solvent–protein cou-
pling.[37–40,44–46]

Prediction of high-pressure kinetic effects : High-pressure
(HP) kinetic studies provide unique information about the
activation volumes for various processes, adding a new di-
mension to the development of fundamental mechanistic un-
derstanding.[23,48–50] Application of this technique along (or
in combination) with other kinetic approaches seems to be
promising with respect to biological processes, including
charge-transfer (CT) reactions.[23,51] A general expression for
the activation volume of any kind of microscopic barrier-
crossing process, including ET can be defined as,[37,47–49]

DVa ¼ �RT

�

@ðlnkÞ
@P

�

T

ð7Þ

After substitution of Equation (2), skipping minor terms,
and taking into account Equations (3) and (5) applicable in
the nonadiabatic case, one obtains Equation (8) (see also
references [50,51]).

DVaðNAÞ ¼ bRT

�

@Re

@P

�

T

þ
1
4

�

@l

@P

�

T

ð8Þ

Equation (8) indicates that when the pre-equilibrium con-
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stant [Eq. (1)] is not affected by pressure (vide infra) and
the nonadiabatic (long-range tunneling) mechanism
[Eq. (5)] is operative, the experimentally measurable
volume of activation may originate from the effects of pres-
sure on the ET distance due to shrinking of the reactive
(here SAM/protein) system and/or change in the medium
(SAM/protein/solvent) reorganization energy (Franck–
Condon factor).

If we now consider the effect of pressure on the adiabatic
(viscosity-dependent) ET process [Eqs. (4) and (8)] and
skipping again the minor terms, it can be written as Equa-
tion (9),[49a,c] from which it follows that in the case of full dy-
namic (viscosity) control [Eq. (6)], the viscosity changes due
to increasing pressure may result in a large positive contri-
bution, provided that viscosity is affected by pressure.

DVaðADÞ ¼ RT

�

@lnh
@P

�

T

þ
1
4

�

@l

@P

�

T

ð9Þ

This is the case for all known liquids except water (see
references [32a, 49a,c] and references cited therein). Actual-
ly for most solvents, h increases exponentially with pressure,
and yields the maximum net viscosity-related contribution
as high as +20 cm3 mol�1 (as upper limit,[49a] see also further
discussion).

In addition, we assume that in the case of composite mul-
ticomponent systems like in the present case, the overall
medium reorganization energy can roughly be reproduced
by the summation over individual components
[Eq. (10)],[52,53] in which the three contributions represent
the solvent, protein ,and SAM interior reorganization (vide
infra).

l ¼ lsolv þ lprot þ lSAM ð10Þ

Results and Discussion

Impact of the CT distance (electronic coupling)—new evi-

dence for the mechanistic changeover: Figure 1 illustrates
the impact of SAM thickness (n=3, 6, and 11) on the CV
response at a constant CV scan rate, 0.05 V s�1, along with
the CV response upon the variation of CV scan rate for w-
OH SAMs of different thickness (for n=2 and 6) recorded
at the highest pressure applied in this work (see Experimen-
tal Section for the description of data processing). Figure 2
represents the logarithmic dependence of the experimental
standard heterogeneous rate constant (ko

het) on the number
of SAM methylene units (see also Table 1). For clarity,
Figure 2 depicts only the data obtained with solutions in
500 mm Tris-HCl buffer (pH 7.4). The data set obtained with
solutions in 2 mm phosphate buffer (plus 0.5m KCl, pH 7.4),
did not differ notably from the former one (Table 1). The
upper plot, clearly distinguishable for SAMs with n=2, 3,
and 4, represents kinetic data obtained in the absence of a
stabilizing viscose additive glucose (and any other special

additive), and the two lower curves that merge with the first
one for SAMs with n=6 and 11, represent kinetic data ob-
tained in the presence of glucose at 200 and 400 g L�1 (at a
higher solution viscosity, vide infra), respectively (for corre-
sponding numerical values see Table 1). Figure 2 demon-
strates an evident independence of the rate constant for
SAMs with n=2 and 3. This plateaulike region, although it
spans only two CH2 units, is well pronounced (Miller et al.

Figure 1. a) CVs for CytC electron exchange at Au electrodes modified
by hydroxy-terminated n-alkanethiol SAMs of variable thickness. 1): n=
3, 2): n=6, 3): n=11. Ambient pressure, scan rate: 0.05 V s�1; b) CVs for
CytC electron exchange at Au electrodes modified by hydroxy-terminat-
ed n-alkanethiol SAM, n=2, P=150 MPa, scan rates: 1, 2, 3, and 4 V s�1

(peak uprising); c) CVs for CytC electron exchange at Au electrodes
modified by hydroxy-terminated n-alkanethiol SAM, n=6, P=150 MPa,
scan rates: 0.03, 0.05, 0.07, and 0.1 V s�1 (peak uprising). CytC:
5 mg mL�1, 0.5m Tris-HCl buffer (pH 7.4).
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indicated essentially the same result in their pioneering yet
incomplete report[25]). Actually, it is much smaller compared
to analogous plateau regions in cases in which CytC exhibits
an irreversibly adsorbed kinetic pattern, with w-COOH
(span over nine CH2 units[26,29]) and w-Py (span over 14 CH2

units[27,29]). At the same time, our results corresponding to
larger electrode-reactant separations (SAMs with n=6 and
11), demonstrate an exponential decay of the rate constant
[Eq. (5)] with a slope of about 1 per CH2 unit. This is in ex-
cellent agreement with previous results obtained for various
bioelectrochemical and matching model systems (involving
either irreversibly adsorbed or freely diffusing redox spe-
cies). The points for n=4 apparently fall in the intermediate
region. This becomes clearer on considering this issue and
the high-pressure and viscosity effects altogether (vide
infra).

It is natural to interpret the change in the dependency
mode of ln(ko

het) on n, Figure 2 (or on the CT distance esti-
mated in Å, see below), in terms of a “mechanistic change-
over” as it has been suggested in the case of bound
CytC;[29,32b] however, other interpretations have also been
suggested.[26,30] There is a common opinion on the origin of
the exponentially sloped region (wherever it appears on the
variation of n) that it is due to the nonadiabatic regime of

CT[23a–30,33,42] (also known as a long-range tunneling or super-
exchange mechanism[41,42]). Furthermore, two different pat-
terns for the plateau region have mainly been discussed so
far (based solely on the data for the bound CytC available
at that time[24,28,30a,b]). In particular, on the basis of the uni-
fied theoretical CT model,[37–40] some of us interpreted the
onset of the plateau region in terms of a changeover to the
adiabatic (friction controlled) intrinsic mechanism (without
invoking any change in the CT rate-determining step as
such).[30,32] The adiabatic mechanism implies control of CT
by the protein’s conformational dynamics through direct in-
trinsic coupling between these events occurring in one insep-
arable (bio)chemical act (vide supra). In contrast, another
frequently discussed interpretation considers the conforma-
tional rearrangement (that can be viscosity-sensitive) to be
intrinsically separated from the CT event, taking place in
the preceding stage, that is, an essentially different elemen-
tary barrier-crossing stage.[24a,27a] Serious arguments that dis-
pute the latter version (at least, concerning the CT mecha-
nism for CytC in bioelectrochemical systems) are presented
elsewhere.[30,32] The data of Figure 2 and Table 1 (together
with the data on the HP effects presented below) seemingly
give extra support to the interpretation that implies a
changeover in the intrinsic CT mechanism rather than the
model that implies an essential change in rate-determining
step (see references [54, 55] for the mechanistic classifica-
tions). Indeed, it would be difficult to assume an existence
of a rate-determining (and viscosity-controlled, vide infra)
large-scale rearrangement of the protein–SAM moiety
(gating mechanism) for the case of freely diffusing CytC, in
the absence of tight interactions between these items[56] (see
also the next sub-section). The comparison with the match-
ing kinetic results obtained for CytC irreversibly bound to
SAMs would offer some new insights. It is difficult to com-
pare directly heterogeneous (reference [25] and present
case) and unimolecular[24,26–30] standard rate constants, ko

het

and ko
ET [Eq. (1)] with the dimensions of cm s�1 and s�1, re-

spectively, since the actual value of the pre-equilibrium con-
stant (KA) in Equation (1) is unknown.[25] However, the pre-
vious scarce data for SAMs encountering free CytC suggest
that the interaction is slightly attractive[25] and would lead to
some enrichment of a diffuse part of the double layer in the
vicinity of the w-OH groups with CytC compared to the
bulk solution (note, it is assumed throughout that the effec-
tive concentration of CytC is almost constant throughout
the SAM series with n running from 2 to 11). Certainly, the

Table 1. Values of diffusion coefficients and heterogeneous standard rate constants for CytC electron exchange at Au electrodes modified by hydroxy-
terminated n-alkanethiol SAMs (n=2, 3, 4, 6, 11) under variable solution viscosity. The values are averaged over 3 to 5 independent experiments with a
maximum error within 5 %.

Glucose [g L�1] (m) Relative D0 × 107 ko [cm s�1]
viscosity (hr) [cm2 s�1] n=2 (Tris) n=3 (Tris) n=4 (Tris) n=6 (Tris) n=11 (Tris) n=3 (Phosph)

0 (0) 1 8.02 2.065 × 10�2 2.00 × 10�2 6.0× 10�3 8.6 × 10�4 5.76 × 10�6 2.77 × 10�2

100 (0.56) 1.33 5.98 – 1.45 × 10�2 4.8× 10�3 – – 1.90 × 10�2

200 (1.12) 1.80 4.91 1.075 × 10�2 1.00 × 10�2 3.7× 10�3 8.4 × 10�4 – 1.44 × 10�2

300 (1.67) 2.63 2.95 – 6.99 × 10�3 2.8× 10�3 – – 1.10 × 10�2

400 (2.24) 3.96 1.84 4.708 × 10�3 4.77 × 10�3 2.0× 10�3 8.6 × 10�4 5.82 × 10�6 6.79 × 10�3

Figure 2. Logarithm of the heterogeneous standard rate constant for
CytC electron exchange at Au electrodes modified by hydroxy-terminat-
ed n-alkanethiol SAMs (n=2,3,4,6,11) versus methylene unit number
under variable solution viscosity. Upper curve (filled circles): no viscous
additive, hr=1; middle curve (open circles), hr=1.80; lower curve (aster-
isks) hr=3.96 (note all three curves merge at n=6 and 11, and form a
single sloped line).
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weak attractive interaction should be distinguished from the
irreversible adsorption, as is manifested through essentially
different CV responses (see Experimental Section and, for
example, references [23–27, 29, 33]). However, a sound com-
parative analysis of the “effective” protein-to-terminal
group distances for freely diffusing and adsorbed CytC is
possible by the direct resembling of “apparent turnover
points”, that is, the formal CT distances at which the mecha-
nistic changeover occurs. The previous comparison of such
turnover points for CytC operating at w-Py and w-COOH
SAMs, indicated that the “effective” CT distance (more pre-
cisely, its part due to the protein/terminal group junction)
for the case of w-COOH SAMs is about 5 Å larger as com-
pared to w-Py SAMs.[29b] For the latter system the protein/
SAM junction thickness can be considered to provide a zero
contribution to the overall “effective” CT distance due to
the “direct wiring” of w-Py to the heme iron.[27b] Now, com-
paring the “turnover points” for the w-Py (a reference
system)[28,30] and w-OH (present study, Figure 2) cases, one
can estimate the additional “effective” CT distance of about
10–11 Å compared to the “directly wired” case, and about
5 Å as extra distance compared to the electrostatically ad-
sorbed case of w-COOH SAMs. These estimates, when con-
sidered together with the results of previous calculations,[29-

b, 33a] yield the values for a variable electronic coupling, Hif,
ranging from approximately 3 cm�1 for the case of n=2 (Reff

�15 Å) to about 0.02 cm�1 for the case of n=11 (Reff

�25 Å), assuming Hð0Þ
if �1600 cm�1 at the hypothetical clos-

est separation distance, R0�2.6 Å.[20,29,33a] The estimated
CytC–w-OH “effective” separation distance of 10–11 Å
seems very reasonable if one assumes that the freely diffus-
ing regime is made possible through the loosely bound CytC
forming the solvent-separated encounter complex with w-
OH, as it was found in the case of thermal- and photoin-
duced CT within the “charge-modified” complex of photo-
synthetic reaction center (PRC) and cytochrome c2,

[5] and
from the artificial Ru-coordinated polypeptide electron
donor to ferri-CytC[4b] (see also further discussion below).

Impact of stabilizing/denaturing additives on the kinetic and

thermodynamic patterns of free CytC : Figure 3 shows typi-
cal CV curves as the electrochemical response for a freely
diffusing CytC at w-OH SAMs in the presence of glucose
(0, 0.56, 1.12, 1.67, and 2.24m ; Figure 3a), urea (0, 4, 6, and
8m ; Figure 3b), and pyridine (0.6m ; Figure 3c). The extract-
ed kinetic parameters, including standard rate constants

(ko
het) and diffusion coefficients (D0), of CytC are presented

in Table 2. The dependencies of ln(ko
het) on the molar con-

Figure 3. CVs for CytC electron exchange at Au electrodes modified by
hydroxy-terminated n-alkanethiol SAMs with n=3: a) at different con-
centrations of glucose, 0, 200, 300, and 400 gL�1, respectively (peak de-
cline); b) at different concentrations of urea, 0, 4, 6, and 8m, respectively
(peak decline); c) at 0.6m pyridine (triply split curve) and 8m urea
(simple curve, right-hand side); ambient pressure, scan rate: 0.05 V s�1.

Table 2. Values of relative viscosity, diffusion coefficients, and heterogeneous standard rate constants for CytC electron exchange at Au electrodes modi-
fied by hydroxy-terminated n-alkanethiol SAMs (n=2, 6) under the variable urea concentration. The values from literature data and the corresponding
variants are given in italics (see the footnotes and text for details).

Urea [m] Relative
viscosity[a] (hr)

Formal potential
(E0) [mV]

DðeffÞ
0 × 107

(DðcorrÞ
0 × 107) [cm2 s�1]

ko
het × 102

[cm s�1] (n=3)
ko

het × 104

[cm s�1] (n=6)
D0 × 107 [c]

[cm2 s�1]
ko

het × 102 [d]

[cm s�1] (n=3)
ko

het × 104 [d]

[cm s�1] (n=6)

0 1 52 8.0 2.50 9.25 12.0 3.06 11.3

2 1.01 50 7.9 (7.8)[b] 1.83 6.76 8.8 2.02 7.47

4 1.22 48.5 5.8 (7.0)[b] 1.31 3.73 6.4 1.38 3.92

6 1.41 35.5 1.1 (6.2)[b] 0.44 0.88 3.0 0.74 1.48

[a] Data from references [23b,64]. [b] Calculated by using the mean relative amounts of the His/Met-ligated CytC.[23b,63] [c] Simulated data from refer-
ACHTUNGTRENNUNGence [23b] (entries corresponding to 2 and 4m urea are interpolated values). [d] Calculated by using diffusion coefficients of reference [23b].
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centrations of the glucose and urea additives are plotted in
Figure 4. The experimental data with pyridine (Py) as an ad-
ditive only have illustrative character because of restrictions
in accurate determination of kinetic parameters (caused by
a strong overlap of individual CV waves representative of
three coexisting CytC conformers, Figure 3c, vide infra).
Both Figure 4 and Table 2 show that in urea-implicated solu-
tions the standard rate constant declines unsteadily in a sim-

ilar manner for the cases of w-OH SAMs with n=3 and 6.
Interestingly and importantly, the same figure shows that
the decline in the rate constant is more steep and essentially
monotonic in the case of glucose additives at n=3, as well
as at n=2 (not shown here, see Table 2), but is totally
absent with glucose at n=6, as well at n=11 (not shown
here, see Table 2). The data analysis shows that changes in
the FSCV response of “free” CytC in the presence of glu-
cose additives (Figure 3a) are manifested mostly through the
decline in peak current, indicating a systematic decline in
the diffusion coefficient due to the increase in solution vis-
cosity. It is unlikely that any increase in the effective radius
of the CytC globule contributes to the observed effect on
D0, because viscose additives are known to stabilize pro-
teins’ native-like conformation (vide infra) and even reduce
their effective radii.[57] This kind of squeezing is somewhat
analogous to the pressure-induced squeezing and stabiliza-
tion at moderately HP (up to 150–200 MPa) of proteins and
probably is due to the collapse of a free volume within the
protein globules (vide infra).[58]

The global (but not local, see below) thermodynamic sta-
bility issue of CytC can directly be accessed through the
DSC studies. In the present work, the DSC experiments
were performed in parallel with the bioelectrochemical ki-
netic ones. The micro-calorimetric (protein thermal melting)
curves for “free” CytC in the presence of the same concen-
trations of glucose (with minor variations) and urea are de-

picted in Figure 5, and the corresponding thermodynamic
parameters are collected in Table 3. Our calorimetric data
indeed show the stabilization effect at all glucose concentra-
tions applied (Figure 5a). In general, we observed splitting

of melting endothermic peaks in two components, indicative
of two different mechanisms of protein stabilization by glu-
cose (as also discussed in the literature[59]). We define the
two mechanisms of stabilization as mechanisms I and II as
to refer to low- and high-temperature peaks observed. The
melting curves depicted in Figure 5a were recorded after the
overnight equilibration of solutions exploited. An increase
in the equilibration time shifts the slowly drifting quasi-equi-
librium between forms I and II in favor of the latter form,
such that after three days of equilibration almost only
form II could be observed (not shown here). Hence, all the
kinetic experiments with the glucose additives were per-
formed after the lengthy periods of equilibration to ensure
the single, more efficient, stabilization regime (mechanis-
m II). While using the glucose additives, the different re-
sponse of the rate constant regarding the SAM thickness
evidently is not caused by the thermodynamic effect of sta-
bilization, because at n=6 and 11 the CT rate constant is in-

Figure 4. Semilogarithmic plots of the heterogeneous standard rate con-
stant for the CytC electron exchange at Au electrodes modified by hy-
droxy-terminated n-alkanethiol SAMs, n=3 (triangles) and 6 (circles),
versus the concentration of additives, glucose (closed symbols) and urea
(open symbols).

Figure 5. DSC melting curves: a) CytC in Tris-HCl buffer, in the presence
of glucose, 0 (1), 100 (2), 200 (3), 300 (4), and 600 g L�1 (5); and b) in
2 mm phosphate buffer with 0.5m KCl added (1) and in Tris-HCl buffer,
in the presence of 0 (2), 2 (3), 4 (4), and 6m (5) urea, and 0.6m pyridine
(6).
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sensitive to the glucose concentration, see Figure 4 (at other-
wise similar conditions except the different electronic cou-
pling). Rather the observed decline at n=2 and 3 (and par-
tially for n=4, vide infra) seems to be due to the dynamic
viscosity effect caused by the frictional mechanism discussed
above [Eq. (6)] that transforms into the viscosity-insensitive
nonadiabatic mechanism for thicker SAMs [Eq. (5), vide
infra].

In contrast with the case of glucose, Figure 5b indicates
significant destabilization of “free” CytC with an increase in
urea content, and in this case full thermodynamic equilibra-
tion of the system takes place within a few minutes. The
protein melting (endothermic) peak as a whole gradually
shifts to lower temperatures and broadens significantly, be-
coming totally undetectable at the urea concentration of 8m
(not shown in Figure 5b). This kind of calorimetric behavior
is characteristic for the “molten-globule” (MG) or “molten-
globule-like” states in which the protein’s tertiary structure
is still rather compact and native-like, but significantly labi-
lized, undergoing large-scale fluctuational motions.[12–15] The
MG-like states of globular proteins induced by urea and its
derivatives at different pH are well-known.[14] Actually, the
MG state or series of MG-like states can be formed by the
moderate action of any denaturing factor (including temper-
ature) or their combinations.[7b, 12–14]

Certain earlier work was devoted to bioelectrochemical
studies of CytC under the destabilizing conditions caused by
low-molecular-weight additives, such as urea, pyridine, and
so forth.[23b, 60–62] In this work,[23b] the influence of denatur-
ants, particularly urea, was interpreted in terms of the effect
that results in a variable, [urea]-dependent equilibrium be-
tween the native-like Met80-FeIII and non-native (mostly
bis-His-Fe) folded states, in which the native-like FeIII coor-
dination is actually deemed as equivalent to the global
native fold of CytC as such. However, as it was demonstrat-
ed by Antalik et al. ,[8] the local stability of a Met80-FeIII

bond does not necessarily follow the trend of global thermo-
dynamic stability of this protein. From our results depicted
in Figure 5b, it follows that above the urea concentration of
about 4m, the CytC conformation is already notably altered,

not to say anything about the
situation for the 6m urea solu-
tion, for which the cooperative
character of the calorimetric
melting peak is almost lost.
The above-mentioned investi-
gations[23b, 60–62] as well as other
results[63] report 67 to 96 %
“native” folding of CytC (im-
plying the global conforma-
tion) under these conditions
(6m urea), which seems highly
questionable in the light of our
calorimetric results, which di-
rectly indicate that the global
conformation is strongly al-
tered throughout. The most

reasonable interpretation of the earlier[23b] and present (this
work) experimental findings should imply that in a global
MG-like state of CytC, the successive increase in fluctua-
tional mobility (with increasing urea concentration) of the
tertiary structure (that remains on average still compact)
allows for a “chemical-like” equilibrium between the native-
like and nonnative local folding of the metal coordination
that is observed by optical, NMR, and fluorescence spectro-
scopy, and so forth.[23b, 63] Indeed, only the decline in D0 of
approximately 1.4 times (in 6m urea soACHTUNGTRENNUNGlution) can be attrib-
uted to the increase in viscosity.[64] An additional decline in
D0 of about 1.15–1.3 times (for the same solution) can be at-
tributed to the increase of the Stokes radius due to the
transformation to the global MG-like state.[15b] The rest of
approximate four- to fivefold decrease could be attributed
to the decrease in the effective concentration of native-like
His/Met heme-ligation fold in the (global) heavily altered
MG-like state in which the local native-like fold still persists
at 20 to 25 % under these particular experimental conditions
(500 mm Tris-HCl, 6m urea). This estimate is in reasonable
agreement with earlier estimates[23b, 60–62] if one implies the
local heme-related rather than the global native fold, and
takes into account the data dispersion due to different solu-
tion compositions and methodologies applied.

However, this interpretation disregards the small changes
(ca. 17 mV drop) in the “initial” CytC redox potential at-
tributable to the “native” local fold (+520 mV). As an alter-
native interpretation, the observed small potential drift may
reflect the weakening of an interaction between the iron-
bound Met80 and Tyr67, possibly indicative of an increased
distance between the 60 s helix and the heme group (Tyr67
is known to affect the heme redox potential of CytC, since it
modulates the Met80-heme–iron bond strength).[8b] Both
possibilities were considered in calculations of ko

het for the
urea-implicated pattern and it was found that both models
result in a substantial decrease in the rate constant
(Table 1).

The decline in ko
het with increasing urea concentration in

both cases of thin (n=3) and thick (n=6) SAMs (otherwise
exhibiting diverse behavior regarding the variable pressure

Table 3. Thermodynamic parameters (see text) for CytC thermal melting in the presence of different additive
type and concentration. 500 mm Tris-HCl buffer was used throughout unless otherwise indicated.

Solution Peaks Tm

[8C]
DT

[8C]
CðprotÞ

pðmÞ

[kcal mol�1 K�1]
DHcal

[kcal mol�1]

phosphate (20 mm + 0.5m KCl) single 75.5 4.4 12.3 70.8
Tris HCl 500 mm (no additives) single 72.9 5.5 9.6 60.5
+ urea 2m single 63.1 6.9 6.5 54.5
+ urea 4m single 50.9 11.5 3.3 43.6
+ urea 6m single 36.2 27.0 0.72 25.6
+ glucose 0.56m 1 74.6 5.3 9.0 56.0

2 95.8 6.3 2.9 19.3
+ glucose 1.12m 1 76.9 5.2 7.1 43.4

2 96.7 5.5 7.5 47.5
+ glucose 1.68m 1 78.7 6.3 2.5 15.9

2 100.3 5.1 9.2 55.7
+ glucose 3.36m single 108.0 4.6 12.1 69.9
+ pyridine 0.6m split ca. 64–65 7.1 3.7 30.8
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and the glucose content, vide infra), indicates that this effect
is not due to the intrinsic mechanism, but rather to the pre-
equilibrium constant, KA [Eq. (1); however, KA should again
remain constant over the series with other variables, vide
infra]. This peculiarity can be interpreted in terms of an in-
creasingly unfavorable interaction of free CytC with the
SAM w-OH groups in the sequence of molten-globule-like
states. This could be due to the increase in “delocalization”
of the protein’s effective surface charge (associated with the
large-scale conformational fluctuations) with increasing urea
concentration. Figure 6 demonstrates the impact of different

additives on the 695 nm CT band attributable to the
S(Met80)–FeIII axial bonding, being an indicator of local
Met80-Fe native ligation in CytC.[23,60–62] One can see that in
a 2.24m glucose solution, the native-like local fold is not al-
tered. In a 6m urea solution, the band is still observable, in
agreement with either of two models for local rearrange-
ments discussed above. At the 8m urea concentration level,
the CV response at the “native” formal potential almost dis-
appears (Figure 3b), and resembles an apparent disappear-
ance of the melting peak in the calorimetric response (Fig-
ure 5b) and a disappearance of the 695 nm CT band
(Figure 6), indicating total loss of the local native fold. In-
stead, the CV response with the midpoint potential at
211.5 mV appears to be indicative of the substitution of
Met80 by some nonnative ligand (the candidates are one of
the “surface” Lys groups, water, etc.; Figure 3c; see also, for
example, references [23, 60–62]).

We also briefly consider the impact of 0.6m pyridine on
the kinetic and thermodynamic patterns of free CytC (a typ-
ical concentration used in the earlier work[61b]). From the
CV response (Figure 3c) one can deduce the presence of
three different forms. Inspection of Figure 5b shows that
neither of them is native-like, because the protein melting
endotherm is, although slightly split, entirely shifted and in-
dicates significant destabilization (comparable with the
urea-induced MG-like forms, Figure 5b). No sign of the

native-like conformation remains on the thermogram. It fol-
lows from Figure 6 that in all those forms Met80 is substitut-
ed by nonnative ligands.[23,60–61] The realistic candidates are
Py itself, one of the “surface” Lys groups, and a water mole-
cule. The total coincidence of midpoint potentials for com-
ponent III detected in the presence of 0.6m Py and at 8m
urea concentration, respectively (Figure 3c), could be an in-
dication of a similar local (but in no case of the global) pro-
tein folding in these two cases.

Impact of hydrostatic pressure on the kinetic pattern of free

CytC : Semilogarithmic dependencies of ko
het on the hydro-

static pressure up to 150 MPa for SAMs with n=3, 4, and 6,
are depicted in Figure 7a–c, respectively. It can be seen that
in the case of SAM with n=3, the value of ln(ko

het) decreases

linearly with pressure, yielding, according to Equations (6)
and (9), a positive volume of activation of +6.7

0.5 cm3 mol�1 (see also Tables 4 and 5). This value is essen-
tially similar to +6.1
0.5 cm3 mol�1 found in the case of
4,4’-bipyridyl- and 4,4’-bipyridyldisulfide-modified Au elec-
trodes (also considered as thin SAMs).[30c] In contrast, for a
much thicker SAM with n=6, we found that the value of
ln(ko

het) increases linearly with increasing pressure to yield a
negative volume of activation of �5.5
0.5 cm3 mol�1, Fig-
ACHTUNGTRENNUNGure 7b. Hence, for the first time, the change in sign for the
activation volume has been detected for an essentially simi-

Figure 6. An impact of different additives on the 695 nm CT band due to
the Met80/FeIII native fold. From top to bottom: no additives; 400 gL�1

glucose; 6m urea; 8m urea, and 0.6m pyridine.

Figure 7. Logarithm of the heterogeneous standard rate constant for
CytC electron exchange at Au electrodes modified by hydroxy-terminat-
ed n-alkanethiol SAMs (n=3, 4, 6) versus hydrostatic pressure, a) n=3;
b) n=6; c) n=4.
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lar biochemical system as a result of the predominant varia-
tion of a single parameter, namely, electronic coupling. In
the case of a SAM with n=4, an intermediate behavior is
displayed with no effect of pressure on ko

het, yielding DVa�0,
Figure 7c and Tables 4 and 5.

In previous work[32a] it was mentioned for the first time
that due to the exceptional property of water not to change
its viscosity with pressure around room temperature, HP ki-
netic studies of biochemical processes provide a unique pos-
sibility to vary the protein’s intrinsic viscosity without alter-
ing the viscosity of the external (bulk) water (although the
solvating or “bound” water should be considered as part of
the protein molecule[17,18]). The above-mentioned property
of water is probably due to the peculiar multicomponent
nature of this liquid.[65] Thus, moderately high pressure (up
to 200–300 MPa) affects those structural components that
are not responsible for transport properties including fluidi-
ty and diffusion.[66] At the same time, according to numerous
experimental and theoretical studies, the protein’s interior,
especially peripheral regions forming the unified fluctuating
dynamic system together with and “slaved” by the interfa-
cial (cooperative water–glucose, vide infra) assembly, can be
viewed as a highly heterogeneous viscous liquid rather than
a dissolved, solidlike macromolecular substance.[16–18,67, 68]

The effective viscosity of such a complex “liquid”, like any
other liquid mixtures, should increase with pressure due to a
universal mechanism of increasing intrinsic friction. Al-
though, it has been well-established that proteins tend to de-
nature under high-pressure conditions above 200–
300 MPa,[69] proteins normally attain native-like conforma-
tion for moderately variable pressure (below 150–
200 MPa).[70] In particular, CytC was shown to be increasing-
ly stabilized by high pressure under 220 MPa provided that
the ordinary pH conditions were held.[58b] This fact is in re-
markable agreement with the above proposal regarding the
increase in internal protein friction under pressure (within
the pressure limits applied in the present work; see also ref-

erence [58] and further discus-
sion below). Importantly, ac-
cording to the available data,
the increased hydrostatic pres-
sure and stabilizing additive
(glycerol) both lead to a de-
crease in the protein “free”
volume.[57,58] In this context,
our HP kinetic experimental
data nicely agree with the the-

oretical predictions for both adiabatic and nonadiabatic bio-
electrochemical CT made above. Indeed, Equation (9) pre-
dicts a substantially positive activation volume due to the in-
crease in viscosity (friction) in the vicinity of the redox
center. In the case of a protein globule as reaction medium
that mainly has properties of a viscous liquid or a mixture of
such liquids,[67,68] a large positive contribution due to the
first term in Equation (9) can be expected.[32a, 49a]

The second term due to variation of the outer-sphere re-
organization energy (Franck–Condon) factor, when consid-
ered as originating from the effect of pressure on the bulk
dielectric properties of external water, can be predicted to
amount to about �4 to �6 cm3 mol�1, assuming that l

amounts to approximately 1 eV (~20 to 25 kcal mol�1) and
originates completely from the bulk properties of water.[50–53]

In the case of CytC reactions at SAMs [for which, in gener-
al, Eq. (10) is approximately valid], the overall value of l=
0.6–0.8 eV is roughly composed of a roughly 50 % “outer-
sphere” (solution) component that can contribute about half
of the activation volume, and another roughly 50 % of the
“inner-sphere” protein reorganization component (Franck–
Condon term) found to be negligibly altered by pressure,
and therefore does not contribute to the activation vol-
ACHTUNGTRENNUNGume.[51a] Note that the same can be concluded for the contri-
bution from the SAM interior (lSAM ~0), since it can be as-
sumed that es=e1.[53] Thus, the most probable overall contri-
bution of the second term of Equation (9) would be �2 to
�3 cm3 mol�1. This value, together with the overall experi-
mental value of +6.7 cm3 mol�1 yields the value of the fric-
tional term, namely, +8 to +10 cm3 mol�1 (Table 5). We
stress again that this contribution originates from the direct
influence of hydrostatic pressure on the intrinsic protein
friction (viscosity).

On considering the nonadiabatic mechanism, Equa-
tion (8), it is seen that the second term due to the Franck–
Condon factor may again contribute about �2 to
�3 cm3 mol�1. This value together with the overall experi-
mental value of �5.5 cm3 mol�1 yields for the first term (re-
lated to the effect of squeezing the system) a value of about
�2 to �3 cm3 mol�1 (Table 5). This kind of contribution to
the overall volume of activation has actually been predicted
for protein systems.[51b] Note that the overall pressure pat-
tern implies dynamic squeezing of the protein, manifested
either through the increase in internal friction or shortening
of the CT distance, depending on the intrinsic CT regime.
Formally, one can argue that some squeezing of the system
takes place already in the pre-equilibrium stage, Equa-

Table 5. Experimental volumes of activation [
0.5, in cm3 mol�1] for
CytC electron exchange at Au electrodes modified by hydroxy-terminat-
ed n-alkanethiol SAMs (n=3, 4, 6) under variable hydrostatic pressure,
and estimated values of different contributing terms (in the same units).

SAM DVa(exp) 1/4 (@l/@P)T RT(@lnh/@P)T bRT(@Re/@P)T

n=3 +6.7 �(2 to 3) +(8 to 10) (0)
n=6 �5.5 �(2 to 3) (0) �(2 to 3)
n=4 ~0 �(2 to 3) +(4 to 5) �(1 to 2)

Table 4. Values of heterogeneous standard rate constants for CytC electron exchange at Au electrodes modi-
fied by hydroxy-terminated n-alkanethiol SAMs (n=3, 4, 6) under variable pressure. The standard error
within the given pressure cycle was less than 
3% (see the “return” entries), the absolute error in the rate
constant determination (independent series): 
10%.

SAM pressure [MPa] 0 5 25 50 75 100 125 150 5 (return)
n=3 ko

het × 102 [cm s�1] 2.19 2.13 2.02 1.91 1.78 1.66 1.55 1.43 2.21
n=6 ko

het × 104 [cm s�1] 3.74 3.85 3.98 4.27 4.48 4.69 5.05 5.33 3.77
n=4 ko

het × 103 [cm s�1] 6.12 6.14 – 6.07 – 6.13 – 6.075 5.73
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tion (1). Although the corresponding equilibrium constant
(KA) contains some terms known to weakly depend on pres-
sure, the contributions of which tend to cancel each other
out,[49] even the hypothetical possibility of this event does
not change the main conclusion concerning the mechanistic
changeover. However, in a general sense, the possible hin-
dering role of the pre-equilibrium term will be discussed in
the last section. On going to the pressure effect for a system
with n=4, tentatively assigned to fall into the intermediate
regime, it was found that the experimental activation
volume is virtually zero (DVa ~0). This value is almost half-
way between the values found for n=3 and n=6, namely,
0.6
1 cm3 mol�1. Table 5 summarizes the ranges of estimat-
ed values for the individual contributing factors to the ex-
perimental DVa for the cases of both observed mechanisms
and in the intermediate regime, which are in a good mutual
agreement. Consequently, we conclude that our activation
volumes obtained from HP kinetic experiments are in good
agreement with the results obtained through other ap-
proaches, and therefore have a predictive power of high
confidence.

Links between the solution (external) versus the intraglobu-

lar viscosity, the protein’s thermodynamic stability, and dy-

namic slaving : Returning now to the effect of external vis-
cosity (Figure 8, Table 1), one can mention that for SAMs
with n=2 and 3, formally “full” frictional control is realized
[d�1, Eq. (6)], normally characteristic for redox species in
which the redox-active (typically metal complexes) center is
immediately solvated by the aqueous medium.[33a,40–43] In the
case of biochemical processes occurring inside the protein
environment, the viscosity control takes place through
Equation (6) in which usually 0<d<1.[22,27a, 30b, 44–46] The
“maximum” value of about 0.6 was detected in the case of
specific adsorption on the Py-terminated thinner SAMs (pla-
teau region).[29b] Somewhat larger slopes were found in the
case of a CT within the “homogeneous” (solution) system

involving zinc-substituted CytC, and wild-type and mutant
cupriplastocyanin, ranging from 0.7 to 0.9.[21] Interestingly,
full viscosity control (d�1) has been observed for photo-in-
duced CT from the artificial Ru-coordinated polypeptide
electron donor to ferri-CytC,[4b] occurring through the loose-
ly bound (encounter) complex, as opposed to the “pre-
formed” (tight) complex involving the same reactants (d
�0.6), both patterns being observed to occur simultaneous-
ly. The latter findings closely match the whole pattern re-
garding CytC bioelectrochemical CT in both the tightly
bound and freely diffusing (to Au-deposited SAMs compris-
ing w-COOH and w-OH) regimes, respectively. In addition,
recent experimental and computational results obtained for
a related system, the “charge-modified” complex of the pho-
tosynthetic reaction center (PRC) and cytochrome c2,

[5]

strongly suggest formation of a solvent-separated, softly sta-
bilized complex as an encounter reactive associate (vide
supra).

To explain the observed deviation of d from unity (pro-
vided the intermediate regime is excluded, see referen-
ce [30b] and the present work), earlier research suggested
that the overall “effective” friction that controls the process,
additively originates from both solvent and protein compo-
nents, and operates through Equation (11),[68] in which C is
a constant, and s represents the protein’s intrinsic viscosity.

kAD ¼
C

sþh
exp

�

�
DGa

RT

�

ð11Þ

However, from this approach it follows that for cases in
which, for example, d�0.5–0.8, the external (solution) and
protein interior contribute comparably (the ratio s/h

amounts only to ca. 2 to 4), which is highly questionable be-
cause the protein interior is known to be much more viscous
compared to bulk water, or even compared to aqueous solu-
tions containing conventional viscous additives.[29b,44–46, 67] At
the same time, in the cases where d�1 (as in the present
case), this model suggests that s�0, which implies that
there is no frictional effect from the protein interior at all.
Evidently, such a conclusion contradicts the existing view-
point about the protein’s internal dynamic properties and
does not agree with our HP and other complementary kinet-
ic results that convincingly revealed an essential role of the
protein’s intrinsic friction (for further criticism of Eq. (11),
see reference [16a]). In this context, the earlier work that al-
lowed the reliable estimation of an intrinsic effective relaxa-
tion time of CytC controlling adiabatic CT, namely about
200 ps, should be mentioned.[29b, 55b] This rather slow relaxa-
tion time roughly corresponds to an approximate 1000-fold
enhanced intrinsic “effective” friction compared to the bulk
aqueous environment.

The question emerges on how the moderate variation of
external viscosity can alter the highly exceeding internal vis-
cosity so effectively? The answer can be found in a recently
introduced concept of dynamic “slaving”[17] that implies that
“solvent fluctuations dominate protein dynamics and func-
tion”.[16b] Indeed, for another well-studied “model” protein,

Figure 8. Logarithm of the heterogeneous standard rate constant for
CytC electron exchange at Au electrodes modified by hydroxy-terminat-
ed n-alkanethiol SAMs versus logarithm of the solution viscosity. Plot 1:
two coinciding plots for n=2 (crosses) and n=3 (open circles); plot 2:
n=4 (closed circles); plot 3: n=6 (crosses).
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myoglobin, it has been established that several of its dynam-
ic features (including the rate constants of functional ele-
mentary processes, kF(T)) change parallel with the rate coef-
ficient of the solution’s dielectric fluctuations, kD(T), such
that,[16] kD(T)/kF(T)�m=constant, in which, for different
events, m varies within the range of 3 × 102 to 3 × 104 (with a
logarithmically averaged value of ca. 103). The origin of
such a subordination of intrinsic conformational relaxation
time to the external macroscopic counterpart characteristic
(bulk dielectric relaxation), should lie in a cooperative
effect of simultaneous multisite interaction of the solvent
components (water, sugar, glycerol, etc.) with charged and
polar groups on the protein surface.[16,59,67c,68b] Indeed, nu-
merous studies indicated the essential role of protein solva-
tion in the triggering and further tuning of their dynamic
characteristics and functions.[16–18,67–68] However, the close
protein–sugar interaction does not imply primitive replace-
ment of a bound water from the protein’s first solvation
sphere. Our calorimetric results suggest that the protein–glu-
cose (in general, protein–sugar or protein–polyol) interac-
tions, in contrast to the respective protein–urea counterpart,
are of essentially cooperative character and may indeed
result in the slow and specific penetration of glucose within
the close vicinity of the protein–solution interface, as dem-
onstrated for a lysozyme/water/trehalose system in recent
molecular dynamics studies.[71] Our finding that CytC under
the present conditions (weak interaction with SAM terminal
groups) exhibits a totally dependent behavior (d=1), com-
pared to the case in which it is (specifically) tightly adsorbed
at the surface (d�0.6[29b]), confirms such a conclusion. Fur-
thermore, it suggests that when the external solution is
screened due to the tight protein/SAM contact (that mimics
the protein–membrane or protein–protein multisite contact),
the slaving effect is not complete due to the lack of the full
protein–solution interaction.

Finally, our calorimetric data revealed thermodynamic
stabilizing effects of glucose upon the native conformation
of CytC that correlates with the dynamic frictional (viscos-
ity) control in the adiabatic kinetic regime [manifested
through Eq. (6)]. This observation is in a remarkable agree-
ment with the recent result of Chalikian et al. for the stabi-
lizing effect of pressure on CytC[58b] that can also be linked
to the dynamic intraglobular friction control in the same
regime [manifested now through Eq. (9)]. Further analogy
between the pressure and stabilizer dynamic effects comes
from the “static” effect of the volume and compressibility
decrease in both cases,[57, 58] as mentioned above. When
going to thicker SAMs (n=4, 6, 11), although the protein’s
internal viscosity (conformational flexibility that is coupled
to CT) as such attains its slaving patterns unchanged, it be-
comes obscured and is no longer through Equations (6) and
(9) owing to the drastic decrease in the electronic coupling
parameter, Hif [see the “control” equation, Eq. (4)], and the
onset of a nonadiabatic regime that now validates Equa-
tions (5) and (8). We also summarize the arguments exclu-
sive of systematic changes in the pre-equilibrium factor (due
to for example, the variable internal order of SAMs dis-

cussed in reference [73]) that may potentially interfere with
our main results. Indeed, it is highly improbable that some
variation of SAMs’ internal order with the alkane length[73]

may cause significant changes in the pre-equilibrium term
such as to exactly mimic three kinds of effects theoretically
predictable specifically for the intrinsic CT constant. This ar-
gument, above all, is valid in the case of a “bulky” reactant,
such as CytC reacting in the free regime at the solvent-sepa-
rated distance from the SAM “surface”, presumably being
almost insensitive to the extent of the SAM disorder (ac-
tually unimportant in most practical cases[23–30,33]). In con-
trast, an attempt to ascribe our three kinetic relations (or
one of these relations) favoring the mechanistic changeover
to the variation in the pre-equilibrium term, unavoidably
rises a cascade of rather awkward controversies; for exam-
ple, the necessity to explain kinetic viscosity effects ob-
served for CytC CT in “homogeneous”[4b] and electrochemi-
cal regimes, the latter including tightly bound[26,27, 29] and
freely diffusing[32b] (also this work) cases by totally different
inherent reasons, and so forth.

Conclusion

The gold disc electrodes coated with hydroxyl-terminated al-
kanethiol self-assembled monolayer films of variable thick-
ness were used as versatile substrates for the CytC electron
exchange. Due to the weak electrostatic interaction with the
SAM w-OH groups, CytC operates in a freely diffusing
regime closely mimicking the molecular recognition pattern
that subsists in living cells. Considering unbound CytC being
the native (intact) species as a reference variant (ultimate
alternative) for numerous irreversibly bound counterparts
(probably heavily and diversely altered in a native struc-
ture), the impact of the electronic-coupling strength (gradu-
ally altered through the variation of the SAM thickness) on
the CytC kinetic pattern in the freely diffusing regime has
been systematically investigated for the first time. Also the
impact of various important factors, such as high pressure
up to 150 MPa (stabilizing CytC and directly altering the
protein’s internal friction), increased solution viscosity ad-
justed by addition of glucose (also stabilizing CytC and ex-
ternally altering the protein’s internal friction), and addi-
tives of the moderate denaturant urea, on the kinetic pat-
tern of free CytC have been systematically investigated. For
the first time the changeover of the sign of the activation
volume has been detected for a given biochemical process,
caused by the variation of a single intrinsic parameter,
namely the electronic coupling strength.

Complementary to kinetic studies, for the cases of a glu-
cose, urea, and pyridine additives of the same (or compara-
ble) amounts, the thermodynamic stability pattern of free
CytC has also been directly studied calorimetrically. The sta-
bilizing route of glucose on CytC has been shown to have
an essentially dual and cooperative nature, in which the
second mechanism (slowly initiated but being much more
effective) probably operates through the close protein–glu-
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cose interaction also responsible for a full kinetic (Kramers-
type) viscosity effect (the latter suggested to be prognostic
of dynamic slaving). The destabilizing route of urea on CytC
indicated no sign of cooperative effects, exhibiting calori-
metric behavior characteristic for the molten-globule-like
species. No fraction of the native CytC has been detected
either in urea or in pyridine-containing solutions by the
DSC method. Surprisingly, the formal redox potential of
CytC was only slightly altered on going to urea concentra-
tions up to 6m, and the 695 nm Met80-FeIII CT band was
still observable (although weakened) under these conditions,
indicative of a survival of the native-like local protein fold-
ing. The decrease in the CytC heterogeneous CT rate con-
stant in the case of the urea additives, unlike the case of a
glucose viscosity effect (which is different for SAMs with
n=2, 3 and 6, 11, and attributable to the interplay of intrin-
sic CT mechanisms), is probably due to the weakening of
CytC interaction with the SAM w-OH groups (otherwise
considered as softly attracting, allowing for the solvent-sepa-
rated encounter complex).

In brief, the cross-testing of the CytC intrinsic ET mecha-
nisms at the Au/SAM junctions (hydroxy-terminated n-al-
ACHTUNGTRENNUNGkanethiol SAMs), in the freely diffusing regime, through the
variation of the SAM thickness (n=2, 3, 4, 6, 11), relative
solution viscosity, hr=1 to 4 (0.98 to 3.96 cP), and the hydro-
static pressure (up to 150 MPa), revealed a gradual turnover
from the adiabatic to nonadiabatic regime with an inter-
mediate mechanism found for n=4. The whole kinetic pat-
tern can be reasonably well described within the unified the-
oretical model (extended CT theory). Our complex ap-
proach enabled the disclosure and profound analysis of the
role of CT distance-dependent electronic coupling and of
the protein’s intrinsic viscosity (functionally important re-
laxational mobility). The diverse kinetic and thermodynamic
impact of stabilizing/denaturing additives on both the kinet-
ic and thermodynamic characteristics of CytC has also been
studied and rationalized within the same theoretical frame-
work invoking the concepts of the “molten-globule state”
and “dynamic slaving”.

Experimental Section

Materials : Horse heart CytC was purchased from Sigma Chemical Co
(96% with a water content of 4 %) and used either as received, by direct-
ly dissolving it in 500 mm Tris-HCl (Sigma), or 2 mm phosphate buffer
(Sigma) containing 0.5m KCl (Fluka), or after exhaustive ultra-filtration
against the same buffer solutions. w-Hydroxy alkanethiols
[HO(CH2)nSH], n=2, 3, 4, 6, 11, used were 2-mercaptoethanol, 99%
(Across), 3-mercapto-1-propanol, 95%, 4-mercapto-1-butanol, 95 %, 6-
mercapto-1-hexanol, 97%, 11-mercapto-1-undecanol, 97 % (Aldrich).
Other chemicals were decyltrimethylammonium bromide (Across), anhy-
drous glucose (Aldrich), urea (Across), and pyridine (Aldrich). Millipore
MilliQ water was used throughout.

Gold disk electrodes of different diameter, 1.6 (BAS), 2, and 3 mm (Met-
rohm) were used as SAM-deposited substrates in bioelectrochemical ki-
netic experiments. They were treated according the procedures described
elsewhere.[25, 33] In brief the electrode surface was cleaned with successive
exposure to 60 8C sulfochromic acid and 5% HF. This procedure was re-

peated three times just before the immersion into 30 mm w-hydroxy-alka-
nethiol solutions. The electrodes were kept in the coating solutions over-
night to allow complete formation of SAM films.

Electrochemistry, high-pressure unit, and data processing : Electrochemi-
cal measurements (CV and steady-state) were carried out with an Auto-
lab Electrochemical Analyzer PGSTAT30 (Eco-Chemie, The Nether-
lands) equipped with the General Purpose Electrochemical System
(GPES) software for Windows (version 4.9). The pressure vessel and
electrochemical cell were similar to those described earlier,[32a,49] with the
difference that the working electrode was a 1.6 mm diameter gold disc
electrode sealed in a Teflon cylinder (BAS). The working electrode, to-
gether with the auxiliary electrode (platinum wire) and the reference
electrode (Ag/AgCl/4m KCl) were sealed into the cell cap by two O-
rings. The working volume of the HP electrochemical cell was 5 mL (see
reference [30c] for more details). The assembled pressure vessel contain-
ing the cell was placed in a thermostated water jacket equilibrated at
25.0
0.1 8C.

The working concentration of CytC was 5 to 10 mg mL�1, that is, (4–8)×
10�4

m, throughout the electrochemical experiments. All the HP experi-
ments were performed using a 500 mm Tris-HCl buffer at pH 7.4 (pH-
meter reading for working solutions containing CytC). Tris buffer is
known to withstand pressure induced pH changes.[74] The same buffer
was used in most of the other experiments in order to warrant compara-
ble experimental conditions. A 2 mm phosphate buffer (plus 0.5m KCl) of
the same pH was also used in some cases for comparison purposes. Our
calorimetric results (see Figure 5b in the Results and Discussion section)
indicate that CytC in 500 mm Tris-HCl buffer is slightly less stable com-
pared to the phosphate buffer. Yet it can definitely be considered to
attain the native-like conformation (vide supra). A high ionic strength
was necessary to exclude artifacts due to the uncompensated cell resist-
ance.[36] The latter was minimized (contribution to peak-to-peak separa-
tion less than 1%) as could be seen from the fact that the obtained kinet-
ic constants in each case were essentially independent of the CV scan
rate, electrode surface and CytC concentration in solution.

In cases where well-defined peak-shaped CV response was obtained (for
n=2 to 6, see Figure 1a–c for the illustrative purpose), heterogeneous
standard rate constants (i.e., the rate constants at zero overvoltage, that
is, at zero driving force) and diffusion coefficients for electrodes modified
by the w-hydroxy alkanethiols [HO(CH2)nSH], n=2, 3, 4, 6, were calcu-
lated from the peak-to-peak separation and peak current values, respec-
tively, according to well-established methodology[34, 35] (see also referen-
ce [32a] for more methodological details). The FSCV signal at n=2 to 6
in all cases displayed a shape typical for the reactant species operating in
a freely diffusing regime[23, 25, 32–36] (as opposed to the FSCV signal for the
cases with strongly adsorbed CytC[24, 27, 29]). In the case of a non-peak-
shaped CV (n=11; Figure 1a), the rate constant was calculated by using
data from the low overpotential region (initial portions of CV curves) in
which the mass transport effect and other effects resulting in nonlinearity
of the dependence of log(khet) on DE=E - Eo (Tafel plot) are negligible
(see for example, reference [33] for details of the employed procedures).
The concentrations of additives were as follows: glucose: 100, 200, 300,
and 400 g L�1 (0.56, 1.12, 1.67, and 2.24m, respectively; in calorimetric ex-
periments the highest glucose concentration was 600 gL�1/3.36m); urea:
2, 4, 6, and 8m.

Optical spectra : The visible spectra (600 to 800 nm) of ferri–CytC solu-
tions were recorded on a Hewlett Packard 8452 A Diode Array spectro-
photometer. The solutions for these studies were essentially the same as
for the electrochemical experiments.

Calorimetry and thermodynamic data processing: Differential scanning
calorimetric experiments were performed on a Mettler Toledo DSC 822
instrument with a protein concentration of 55 mg mL�1 (4.4 mm) in most
cases. In few cases the protein concentration of 20 mg mL�1 was applied
in order to check possible impact of aggregation (vide infra). The sam-
ples (0.13 mL) containing 7.36
0.04 mg protein were sealed in hermetic
aluminum pans (0.15 mL). Buffer solutions with corresponding concen-
trations of additives were used in the reference pans. The temperature
scan rate was 2 K min�1 in all cases. The obtained heat flow W [J s�1]
signal was baseline corrected and transformed into the units of protein
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excess heat capacity CðprotÞ
p [J g�1 K�1] by using Equation (12) (see, for ex-

ample, reference [75]), in which v is the temperature scan rate [K s�1] and
m [g] is the protein weight in the sample solution.

CðprotÞ
p ¼

W

vm
ð12Þ

The calorimetric melting enthalpy was calculated according to Equa-
tion (13),[11] in which T is the absolute temperature and T1 and T2 are the
temperatures that correspond to the start and end of heat absorption due
to thermal melting.[39c]

DHcal ¼

Z

T2

T1

CðprotÞ
p dT ð13Þ

The control experiments with different protein concentrations yielded es-
sentially same results, indicating relatively minor role of protein aggrega-
tion in the DSC performance. Importantly, under the standard conditions
(no additives added) our calorimetric results reproduce most reliable lit-
erature data.[7b,12b]
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