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Abstract Cytochrome css, (Cyt-cssp) and its redox part-
ner baz-oxidase from Thermus thermophilus possess struc-
tural differences compared with Horse heart cytochrome ¢
(cyt-c)/cytochrome ¢ oxidase (CcO) system, where the
recognition between partners and the electron transfer (ET)
process is initiated via electrostatic interactions. We dem-
onstrated in a previous study by surface-enhanced reso-
nance Raman (SERR) spectroscopy that roughened silver
electrodes coated with uncharged mixed self-assembled
monolayers HS—(CH,),—~CH3/HS—(CH,),, , ;—OH 50/50,
n =25, 10 or 15, was a good model to mimic the Cyt-css;
redox partner. All the adsorbed molecules are well oriented
on such biomimetic electrodes and transfer one electron
during the redox process. The present work focuses on the
kinetic part of the heterogeneous ET process of Cyt-css;
adsorbed onto electrodes coated with such mixed SAMs of
different alkyl chain length. For that purpose, two com-
plementary methods were combined. Firstly cyclic vol-
tammetry shows that the ET between the adsorbed Cyt-css;
and the biomimetic electrode is direct and reversible. Fur-
thermore, it allows the estimation of both the density sur-
face coverage of adsorbed Cyt-css, and the kinetic constants
values. Secondly, time-resolved SERR (TR-SERR) spec-
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troscopy showed that the ET process occurs without con-
formational change of the Cyt-css, heme group and allows
the determination of kinetic constants. Results show that the
kinetic constant values obtained by TR-SERR spectroscopy
could be compared to those obtained from cyclic voltam-
metry. They are estimated at 200, 150 and 40 s~ for the ET
of Cyt-css, adsorbed onto electrodes coated with mixed
SAMs HS—(CH,),—CH3/HS—(CH,),, , ;—OH 50/50, n =5,
10 or 15, respectively.

Keywords Cytochrome css, - Surface-enhanced
resonance Raman spectroscopy - Time-resolved SERS -
Self-assembled monolayers - Coated electrodes

Introduction

Cytochromes c act as electron carriers between cytochrome
¢ reductase (complexes III) and cytochrome ¢ oxidase
(complexes IV, CcO) in the respiratory chain of prokary-
otic and eukaryotic organisms. For the eukaryotic cyto-
chrome ¢ from horse heart (cyt-c), it is well established
that the surface recognition and the electron transfer process
with its redox partners occur through electrostatic interac-
tions between the positive lysine-rich domain around the
exposed heme edge and the specific negatively charged
binding domains around the binuclear Cu, center of the
redox partners (Scott and Mauk 1995).

Such a cationic domain was regarded as a common
structural template for soluble c-type cytochromes until it
was shown that cytochrome css, (Cyt-cssp) from Thermus
thermophilus (Soulimane et al. 1997) does not exhibit a
cluster of lysine residues on the protein surface close to the
heme edge (Than et al. 1997). Cyt-css, possesses also a
more stable structure compared with cyt-c, brought about
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by ca. 1/3 of the C-terminal peptide chain that wraps
around the remainder of the protein (Than et al. 1997). This
largely uncharged peptide segment (Met63-Leu75) partly
shields the heme pocket on the front surface of the protein.
In contrast to other cytochromes c oxidases, the putative
binding domain of basz-oxidase from Thermus thermophi-
lus, around the Cup center, lacks any negatively charged
residues as revealed by the crystal structure (Soulimane
et al. 2000; Than and Soulimane 2001). Those unique
structural properties of bas-oxidase and Cyt-css,, therefore,
raises fundamental questions with respect to the recogni-
tion and the molecular mechanism of the electron transfer
between both partners. Moreover, there is no cross-reac-
tivity with horse heart cyt-c (Soulimane et al. 1997).
Specifically, it has to be determined if a conformational
rearrangement of the heme for the biological electron
transfer may be also of relevance for the reaction of Cyt-
csso with the bas-oxidase, as suggested for the cyt ¢/CcO
redox couple (Dopner et al. 1999; Hildebrandt and Stock-
burger 1989a, b). Recently, we characterized the redox
properties of Cyt-css, adsorbed on different self-assembled
thiol monolayers (SAMs) grafted on silver electrode, used
to model the chemical environment of the redox partner
(Bernad et al. 2004, 2006). The use of silver electrode
allows us to employ surface-enhanced resonance Raman
(SERR) spectroscopy, which selectively probes the vibra-
tional spectrum of the heme group solely of the adsorbed
Cyt-cssp (Lecomte et al. 1999, 1998a). It appears in our
study that the surface, which mimics in a better way the
environment of the basz-oxidase, is a mixed SAMs formed
by polar (Ag—(CH,),—~CH,OH) and hydrophobic (Ag—
(CH,),—CHj;) alkanethiols. Only the native form, B1(6cLS)
of Cyt-css;, is detected by SERRS when the protein is
adsorbed on such a surface. This surface promotes a protein
orientation favorable for the electron transfer. We dem-
onstrated that the number of transferred electron was close
to 1, concluding that all the adsorbed heme proteins were
electroactive and had the same orientation. Most likely the
uncharged residues close to the edge interact with the mi-
metic surface. The electron transfer between the modified
electrode and Cyt-css, is not dependent on a structural
change of the heme (Bernad et al. 2006).

In the present study, we have used a combination of two
complementary techniques: electrochemistry and time-
resolved surface-enhanced resonance Raman (TR-SERR)
spectroscopy, to examine the kinetics of the heterogeneous
electron transfer between Cyt-css, and the silver electrode
coated with mixed (hydrophilic/hydrophobic) SAM of
various alkyl chain lengths, used as a biomimetic surface of
its redox partner (bas-oxidase). Surface-enhanced Raman
(SER) spectroscopy is a powerful technique to study the
conformation of the heme group of Cyt-css, adsorbed on
the electrode. Because of the selective enhancement of the
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Raman scattering upon adsorption on electrochemically
roughened metal electrodes (Ag, Au, Cu), it can be used to
probe exclusively the molecular structure of the species in
the electrical double layer (Cotton et al. 1980). This tech-
nique has been successfully used to study the potential-
dependent equilibrium of the heme proteins, where the SER
effect and molecular resonance Raman (RR) effect can be
combined (SERR) (Hildebrandt and Stockburger 1989a, b).
Under these conditions, the sensitivity is further increased
and the measured spectra exclusively display the vibrational
bands of the heme group (i.e., the redox center) from the
adsorbed heme protein. Stationary potential-dependent
SERR measurements provide information on the thermo-
dynamics (E°) of the interfacial redox process as well as the
redox active site structures of the adsorbed species involved.

SERR spectroscopy has been extended to the time-
resolved domain by combining the SERR spectroscopic
measurements with the potential jump technique (Lecomte
et al. 1998b; Wackerbarth et al. 1999). Thus, it is possible to
probe the kinetics of the electron transfer of heme proteins
in the millisecond time scale (Lecomte et al. 1999). Cyclic
voltammetry experiments have been performed on a coated
silver electrode, with the same roughness as that of the
electrode previously used for SERR experiments, in order to
determine the redox potential of adsorbed Cyt-css,, the
reversibility of the electrochemical process, the amount of
adsorbed Cyt-css, and the rate constant of the electron
transfer. The correlation of the redox and kinetics properties
obtained by both techniques was demonstrated. The mixed
surfaces (Ag—(CH,),—~CH,0OH) /(Ag—(CH,),—~CHj3) lead to a
homogeneous orientation of Cyt-css, and a fast electron
transfer reaction between the heme and the coated elec-
trode. These experiments reveal that the interaction of Cyt-
cssp/bas-oxidase is governed by a different driving force
compared to the redox couple cyt-c/cytochrome ¢ oxidize.

Experimental

Chemicals: 1-Hexanethiol (HS—(CH,)s—CHs), 1-unde-
canethiol (HS—(CH,),o—CHs3), 1-hexadecanethiol (HS—
(CH,),5—CH3), 6-mercapto-1-hexanol (HS—(CH,)s—OH)
and 11-mercapto-1-undecanol (HS-(CH,);;—-OH) were
purchased from Aldrich and were used without further
purification; 16-mercapto-1-hexadecanol was synthesized
in our laboratory. Purification of Cyt-css, from Thermus
thermophilus was carried out according to published pro-
cedures (Than et al. 1997).

Preparation of the silver electrode

The silver electrode used was constituted of planar plate
or cylinder ring depending on the measurement and was
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prepared as follows: after mechanical polishing, the silver
electrode was transferred into the electrochemical cell
containing 0.1 M KCI. Three double potential steps from
—0.3 to +0.3 V (90, 30, 30 s) were applied for the oxidation
and the reduction of the silver electrode, which was then
rinsed with water. The real surface of the roughened silver
electrode was evaluated using a limiting diffusion method,
based on the electrochemical measurement of the limiting
current at a constant anodic potential of the Fell/Felll
redox couple, in a solution of K4Fe(CN)g (1 mM) and
K5Fe(CN)g (1 mM) in 0.1 M KCI. Therefore, the effective
surface area could be evaluated from the Cottrell equation
14(t) = nFADY2Co/(n'/?t'/%) (where 1; means the diffusion
current, D the diffusion coefficient, n the number of ex-
changed electrons, F the Faraday’s constant, Co the con-
centration of the redox species and A the real area of the
electrode).

From the value of the diffusion current, we were able to
estimate the effective surface area for the plate electrode to
be 17 cm®. The simple geometrical area measured being
2 c¢m?, the surface roughness factor for this silver electrode
was subsequently estimated to be 8.5.

Preparation of coated electrodes

The roughened silver electrodes were immersed in 1 mM
ethanolic  solutions of thiols HS—(CH,),—~CH3/HS—
(CH,),, » 1—OH (50/50 v/v) for three alkyl chain lengths
(n =5, 10, 15) for 18 h. The silver rings were then rinsed
with ethanol and dried under a stream of nitrogen. The
modified electrode was placed for 30 or 90 min in a
solution containing 0.2 pM Cyt-css, in a buffer 10 mM
Tris/HCI with 50 mM KCI (pH = 7.6).

Electrochemistry

Cyclic voltammetry experiments were performed in a glass
cell incorporating a conventional three-electrode configu-
ration using a silver plate (prepared as described above) as
the working electrode, a platinum mesh as the counter
electrode and a saturated calomel electrode as refer-
ence. The supporting electrolyte solution was thoroughly
deoxygenated using oxygen-free argon prior to the elec-
trochemical measurements. An autolab PGSTAT 100 po-
tentiostat controlled by GPES autolab software was used
for electrochemical measurements.

The total charges Q; exchanged between adsorbed
Cyt-css, and the coated electrodes were determined from
coulometric integration of the anodic peaks on the vol-
tammograms. Hence, the following relationship has been
used to obtain the surface densities I'; of Cyt-css, adsorbed
onto the coated electrodes:

Qianl"iS

with n: number of transferred electron, F: the Faraday
constant and S: the surface of the electrode estimated to
17 cm?.

The kinetic constants of the electron transfer process
were calculated from the voltammograms using the ana-
lytical method of Laviron applied to adsorbed systems
(Laviron 1979).

Stationary SERR spectroscopy and TR-SERR
spectroscopy

The silver working electrode is a homemade rotating one,
constructed according to a previously published description
(Hildebrandt et al. 1988). Due to the rotation of the
working electrode, the laser beam does not locally heat the
sample. Platinum and saturated calomel electrodes were
used as counter and reference electrodes, respectively. All
potentials cited in this work refer to the saturated calomel
electrode (SCE). The laboratory-built three-electrode cell
was connected to an EG&G 273A potentiostat. SERR
spectra were recorded at ambient temperatures with the
413.1 nm excitation line of a Spectra Physics Kr ion laser.
The spectrograph (Dilor XY) is equipped with a liquid
nitrogen cooled CCD camera and is used with a high dis-
persive system (spectral resolution of 2 cm™ and step
width of 0.8 cm*l). The laser beam (ca. 40 mW) was
focused onto the surface of the rotating Ag electrode.
The total accumulation time of the SERR spectra varied
between 30 and 180 s.

In time-resolved experiments, a rapid potential jump
(<<100 ps) from an initial potential E; to a final potential
E; was imposed and the SERR spectra were measured after
(variable) delay times ¢ with a time interval At of 5 ms.
After this measuring interval, the potential was set back to
E; in order to establish the initial equilibrium. The se-
quence was repeated N times (from 500 to 2000) until the
effective total accumulation N X At time was between 2, 5
and 10 s as required for a sufficient signal-to-noise ratio.
The time resolution was controlled by gated excitation
rather than gate signal detection. A Pockel cell, synchro-
nized with the potential jump trigger, achieved gating of
the laser beam.

Results and discussion
Reversible electron transfer
Cyclic voltammograms (CV) obtained for Cyt-css,

adsorbed on a roughened silver electrode modified with
HS—(CH,),, + -OH/ HS—(CH,),—CHj3;, 50/50, with n =5,

@ Springer



1042

Eur Biophys J (2007) 36:1039-1048

10 and 15, were recorded in 0.01 M Tris—HCI buffer (pH
7.6) with 0.05 M KClI as function of the scan rate from 0.02
to 10 V s~'. Figure 1 presents the CV for Cyt-css, ad-
sorbed on SAMs with an alkyl chain length of 10. The
electrochemical response of Cyt-css, shows a well-defined
one-electron redox wave. The peak separation varies up to
220 mV in the studied scan range from 0.02 to 10 V s‘l,
and the full width at half height (fwwh) is around 110 mV.
These results show that the redox process can be regarded
as reversible, as the theoretical reversible process for
adsorbed electroactive species correspond to a zero-peak
separation and an fwwh of 90.6 mV (Bard and Faulkner
2001).

Figure 2 shows the variation of the anodic and cathodic
currents as a function of the scan rate. Both cathodic and
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Fig. 1 Cyclic voltammogramm of Cyt-css, adsorbed on coated (HS—
(CH,)10—CH3/HS—(CH,)1—OH, 50/50) roughened silver electrode
obtained in de-oxygenated 0.01 M Tris/HCI buffer (pH 7.6) with
0.05 M KClI at potential scan rates of 0.1, 0.2, 0.5, 1, 2, 3, 5, 7, 8,
10 V s, For the different voltammograms, the scan rate is increased
in the direction of the arrow
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Fig. 2 Variations of the anodic and cathodic peak currents of Cyt-

¢sso adsorbed on coated (HS—(CH,),o—CH3/HS—(CH,),—OH, 50/50)
roughened silver electrode as a function of the potential scan rate
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anodic peak currents vary linearly with the scan rate, which
demonstrates that the Cyt-css, is anchored at the surface of
the modified electrode. The same behavior for Cyt-cssp,
adsorption on the modified electrode and reversibility of
the electron transfer, is observed for the other alkyl chain
lengths of the SAMs, n =5 or n = 15.

The formal potential for the Cyt-css5, immobilized on
the silver electrode modified with HS—(CH,),;—OH/ HS-
(CH,);0-CHs;, calculated as the average of the observed
anodic and cathodic peak potentials, is —0.033 V vs. SCE
(0.207 V vs. NHE) and is independent of the scan rate in
the whole range. Table 1 lists the formal potential for the
Cyt-css, adsorbed on the different chain lengths of SAM
obtained by cyclic voltammetry (E°(V)*). The values are
all close to the potential of Cyt-css; in solution (-0.038 V
vs. SCE) (Hon-Nami and Oshim 1977) leading to assume
that the structure of the heme protein and the heme edge
are not modified by the adsorption process.

The coulometric integration of the anodic peak allows to
estimate the amount of electroactive Cyt-css, adsorbed on
mixed SAM (HS—(CH,),, . ;-OH/HS—(CH,),—CH3, n =5,
10 and 15), as described in the experimental section.
Considering a one electron transfer process and a surface
area of 17 cm? (after correction of the roughness factor),
the density of surface coverage of the biomimetic electrodes
by Cyt-css, is 2, 10 and 6 pmol.cm™ for mixed SAM
(50/50) of HS—(CHj)s, —-OH/ HS—(CH,)s—CH;, HS-
(CHy)10 + 1-OH/ HS—(CH,);p—-CH3 and HS—(CHy)is + i—
OH/ HS—(CH,),5—CHj3 respectively. Assuming that the
protein keeps a structure close to its native crystalline
structure and that the available surface of one molecule is
1400 A2 (Than et al. 1997), the theoretical value for a
coverage density of the electrode with a monolayer of pro-
tein would be 12 pmol cm 2 We can deduce from our jeqs
that around a monolayer of Cyt-cs,, 15 @dsorbed onto the modified
electrode by HS—(CH,),¢ + ;—“OH/ HS—(CH,),;0—CHj;. For
the other chain lengths, less than a monolayer of Cyt-css, is
adsorbed.

These values can be compared to those obtained for
cytochrome ¢ from horse heart (cyt-c) when adsorbed on
w-carboxylalkanethiols SAMs grafted on smooth gold
electrodes. This surface, known as the electrostatic model,
is indeed described as a good model for the recognition site
of cytochrome ¢ oxidase for cyt-c. On such surfaces, a
surface density corresponding to one monolayer is esti-
mated from electrochemical techniques whatever the chain
length of the SAM is (Clark and Bowden 1997; Feng et al.
1995, 1997; Song et al. 1993). In the case of rat heart,
cytochrome ¢ adsorbed on mixed SAMs of alkanethiols
and o-terminated alkanethiols (terminated with pyridine,
imidazole or nitrile), very low coverage density is ob-
served, corresponding to a 10% of the theoretical value of
the monolayer (Wei et al. 2002). Those terminated groups
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Table 1 Characteristic parameters (E°, k;, density of surface) of Cyt-
cssp adsorbed on mixed SAM-coated Ag electrodes (HS—(CH,),—
CH3/HS—(CH,),, + 1-OH 50/50 v/v, n = 5, 10, 15) obtained by cyclic

voltammetry® and SERRSP. A driving force E—E,=-0.03 V was
applied for the determination of rate constants by SERRS measure-
ments

SAM E° (V)* (vs. SCE) E° (V)® (vs. SCE) Density of surface® aish K (s
(102 mol cm™)

n=>5 —0.055 + 0.010 + 0.009 + 0.006 2+1 208 + 20 >200

n=10 -0.033 = 0.014 -0.010 % 0.004 11+2 165 + 42 150 + 50

n=15 —0.073 = 0.010 —0.042 + 0.005 6+2 39+ 19 10+5

are indeed able to ligate to the heme and to make the
surface coverage lower than a monolayer when used in
mixed SAMs.

Using cyclic voltammetry we were able to detect a di-
rect electron transfer process between adsorbed Cyt-css,
and electrode coated with SAM, HS—(CH,),, . .—OH/ HS—
(CH,),—CH3, n = 5, 10 or 15, whatever the chain length of
the SAM is. We also established that this electron transfer
is reversible for the three SAMs used.

Conformation of Cyt-css, adsorbed on mixed SAM

T. thermophilus Cyt-css, may present several configurations
of the porphyrin group, depending on the experimental
conditions, as previously described (Bernad et al. 2004;
Lecomte et al. 1998a). In the native form called B1, the
heme structure shows a six-coordinated low-spin (6¢LS)
configuration, with Met-69 and His-15 as axial ligands.
Resonance Raman spectra in the range 1300-1600 cm ™ are
specific of the porphyrin groups (Hu et al. 1993) and give
information on the oxidation, spin and coordination of the
heme iron (marker bands v4, v3, vo, v; and v37).

When Cyt-css, is adsorbed onto the surface of a
roughened silver rotating electrode, the protein can exist in
a conformational equilibrium between the two states, Bl
and B2 (Lecomte et al. 1998a). The Bl state exhibits
essentially the same spectrum as the native dissolved Cyt-
Csso, and the nonnative state B2 comprises a five-coordi-
nated high-spin B2(5cHS) and a six-coordinated low-spin
B2(6¢LS) form. B2 species are only observed when Cyt-
Csso 1s adsorbed on the naked silver surface, but with a very
small contribution. The spectral parameters of the pure
spectra B1 and B2 species have already been determined
and the main marker bands are listed in Table 2. The SERR
spectra of Cyt-css, adsorbed on a mixed self-assembled
monolayer (HS—(CH,), , .—~OH/ HS—(CH,),—CH3, 50/50)
in equilibrium condition at different potentials are shown
in Figs. 3 and 4, for n =5 and n = 15, respectively. A
quantitative analysis of SERRS spectra leads to the deter-
mination of the percentage of each conformation of
Cyt-css, heme adsorbed on mixed SAM as described in
previous papers (Bernad et al. 2004, 2006). The native
B1 states (oxidized and reduced) are the more favored

conformations. No B2ox(5cHS) state is detected on the
electrode. The B2(6¢LS) is observed at the oxidized state
(at potential +0.05 or +0.01 V). However, the percentage is
less than 10%, whatever the chain length of the SAM is.

Using the Nersnt equation, the redox potential of Cyt-
552 adsorbed on SAM were determined from a quantitative
analysis of the SERR spectra recorded at different poten-
tials in stationary conditions (Bernad et al. 2004). The
values are listed in Table 1 (E°(V)®). It appears that for the
same chain length, the values of the formal potential cal-
culated from the voltammograms are more negative from
20 to 60 mV than those obtained by SERRS spectroscopy.
These variations could be due to different experimental
conditions used in both methods. In the case of SERR
spectroscopy, the shape of the working electrode is not the
same as that for cyclic voltammetry, whereas the counter
and the reference electrodes are identical. In addition, there
is incertitude in the determination of the maximum of the
peak potential in the voltammograms, due to the large
shape of the peaks. Finally, we neglect the B2 conforma-
tions for the determination of the redox potential by SERR
spectroscopy, whereas those species are present in the
spectra (less than 10%). Besides, a study by Clark and
Bowden showed that the potential values for horse heart
cytochrome c¢ adsorbed on carboxylic acid terminated
SAMs grafted on gold electrodes are more negative when
the protein is more strongly adsorbed (Clark and Bowden
1997). In our study, the adsorption time differs slightly for
the SERR experiments (30 min) and for the cyclic vol-
tammetry experiments (90 min), which could have led to a
more strongly adsorbed form in the latter case and would
explain the more negative values obtained by cyclic vol-
tammetry measurements. An adsorption time of 30 min.
was indeed not sufficient to get an exploitable signal in
cyclic voltammetry.

The redox potential becomes more negative when the
chain length of the SAM is increased. According to Bat-
tistuzzi et al. it could be due to a more hydrated heme
crevice, as the chain length is increased (Battistuzzi et al.
2002). The longer the chain length, the smoother is the
surface onto which the Cyt-css, is adsorbed and the less
specific is the interaction between the protein and the
SAM, as also observed by Leopold and Bowden (2002).
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Table 2 Wavenumbers (cm')and relatives intensities (in parentheses) of the main marker bands of the dissolved (B1 state) and the adsorbed
(B2 state) forms of Cyt-csso

Mode

B 1red

Blox

B2,e46cLS

B2,.6cLS

B2,.45cHS

B2,.5cHS

V4
V3
V11

V2

1360.8 (1.000)
1491.6 (0.073)
1540.0 (0.108)
1588.0 (0.265)

1370.5 (1.000)
1501.0 (0.223)
1557.5 (0.141)
1581.0 (0.362)

1360.1 (1.000)
1492.8 (0.045)
1545.9 (0.094)
1589.8 (0.145)

1376.7 (1.000)
1506.8 (0.206)
1568.8 (0.581)
1586.2 (0.847)

1353.6 (1.000)
1468.5 (0.164)
1565.1 (0.037)
ND

1371.4 (1.000)
1490.0 (0.613)
1553.8 (0.293)
1574.5 (0.374)

Pl e e it

Intensity (arbitrary unit)

1300 1400 1500 1600

Wavenumber (cm'l)

Fig. 3 Stationary SERR spectra of Cyt-css, adsorbed on Ag
electrodes coated with HS—(CH,)s—CH3/HS—(CH,)s—OH (1:1, v/v),
excited at 413 nm and recorded at two different potentials (solid line).
The dashed, dotted and dashed-dotted lines refer to the fitted
component of the reduced and oxidized B1(6¢cLS) forms and of the
B2(6¢cLS) oxidized form, respectively

SERR spectroscopy furnishes information complemen-
tary to electrochemistry by giving the structure of the heme
group of Cyt-css, adsorbed onto the biomimetic electrodes.
Combining both methods allows us to conclude that the
heme of Cyt-css, adsorbed onto electrodes coated with
SAM, HS—-(CH,), , ;—-OH/HS—(CH,),—CH3, n =5, 10 or
15, keeps its native structure (6¢cLS) when it transfers
electron to the biomimetic electrode in a reversible manner.

Kinetics of electron transfer

For the time-resolved SERR measurements, Cyt-css, was
adsorbed on SAM covered electrode at —-0.4 V to ensure
that the protein was exclusively in the state B1, as checked
by a stationary SERR experiment. Subsequently, the po-
tential was set to the initial potential Ei to start the time-
resolved experiments. The initial dwell time at Ei (Ca. 5 s)

@ Springer

Intensity (arbitrary unit)

1300 1400 1500 1600

Wavenumber (cm'l)

Fig. 4 Stationary SERR spectra of Cyt-css, adsorbed on Ag
electrodes coated with HS—(CH,);5—~CH3/HS—(CH,);c~OH (1:1, v/
v), excited at 413 nm and recorded at two different potentials (solid
line). The dashed, dotted and dashed-dotted lines refer to the fitted
component of the reduced and oxidized B1(6cLS) forms and of the
B2(6¢cLS) oxidized form, respectively

was sufficiently long to establish the redox equilibrium of
B1. After each time-resolved experiment, a stationary
SERR spectrum was measured at —0.4 V. Except for a
slight lowering of the total intensity, these spectra reveal no
differences compared to those measured prior to the time-
resolved experiments. Thus, any denaturizing process of
the adsorbed Cyt-css, could be ruled out.

The range of the potential jumps was chosen to obtain
large differences between the equilibrium concentration of
reduced Cyt-css; in the native form (Blred) and oxidized
Cyt-css, in the native form (Blox) at the initial and final
potentials E; and E;, which are essential for a reliable
quantitative analysis of the time-resolved SERR spectra.
Because of the oxidation potential of Ag/AgCl and the
concomitant loss of SERR activity at potentials close to E°
(Ag/AgCl), a value close to 0.0 V constitutes the upper
limit for the accessible potentials. For the short SAMs, the
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E; value was set to +0.05 V and for long SAM at +0.01 V.
The E° (Blred/Blox) of Cyt-css, adsorbed on mixed SAM
were determined from stationary SERRS measurements at
+0.009 and -0.042 V (ref SCE) for n =5 and n = 15,
respectively. Consequently, E; were chosen to have nega-
tive values (—0.02 and —0.07 V) to increase the percentage
of Blred, leading to an increase in the driving force for the
heterogeneous reduction.

Figures 5 and 6 show a selection of time-resolved SERR
spectra measured at various delay times for Cyt-css, ad-
sorbed on short (n = 5) and long (n = 15) mixed SAM. As
expected, the reduced B1 increases at the expense of Blox
with increasing delay times. On the other hand, the con-
tribution of the non-native oxidized form B2(6¢cL) is small
and varies little with the delay time. These results are in
agreement with previous results obtained on a naked
electrode, where it was shown that the conformational
transition Blox to B2ox was much slower than the electron
transfer of B1 (Lecomte et al. 1998b). The data analysis
can be restricted to the electron transfer process based on a

ki
one-step relaxation mechanism, i. e. e~ + Blox = Blred.
ka

One expresses the rate of the reaction as

d(Cgired)/dt = k1 Cpiox — k2CBired (1)

and the equilibrium constant of the reaction to be

nk

Keg(Er) = % — exp (-(Ef _E) ﬁ> 2)

Combination of both relationships (1) and (2) gives:

(CBlred(t) B CBlred(Ef))
(CBired (Ei) — Ciired(Ex))

with k; + k, = p and finally

In

= —(ki + ko)t = £(1) (3)

* K,
ko= P (4)
1 + Keq
and
14
ky = 5
2 1 + K ( )

The obtained kinetic constants k; are given in Table 1.
The values of 150 s~ and 10 s™' were found for Cyt-csso
adsorbed onto the electrode coated with HS—(CH,),, ; 1—
OH/HS—(CH,),-CH3, n = 10 and 15, respectively. For the
electron transfer between Cyt-css; and the electrode coated
with the shortest SAMs HS—(CH,)s , ;—OH/HS—(CH,)s—
CH;, only an estimation of the rate constant could be
calculated. By comparing the kinetic spectrum at 6 = 0 ms
(Fig. 5) and the stationary spectrum at +0.05 V (Fig. 3), we

can observe that all the oxidized B1 species had been
converted to the reduced B1 species. It means that the
electron transfer process is almost complete when the first
spectrum can be taken with this setup (6 = 0 ms). The
electron transfer process is too fast to be studied with this
experimental setup when Cyt-cssp is adsorbed onto the
electrode coated with the shortest SAMs. The electron
transfer rate between Cyt-css, and the modified silver
electrode were also calculated from the cyclic voltammo-
grams using the method of Laviron (Laviron 1979). The
obtained values are listed in Table 1 and vary from 208 s~
for the shortest chain length to 39 s™' for the longest one.
These results show that both techniques (electrochemistry
and SERRS) give the electron transfer rate in the same
order of magnitude.

Kinetic parameters for the heterogeneous -electron
transfer of Cyt-css, adsorbed onto electrodes coated with
HS—(CH,),, . ;--OH/HS—(CH,),—~CH; are compared to
those obtained in the case of cyt-c adsorbed onto electrodes
modified with w-carboxylalkanethiols HS—(CH,),—COOH.
Murgida and Hildebrandt calculated by TR-SERR spec-
troscopy that the kinetic constants for the electron transfer
process between horse heart cytochrome ¢ and Ag elec-
trodes coated with HS—(CH,),—~COOH, n = 5, 10, 15 were
134, 43 and 0.073 s~ respectively (Hildebrandt and
Murgida 2002; Murgida and Hildebrandt 2001). Kinetic
constant values around 100 and 0.1 s™' measured with
Laviron’s method from cyclic voltammetry are found when
cyt-c is adsorbed on Au—-S—(CH,),—~COOH, for n = 10 and
n =15 (El Kasmi et al. 1998; Feng et al. 1997; Song et al.
1993). As for electron transfer rates with Au—S—(CH,)s—
COOH, Wei et al. measured a kinetic constant of 680 s
for rat heart cytochrome ¢ using Marcus model with cyclic
voltammetry (Wei et al. 2004). By electroreflectance
spectroscopy, a kinetic constant value of 1100 s~' has been
determined for cyt-c adsorbed on Au-S—(CH,)s—COOH
(Feng et al. 1997). For long distance electron transfer
processes (chain length with n = 10) experience has shown
that the kinetic rate depends exponentially on the distance
according to Marcus’ theory (Avila et al. 2000; Marcus and
Sutin 1985; Murgida and Hildebrandt 2004). The mecha-
nism is hence controlled by electron tunnelling. At short
distances (chain length with n < 9), the electron transfer
process becomes distance independent and a conforma-
tional rearrangement is the rate limiting step (Avila et al.
2000; Jeuken 2003). When cyt-c was coordinatively bound
to pyridine-terminated alkanethiols SAMS on Au or Ag
electrodes, Yue et al. (2006) demonstrated that at short
distances the electron transfer mechanism seemed to be
controlled by solvent/protein friction instead of a gated
process. It is understood from those studies that several
parameters intervene in the electron transfer process, which
is a complex phenomenon not fully understood yet.
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Intensity (arbitrary unit)

1300 1400 1500

Wavenumber (cm™)

Fig. 5 Time-resolved SERR spectra of the Cyt-css, adsorbed on Ag
electrodes coated with HS—(CH,)s—CH3/HS—(CH,)s—OH (1:1, v/v)
for a potential jump from 0.05 to 0.02 V measured at various delay
times 0’. The excitation wavelength was 413 nm, the number of cycle
was 1,000 and 2,000. The dashed, dotted and dashed-dotted lines
indicate the component spectra of the reduced and oxidized B1(6¢cLS)
forms and of the B2(6cLS) oxidized form, respectively

Kinetic constant values are greater for cyt-c than for Cyt-
¢ss» when the proteins are adsorbed onto electrodes coated
with SAMs of shortest alkyl chain length, Au—S—(CH,)s—
COOH and Ag-S—(CH,), , ;—~OH/Ag-S—(CH,),—CHj3 for
cyt-c and Cyt-css,, respectively. The chosen method for the
measurements, cyclic voltammetry for Cyt-css, and elect-
roreflectance study for cyt-c, could be responsible for this
difference in kinetic constant values. It appears also from
our work that the kinetic constants obtained for Cyt-css,

@ Springer
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Fig. 6 Time-resolved SERR spectra of the Cyt-css, adsorbed on Ag
electrodes coated with HS—(CH,);5s—CH3/HS—(CH,);,—OH (1:1, v/v)
for a potential jump from 0.01 to —0.07 V measured at various delay
times ¢’. The excitation wavelength was 413 nm, the number of cycle
was between 1,000 and 2,000. The dashed, dotted and dashed-dotted
lines indicate the component spectra of the reduced and oxidized
B1(6cLS) forms and of the B2(6¢cLS) oxidized form, respectively

adsorbed onto electrodes coated with longer mixed SAMs
HS—-(CH,),, . -—~OH/ HS—(CH,),—CH; (n = 10 and n = 15)
are larger than those observed for cyt-c adsorbed on the
electrostatic model, with the same chain lengths, i.e., elec-
trode coated with HS—(CH,),—COOH. The heterogeneous
electron transfer between Cyt-css, and the electrode coated
with mixed SAMs is hence faster than the electron transfer
between cyt-c and the electrostatic model. It seems that the
mixed SAMs mimic in a better way the redox partner of
Cyt-css; than the electrostatic model does for cyt-c.

Conclusion

We have studied the kinetics of the electron transfer of Cyt-
cssp adsorbed on biomimetic electrodes by combining two
different methods: time-resolved SERR spectroscopy and
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cyclic voltammetry. These two methods are complemen-
tary. Cyclic voltammetry has shown that the electron
transfer process between adsorbed Cyt-css, and the elec-
trode coated with mixed SAMs, HS—-(CH,),, . ;—OH/HS—-
(CH,),—CHj3 50/50 was reversible and direct between both
partners, but no structural information of heme group of
Cyt-css, could be obtained. For that purpose, time-resolved
SERR spectroscopy was used to determine the conforma-
tions of the electroactive species of Cyt-css, adsorbed onto
the modified electrode. Furthermore, estimations of the
thermodynamic (redox potential) and the kinetic (rate
constant for the electron transfer) parameters of the heter-
ogeneous electron transfer were calculated by both meth-
ods and demonstrate that the obtained results are in the
same range.

Our studies confirm that the electrode coated with mixed
SAMs HS—(CH,),, ; 1-OH/HS—(CH,),—CHj3 50/50 is a good
model to mimic the properties of the Cyt-css, redox part-
ner, basz-oxidase from Thermus thermophilus. Cyt-css,
molecules adsorbed onto these biomimetic electrodes are
well oriented and exhibit quickly all their native confor-
mation. In addition, the electron transfer process is fast and
reversible. By varying the chain length of the SAMs, we
have also established that adsorbing Cyt-cs5, onto a short
chain length should improve the rate of the electron
transfer.

By combining two complementary methods, we have
characterized the electron transfer process between Cyt-
csso and the electrode coated with mixed SAMs. These
mixed SAMs are hence shown to be good starting points
for elaborating a more complex biomimetic model of the
Cyt-css, redox partner and could be used to study further
what parameters control the electron transfer mechanism.
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