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Abstract Bovine cytochrome ¢ (cyt ¢) was adsorbed on a
polycrystalline gold electrode coated with 4-mercaptopyr-
idine and 11-mercapto-1-undecanoic acid self-assembled
monolayers (SAMs) and the thermodynamics and kinetics
of the heterogeneous protein-electrode electron transfer
(ET) reaction were determined by cyclic voltammetry. The
E° values for the immobilized protein were found to be
lower than those for the corresponding diffusing species.
The thermodynamic parameters for protein reduction (AH;,
and AS;) indicate that the stabilization of the ferric state
due to protein—SAM interaction is enthalpic in origin. The
kinetic data suggest that a tunneling mechanism is involved
in the ET reaction: the distance between the redox center of
the protein and the electrode surface can be efficiently
evaluated using the Marcus equation.
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1 Introduction

Cytochrome ¢ is an important heme-protein characterized
by two redox states (Fe**/Fe**) which is involved in the
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electron transfer (ET) chains of respiratory processes [1, 2].
The redox chemistry of the freely diffusing protein has
been thoroughly investigated by voltammetry in the last
two decades [3—8]: these studies enlighted the molecular
determinants of the redox potential (E°) and how the ET
reaction is affected by temperature, ionic strength, pH-
induced conformational changes, nature of the solvent and
ligand binding. Recently, ET processes have been observed
for cytochrome ¢ (cyt ¢) adsorbed in non-denaturing con-
ditions on bare or functionalized solid electrodes through
covalent linkages or electrostatic interactions, respectively
[9-24]. This kind of investigation can contribute to the
comprehension of the mechanism of ET between protein
partners and is a key step for the assembly of biomolecular
electronic devices [25].

The mechanism by which cyt ¢ exchanges electrons with
the partner proteins is a fundamental issue. The most likely
electron pathway involves the small portion of the heme
which is accessible to the solvent [26]. The heme edge is
surrounded by a number of surface lysines which create a
positive electrostatic potential functional to the recognition
of the complementary domain in the ET partner [1, 2, 27].
Therefore, protein voltammetry of cyt ¢ chemisorbed on a
solid (gold) electrode coated with negatively charged self-
assembled monolayers (SAMs) offers a powerful tool for
investigating the kinetic and thermodynamic aspects of
physiological ET [11-14, 17-22]. In fact, the suitable
choice of the SAM components and of protein variants (or
chemically modified derivatives) allows information to be
gained on the influence of the distance between the ET
centers, nature of the intervening medium and heme ori-
entation on the ET reaction.

Here, we have exploited this approach on bovine cyt ¢
chemisorbed onto an uncharged SAM made of 4-mercap-
topyridine and on a negatively charged SAM made of
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11-mercapto-1-undecanoic acid both anchored to a poly-
crystalline gold surface. In both cases densely packed
layers able to provide a strong interfacial binding to cyt ¢
and a fast ET can be obtained [11-14, 17-22, 28-30]. We
have chosen these two thiols as SAM constituents because
the resulting layers feature remarkable differences in
structure and interaction properties toward cyt c. This is
functional to gaining information on the electron tunnelling
process from the protein to the electrode across different
monolayers.

The enthalpy and entropy changes of the redox reaction
were determined from variable temperature E° measure-
ments: these parameters help the comprehension of the
molecular changes affecting the redox reaction. Moreover,
the rate constants of heterogeneous ET were measured
which, within the frame of the Marcus theory, allow insight
to be gained on the distance and reorganization energy and
therefore on the geometric features of the protein—-SAM
interaction.

2 Experimental
2.1 Materials

All chemicals were of reagent grade. Bovine cyt ¢ was
purchased from Sigma-Aldrich. 11-mercapto-1-undecanoic
acid (Sigma-Aldrich) and 4-mercaptopyridine (Sigma-
Aldrich) were re-crystallized from hexane before use.
Nanopure water was used throughout.

2.2 Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out
with a Potentiostat/Galvanostat PAR mod. 273A at differ-
ent scan rates (0.02-10 V s_l) using a cell for small
volume samples (0.5 mL) under argon. Experiments on
immobilized cyt ¢ were carried out using a 1 mm-diameter
polycrystalline gold wire as working electrode; a Pt sheet
and a saturated calomel electrode (SCE) were used as
counter and reference electrode, respectively. The electric
contact between the SCE and the working solution was
obtained with a Vycor® set. Potentials were calibrated
against the MV**/MV* couple (MV = methylviologen).
All the redox potentials reported here are referred to SHE.
The working gold electrode was cleaned by dipping it in
concentrated nitric acid for 10 min, then flaming it in
oxidizing conditions. Afterwards, it was heated in con-
centrated KOH for 4 h then, after rinsing in water, in
concentrated sulfuric acid for 12 h. To minimize residual
adsorbed impurities, the electrode was first set at —0.7 V
(vs. SCE) for 200 s in 5 mM NaClQ,, then subjected to 10
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voltammetric cycles between +0.7 and —0.6 V (vs. SCE) at
0.1 V s~'; finally the electrode was rinsed in water and
anhydrous ethanol. Vycor® (PAR) set was treated in an
ultrasonic pool for about 5 min. The 11-mercapto-1-un-
decanoic acid SAM (MUA, here after) covalently attached
onto the gold electrode was obtained by dipping the pol-
ished electrode into a 1 mM ethanolic solution of the
molecule for 48 h and then rinsing it with MILLIQ water.
Protein solutions were freshly prepared before use in 5 mM
phosphate buffer at pH = 7 and their concentration (typi-
cally 0.2 mM) was checked spectrophotometrically. The 4-
mercaptopyridine SAM (MP, here after) was performed by
dipping the polished electrode into a 1 mM aqueous solu-
tion of the molecule for 5 min, then rinsing it with
nanopure water. Protein adsorption on both the SAM-
coated Au electrodes was achieved dipping the function-
alized electrode into a 0.2 mM protein solution at 4 °C for
4 h. 5 mM sodium perchlorate and 5 mM phosphate buffer
at pH = 7 were used as the base electrolyte. The formal
reduction potentials E° for cyt ¢ were calculated from the
average of the anodic and cathodic peak potentials. This is
appropriate since o is found to be approximately 0.5 and
E® is almost independent of the scan rate in the range
0.02-10 V s~ [12, 31, 38—41]. The experiments were
performed at least two times and the reduction potentials
were found to be reproducible within £2 mV. Cyclic
voltammograms at variable scan rate were also recorded in
order to determine the ET rate constant k for the adsorbed
protein. kg values were averaged over five measurements
and found to be reproducible within 6%, which was taken
as the associate error. The CV experiments at different
temperatures were carried out with a cell in a “noniso-
thermal” setting [31, 32], namely in which the reference
electrode is kept at constant temperature (21 £ 0.1 °C)
whereas the half-cell containing the working electrode and
the Vycor® junction to the reference electrode is under
thermostatic control with a water bath. The temperature
was varied from 5 to 45 °C. With this experimental con-
figuration, the reaction entropy for protein reduction (ASy)
is given by [31-33]:

dE”

dr (1)

thus, AS;, was determined from the slope of the plot of
E® vs. temperature which turns out to be linear under
the assumption that AS. is constant over the limited
temperature range investigated. With the same assump-
tion, the enthalpy change (AH?C/) was obtained from the
Gibbs-Helmholtz equation, namely as the negative slope
of the E®/T vs. 1/T plot. The nonisothermal behavior of
the cell was carefully checked by determining the AH;,
and AS; values of the ferricyanide/ferrocyanide couple
[31, 32, 34].

ASY =52

red
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3 Results

The voltammetric responses of cyt ¢ adsorbed on MUA and
MP are shown in Fig. 1.

In both the cases, the CV signal shows two well-defined
current peaks corresponding to the one-electron reduction/
oxidation of adsorbed cyt c. Independently of the nature of
the SAM, the peak current values were found to be linear
with scan rate and almost independent of temperature in the
range 5-35 °C (not shown). At higher temperature, the
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Fig. 1 Cyclic voltammograms for bovine cyt ¢ adsorbed on MUA (a)
and MP (b). Scan rate = 50 mV sl working solution: 5 mM
sodium perchlorate, 5 mM phosphate buffer, pH = 7, T = 15 °C

appear. Formal reduction potentials E* (: w of +195
and +203 mV (T = 20 °C) were determined for MUA and
MP, respectively (Table 1). The E® values are scan rate-
independent from 0.020 to 10 V s~ .

The temperature dependence of E® for cyt ¢ adsorbed
on MUA and MP is illustrated in Fig. 2. The E* values
show a monotonic linear decrease with increasing tem-
perature from 5 to 35-45 °C.

Figure 3 shows the Gibbs-Helmholtz plots (E/T vs.
1/T). The reduction entropy and enthalpy values obtained
for the different surfaces are listed in Table 1.

Surface coverage of cyt ¢ on MUA and MP, calculated
from the overall charge exchanged (determined upon
integration of the baseline-corrected anodic or cathodic
peaks) and the area of the gold electrode (determined from
the diffusion controlled CV of the electrochemical standard
ferricinium tetrafluoboride in water), are listed in Table 1.
The protein coverage on MUA turn out to be very similar
to that expected for a full densely packed monolayer,
which amounts to 19 pmol cm™2, as estimated from the
crystallographic dimensions of the protein [15, 27]. In the
case of MP, instead, the coverage is lower.

The rate constants for the ET between the heme group of
the protein adsorbed on MUA and MP and the electrode, kg
(Table 2), were determined from the scan rate dependence
of the anodic and cathodic peak potentials (Fig. 4), fol-
lowing Laviron’s model for diffusionless electrochemical
systems [35].

Table 2 also lists the activation enthalpies (AH#) cal-
culated from the kg values using the Arrhenius equation:

—AH*
Y
ks =A exp( RT ) (2)

peak current decreases and at 55 °C the CV sizilals dis-

namely from the slope of the In kg vs. 1/T (Fig. 5).

Table 1 Reduction thermodynamics and surface coverage for bovine
cyt ¢ on different SAMs®: 4-mercaptopyridine (MP), 11-mercapto-1-
undecanoic acid (MUA), 11-mercapto-1-undecanol (MU)

MP MUA MuU® Solution®
E°'/mV +203 +195 +219 +275
AS/Y mol ™' K™ 74 -73 —45 —28
AH®'/KJ mol ! —40.8 —40.1 —34.2 —34.7
(—AAHY,  /F)/mV =72 —80 -56 -
e /pmol cm™> 12.5 18.9 6.5 -

* Working solution: 5 mM sodium perchlorate, 5 mM phosphate
buffer, pH =7, T =20 °C. Average errors on E®, ASY, AH,
(—AAH! | /F) and TI'Y wvalues are £2mV, :|:2Jm0171K7?,
+0.3 kJ mol_l, +4 mV, £5%, respectively

® From Ref. [38]

¢ Values determined for the freely diffusing protein in the same
conditions (from Ref. [38])

@ Springer



888

J Appl Electrochem (2008) 38:885-891

230

210

E°' /mV

190

170

150 T T
270 290 310 330

T/K

Fig. 2 E® vs. T plots for bovine cyt ¢ adsorbed on MUA (@) and MP
(O). Working solution: 5 mM sodium perchlorate, 5 mM phosphate
buffer, pH = 7
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Fig. 3 E°/T vs. 1/T plots for bovine cyt ¢ adsorbed on MUA (@) and
MP (O). Working solution: 5 mM sodium perchlorate, 5 mM
phosphate buffer, pH = 7

4 Discussion
The E° values for bovine cyt ¢ adsorbed on MUA and MP
are lower than that for the protein in solution by 80 and

72 mV (at 20 °C), respectively (Table 1). These differ-
ences are similar to those previously reported for the same
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Table 2 k, (20 °C), AH" and A values for bovine cyt ¢ adsorbed on
different SAMs?*

Surface ky/s™! AH*/KJ mol™! eV
MP 29 8.3 0.34
MUA 24 5.9 0.25

* Working solution: 5 mM sodium perchlorate, 5 mM phosphate
buffer, pH = 7. Average errors on K, AH*, and 2 values are +6%,
+0.3 kJ mol™!, £0.03 eV, respectively
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Fig. 4 Scan rate dependence of the anodic (E,,) and cathodic (E,.)
peak potentials for bovine cyt ¢ adsorbed on MP. Working solution:
5 mM sodium perchlorate, 5 mM phosphate buffer, pH =7,
T = 15 °C. The corresponding data obtained on MUA are closely
similar

species chemisorbed on carboxylalkanethiolate SAMs [10—
14, 17-22]. This effect can be attributed to the selective
stabilization of the (more positively charged) oxidized state
over the reduced state of the immobilized cyt ¢ induced by
the electrostatic interaction with negative charges of the
11-mercapto-1-undecanoic acid layer and to the H-bonding
network formed with the 4-mercaptopyridine surface,
respectively [10]. The difference between the E° for cyt ¢
adsorbed on MP bound to Au (E° = +203 mV) and MP
bound to Ag (E°" = +181 mV) [36] can be, at least in part,
attributed to the different experimental conditions
employed. Indeed, 5 mM NaClO, plus 5 mM phosphate
buffer and 10 mM phosphate buffer plus 10 mM Na,SO,
were used as supporting electrolyte on the Au and Ag
electrode, respectively [36]. However, the topography of
the electrode surface could also contribute to the observed
difference. In fact, the surface roughness has been proposed
to influence the ability of the protein to exchange electrons
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Fig. 5 In k vs. 1/T plots for bovine cyt ¢ adsorbed on MUA (@) and
MP (O). Working solution: 5 mM sodium perchlorate, 5 mM
phosphate buffer, pH = 7

with both Au [37] and Ag [36] electrodes through the
SAM.

MP interacts weakly with cyt ¢ through H-bond net-
works involving the pyridine nitrogen and, possibly, water
molecules. The same interaction should also occur for cyt ¢
adsorbed on 11-mercapto-1-undecanol films (MU) [38] for
which the E* value is 16 mV more positive than that on
MP. This must be the result of the formation of different H-
bond networks which are responsible for changes in the
extent of the electrostatic interaction between the protein
surface and the heme center.

Although the selective stabilization of the oxidized state
of the adsorbed cyt ¢ is expected to have an enthalpic
origin on both SAMs, the decrease in E® with respect to
the solution conditions appears to be entropy driven
(Table 1). In fact, immobilized cyt ¢ features more nega-
tive AH. and AS; values as compared to the diffusing
protein, with the latter contribution prevailing over the
former (Table 1).

The following relationships hold:

o/ ol __ AG(rjc/,ads AG:c/,sol - AAG:LI
Eads - Eso] - F I F = - F (3)
AAGy,  AAHY  TAAS; @
F  F F
where EY and EJ, are the redox potentials of adsorbed

and freely diffusing bovine cyt c, respectively.
It can be demonstrated that the reduction entropy is
almost entirely due to solvent reorganization effects,

namely the reduction induces changes in the H-bonding
network and ionic atmosphere within the hydration sphere
of the protein [7, 8, 39]:

AAGY  AAHY ., +AAHZ,  TAAS:

re,solv rc,el rc,solv )

F F F

where AAHY, . is the change in AH;, due to the changes
in the solvent organization induced by adsorption on the
SAM, AAHY, ; is the change in AH} due to the interaction
with the SAM and AAS;, . is the change in AS; due to
the changes in the solvent organization induced by
adsorption on the SAM (other contributions to AS;. are
irrelevant and thus omitted [7, 8, 40]).

However, solvent reorganization phenomena are known
to induce exactly compensatory enthalpy—entropy changes

[40—42]:
AAH:C/ solv TAASl?Cl.solv
F  F (6)

As a consequence, the observed decrease in E° value
can indeed be ascribed to the enthalpic term due to the
electrostatic (MUA) or H-bond (MP) interactions between
the protein and the SAM which stabilizes the oxidized form
of the cyt c:

AAGY  AAH{

E° _ g rc,el (7)

ads sol — F F
The values of —AAH;, ,/F obtained on different SAMs
are reported in Table 1. It is worth noting that the enthalpic
stabilization follows the order MUA > MP > MU,
according to the fact that cyt c interacts electrostatically
with the anionic carboxylate groups of MUA through the
surface lysines whereas H-bond interactions are involved
with MP and MU. We note that 4-mercaptopyridine is only
an acceptor of H-bonds, while 11-mercapto— 1-undecanol
acts both as donor and acceptor of H-bonds. This fact could
justify the observed differences in the enthalpic
stabilization effect.

As shown by Bowden et al., the k; value obtained using
Laviron’s method correspond to the kinetic constant for ET
at zero driving force [12, 30, 43]. Therefore the Marcus
equation for heterogeneous ET assumes the form [44]:

k= wesol—(r— o (=57
= voexpl-4(r = rollexp (- 1) ®)

where AG* = 2.

Since the activation entropy in these systems is general
negligible [30, 32, 45], AH* can be considered equal to
AG* and obtained using the Arrhenius equation. Thus, 4
can be easily calculated. The kg, AH" and A values deter-
mined for cyt ¢ adsorbed on MUA and MP at pH = 7 in
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5 mM NaClO4 and 5 mM phosphate buffer are reported in
Table 2. The rate constants ks are comparable, but the AH*
values remarkably differ. In particular, cyt ¢ on MP fea-
tures a larger activation enthalpy and reorganization energy
than on MUA. These data indicate that the nature of SAM
influences both the reduction thermodynamics and kinetics
of the ET process.

The distance (r) between the heme iron and the elec-
trode surface for the protein adsorbed on MUA can be
evaluated from the linearized Marcus equation:

AG*

Inks =1nvy — f(r — ro) T 9)
using vo = 6 x 10'%s7! [30], a § value of 1 A" [30, 46,
47)and ry = 3 A [12, 30, 44]. A r value of 26.8 & 0.4 A is
obtained (the uncertainty on r has been calculated from the
absolute errors affecting In ky and AG*IRT). Since the
tunneling distance for the chains of MUA is about 19 A
[48, 49], the SAM surface should be 7.8 £+ 0.4 A from the
heme iron, consistent with the heme edge being approxi-
mately 5-6 A [27] below the protein surface.

In the case of cyt ¢ adsorbed on MP, the medium sep-
arating the heme and the electrode surface cannot be
considered homogeneous, as in the case of MUA, being
formed by sections with remarkable different f values.
This fact requires the factorization of the first exponential
term in the Marcus equation [10]:

exp (— %?f) (10)

where f; and r; correspond to the tunneling factor and to
the thickness of the ith medium, respectively, and the
tunneling factor relative to rq is considered to be 1 At
[10, 30, 44]. In this case, at least four different media must
be considered:

ks = voexp [—Z (Biri) + 1o

L

(1) the sulfur atom of 4-mercaptopyridine;

(2) the aromatic pyridine moiety;

(3) the interface region between the protein and the SAM
surface, characterized by the presence of H-bond(s)
and probably water molecule(s) responsible of the
adsorption interaction of the (solvated) protein;

(4) the protein matrix between the heme and the
cytochrome surface.

Each region is characterized by a specific f§ value. The
following f3; and r; values were used, which were taken from
literature values for similar molecular frames: f; = 1.1 Al
andr; = 2 A[10,50]; 8, = 0.4 A"'and r» = 5 A[10,51];
fz=2 A 'and r3is variable depending on the presence and
number of solvation water molecules [10, 50]; f, = 1.4 A!
andry = 6 A (considering the most favorable and probable
orientation with the surface lysines) [10, 50].
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The linearized form of the Marcus equation can be used
to evaluate the r3 value:

AG*
RT

(11)

Assuming vy = 10'* s~ (as suggested for rigid spacers
covalently linked to the electrode surface, as 4-
mercaptopyridine) and ry = 3 A [12, 30, 44, 52, 53], the
thickness of the interface between protein and MP is 5.6 A.
This value is consistent with the presence of at least one
water molecule at the interface between cyt ¢ and MP. It is
noteworthy that the reorganization energy A on MP is
remarkably higher than that on MUA (0.36 eV vs. 0.25 eV,
respectively) and that the value of 1 is prevalently
determined by solvent reorganization effects [10]. These
facts suggest that the water molecules at the interface
between the protein and MP are somewhat more
constrained than the others involved in the protein
solvation. This fact would hinder solvent reorganization
following the ET process thus increasing A.

1I1ks = an() — (,311’1 + ,82}’2 + [33r3 + ﬂ4}’4 — r()) —
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