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Time-resolved surface enhanced infrared absorption (SEIRA) spectroscopy is employed to analyse
the dynamics of the protein structural changes coupled to the electron transfer process of
immobilised cytochrome ¢ (Cyt-c). Upon electrostatic binding of Cyt-c to Au electrodes coated
with self-assembled monolayers (SAMs) of carboxyl-terminated thiols, cyclic voltammetric
measurements demonstrate a reversible redox process with a redox potential that is similar to that
of Cyt-c in solution, and a non-exponential distance-dependence of the electron transfer rate as
observed previously (D. H. Murgida and P. Hildebrandt, Chem. Soc. Rev. 2008, 37, 937). On the
basis of characteristic redox-state-sensitive amide I bands, the protein structural changes triggered
by the electron transfer are monitored by rapid scan and step scan SEIRA spectroscopy in
combination with the potential jump technique. Whereas the temporal evolution of the conjugate

bands at 1693 and 1673 cm™! displays the same rate constants as electron transfer, the time-
dependent changes of the 1660-cm ™! band are slower by about a factor of 2. The study
demonstrates that time-resolved SEIRA spectroscopy provides further information about the

dynamics and mechanism of interfacial processes of redox proteins, thereby complementing the

results obtained from other surface-sensitive techniques. In comparison with previous surface
enhanced resonance Raman spectroscopic findings, the present results are discussed in terms of

the local electric field strengths at the Au/SAM/Cyt-c interface.

Introduction

Immobilisation of redox enzymes on electronic conducting
materials is a key issue in the design and construction of
bioelectronic devices that are of actual or potential importance
for biotechnological applications.! These hybrid systems aim
to utilise the evolutionarily optimised electron transfer proper-
ties as well as substrate and product specificity of biocatalysts.
The central challenge, however, is to achieve an efficient
electronic coupling of the protein to inorganic materials, which
is essential for the performance of bioelectronic devices. The
enormous research efforts in this field follow empirical “trial-
and-error” approaches or rational design principles to opti-
mize the desired functional properties of the bioelectronic
hybrid system. The latter strategy requires deeper insight into
the molecular processes of immobilised proteins and the
factors that control the electronic coupling with the conducting
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support. Progress in this respect strongly depends on appro-
priate techniques that may provide information about the
structure and reaction dynamics of immobilised proteins.

Surface enhanced vibrational spectroscopies fulfil these
requirements.” Among them surface enhanced resonance
Raman (SERR) spectroscopy can be considered as an estab-
lished technique for probing the molecular structure of the
redox site and its dynamics and reactivity in interfacial pro-
cesses.* For many systems, specifically for heme proteins, a
drawback of this technique is the restriction to Ag surfaces
since this metal limits the accessible electrode potential range.
Moreover, Ag cations are known to attack proteins and thus
may cause their denaturation.’ Finally, SERR spectroscopy
only probes the redox site but does not provide direct infor-
mation about the protein structure and dynamics. In this
respect, surface enhanced infrared absorption (SEIRA) spec-
troscopy represents a promising complementary method as
demonstrated by the pioneering work of Ataka and He-
berle.®® The authors have successfully employed SEIRA
spectroscopy to probe soluble and membrane bound proteins
immobilised on coated Au electrodes. In general, the technique
is used in the difference mode and thus reveals potential-
dependent changes of the protein structure and its orientation.
Specifically, it allows analysing redox transitions of heme
proteins and enzymes.

In this work, we report for the first time the combination of
SEIRA spectroscopy with time-resolved methods to monitor
the electron transfer kinetics and protein dynamics of
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immobilised cytochrome ¢ (Cyt-c). The approach is based on
the rapid-scan and step-scan methods that are well established
in conventional Fourier-transform IR spectroscopy.? Similar
to time-resolved SERR spectroscopy,”’ the processes to be
studied are initiated by a rapid potential jump at the working
electrode such that the subsequent relaxation processes can be
probed by SEIRA spectroscopy, operated in the rapid scan
and step scan mode for processes slower and faster than
100 ms. The present results demonstrate that SEIRA spectro-
scopy in conjunction with SERR spectroscopy and electro-
chemical methods may provide novel insight into the
mechanism and dynamics of interfacial processes of proteins.

Materials and methods
Materials

6-Mercaptohexanoic acid (C5) from Dojindo and 16-mercapto-
hexadecanoic acid (C15) and 11-mercaptoundecanoic acid
(C10), both purchased from Sigma-Aldrich, were used without
further purification. Horse heart cytochrome c (Cyt) from
Sigma-Aldrich was purified by HPLC. The water used in all
experiments was purified by a Millipore system and its resis-
tance was more than 18 MQ. All other chemicals were of
highest purity grade available.

SEIRA measurements

SEIRA measurements were performed with a Kretschmann-
ATR configuration using a semi-cylindrical shaped silicone (Si)
crystal (20 x 25 x 10 mm of W x L x H) under an angle of
incidence of 60°. Thin gold (Au) films were formed on the flat
surface of the Si substrate by an electroless (chemical) deposi-
tion technique.” The formation of SAMs followed the protocol
described previously.!®!! For Cyt-c adsorption SAM-coated
electrodes were immersed in Cyt-c solution using a concentra-
tion of 2 uM. The SEIRA spectra were recorded from 4000 to
1000 cm ™! with a spectral resolution of 4 cm™! on a Bruker
IFS66v/s spectrometer equipped with a photoconductive MCT
detector. 400 scans were co-added for a spectrum.

For the spectro-electrochemical measurements the ATR
crystal was incorporated into a three-electrode home-built cell
that was constructed on the basis of a previously published
design.® The Au-film on the ATR crystal (0.9 cm? geometric
area, 2.52 cm’ real area after correction with a roughness
factor of 2.8), a Pt wire, and a Ag/AgCl (3 M KClI) electrode
served as working, counter, and reference electrode, respec-
tively. The total filling volume of the cell was 6 mL. Electrode
potentials were controlled by an Autolab PGSTAT 12 poten-
tiostat under control of the related GPES software. All
potentials cited in this work refer to the Ag/AgCl electrode.

Redox-induced SEIRA difference spectra of Cyt-c were
measured using a single-beam spectrum, recorded at —0.1 V,
as a reference, where the adsorbed Cyt-c is fully reduced.
Sample spectra were measured at different electrode potentials
(—0.08, —0.06, —0.04, —0.02, 0.00, 0.02, 0.04, 0.06, 0.08, 0.10,
0.125 and 0.15 V) using a newly measured background spec-
trum in each case. All spectra were measured after equilibra-
tion of the system at the respective electrode potential for 60 s.
During the measurements which were carried out at ambient

temperature (26 °C), the solution was purged with Ar. All
experiments were carried out at pH 7.0 with 10 or 30 mM
phosphate buffer corresponding to an ionic strength (/) of
ca. 22 mM and 66 mM, respectively.

Redox-induced IR difference spectra of Cyt-c in solution
were measured with a spectroelectrochemical cell, at 5 °C in
50 mM phosphate buffer (pH 7), with 100 mM NaCl and a
cocktail of redox mediators, covering the potential range
under investigation, as described previously.'?

Time-resolved SEIRA measurements

Time-resolved (TR) SEIRA experiments were carried out in the
same SEIRA electro-chemical setup described above using the
potential jump technique.? Spectra acquisition was synchronized
with the potential jumps controlled by a home-made pulse delay
generator. Series of time dependent single-channel spectra of
Cyt-c were collected when a potential jump was carried out from
the reference potential (Cyt-c largely reduced) to the redox
potential, and for the reverse jump. Depending on the time scale
under examination, either step-scan or rapid-scan TR-SEIRA
measurements were carried out. The photoconductive MCT
detector equipped with a fast amplifier was used in the DC-
coupled mode for the step-scan measurement. In the case of the
rapid-scan measurements, the AC-coupled mode was utilized.

Step-scan measurements were carried out for the faster
electron transfer processes when Cyt-c was electrostatically
adsorbed on a C5- or C10-SAM. The time resolution was set
to 100 ps covering the whole time-range for the redox reaction
from 0 to 26 (250) ms for a single experiment in the case of C5-
SAM (C10-SAM). The single-channel spectra were first mea-
sured at an applied electrode potential of —0.1 V for 5 (30) ms
as a reference, then a potential jump to the redox potential at
ca. +0.04 V for 7 (70) ms was carried out. Subsequently, the
potential was set back to the initial value of —0.1 V for a
relaxation time of 14 (150) ms. 1558 (200) coadditions were
done to improve the signal-to-noise (S/N) ratio. Nine subse-
quently recorded sample single-channel spectra were averaged
for the investigations with Cl10 to increase the S/N ratio
further. An optical filter (< 1828 cm™") was used to reduce
the number of the data points.

Measurements in the rapid scan mode were done when
Cyt-c was adsorbed on C15-SAM. The time resolution was
set to 500 ms and the experiment was repeated 256 times to
increase the S/N ratio. In the same way as described before,
single-channel spectra were measured with an applied elec-
trode potential of —0.10 V (10 s) as reference, then the
potential was set to the redox potential at ca. +0.04 V (20 s)
and set back to the initial potential of —0.10 V (40 s).

Cyclic voltammetry

Cyclic voltammetric (CV) measurements were carried out with
a potentiostat (multistat, CH Instruments, CH Labs-CHI
660b software), using two difference electrochemical cells,
(1) the SEIRA set-up described above, and (ii) a set-up with
home-made gold working electrodes fabricated from a gold
wire (Good Fellow, 99.9%). The wire was heated under the
hydrogen flame until the melted gold formed a ball which was
polished with sand paper (3 M Technologies, Al,Os3, different
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grain size) and then boiled in concentrated nitric acid. The
resulting plane surface exhibits an effective surface area of
2—4 mm?. For CV measurements the surface was in contact
with the bulk solution only via a meniscus. The Au working
electrode of the SEIRA spectroelectrochemical cell was elec-
trochemically cleaned by running CVs in 0.1 M H,SO,. After
rinsing with water and ethanol, SAM formation was achieved
as described above. For Cyt-c adsorption electrodes were
immersed in Cyt-c solution with a Cyt-c concentration of 2
and 200 uM in case of the Au electrodes (i) and (ii) respec-
tively. CV measurements of the immobilized protein were
carried out in Cyt-c-free 30 mM phosphate buffer solution
(I = 66 mM) at pH 7.0.

Results
Stationary SEIRA measurements

SEIRA spectroscopy is operated in the difference mode to
enhance the sensitivity of the technique. To probe potential-
dependent spectral changes difference spectra were con-
structed from SEIRA spectra measured at various electrode
potentials using the SEIRA spectrum measured at —0.1 V as
the reference. At this negative potential, the immobilised Cyt-c
is in the reduced state such that SEIRA difference spectra
obtained from measurements at more positive potentials
reflect the redox-linked structural and orientational changes
of the SAM/Cyt-c complex. Fig. 1 and 2 display such SEIRA
difference spectra of Cyt-c immobilised on C15-SAM and on
C10-SAM at different buffer concentrations corresponding to
different ionic strengths. The most prominent difference
signals are observed in the region of the amide I (1700-
1620 cm™ ') and amide IT modes (1540-1570 cm™!) of the
polypeptide backbone. Assignments for the amide I modes
have been discussed by Ataka and Heberle.® Accordingly, the
negative band at 1693-cm ™! has been assigned to a p-turn type
IIT of the reduced Cyt-c whereas its counterpart in the oxidised
form was attributed to the 1673-cm ™" band. Correspondingly,
the 1666- and 1660-cm ™' bands were tentatively attributed to
the amide I bands of a B-turn type II of reduced and oxidised
Cyt-c, respectively, although the assignment to an a-helix
segment cannot be ruled out.®!*14

Comparison of the spectra measured at an ionic strength of
22 and 66 mM display different relative intensities particularly
for Cyt-c immobilised on C15-SAM while the frequency
remains unchanged. Taking the positive signals at ca. 1442
and 1420 cm ™' assigned by Susi and Byler'® to CH, and CH;
bending modes as a reference, the intensity of the 1693 cm ™!
band decreases at higher ionic strength whereas the 1660-cm
band and, to a smaller extent, also the 1673-cm™! band gain
intensity. At an ionic strength of 22 mM the 1660-cm™" band
exhibits a higher intensity on C10-SAM as compared to C15-
SAM, and it further increases with raising the ionic strength to
66 mM (see Fig. 2). At this ionic strength the intensity pattern
of the 1673- and 1660-cm ™' bands is the same on C15-SAM
where, however, a distinctly weaker signal at 1693 em™ ! s
observed compared to C10-SAM.

On the first sight, the SEIRA difference spectra are quite
different from the electrochemically induced IR difference
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Fig. 1 SEIRA difference spectra of Cyt-c immobilised on a CI15-
SAM-coated Au electrode at different buffer concentrations. The

spectra of the oxidized (positive bands) and reduced state (negative
bands) were measured at +0.1 and —0.1 V, respectively.
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Fig. 2 SEIRA difference spectra of Cyt-c immobilised on a C10-
SAM-coated Au electrode at different buffer concentrations. The
spectra of the oxidized (positive bands) and reduced state (negative
bands) were measured at +0.1 and —0.1 V, respectively.

spectrum of Cyt-c in solution (Fig. 3). A careful inspection,
however, reveals that most of the positive and negative bands
are present in both spectra albeit with different relative
intensities. The most striking exception refers to the 1666-
and 1660-cm ™" bands in the SEIRA difference spectrum since
they are not observed in the IR difference spectrum of Cyt-c in
solution which, in turn, displays a band pair at 1663 and
1651 em™'. It is tempting to assume that both band pairs
originate from the same amide I modes, suggesting an adsorp-
tion-induced structural change of the underlying peptide
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Fig. 3 SEIRA difference spectrum of Cyt-c on a C10-SAM-coated
Au electrode (bottom) compared with the redox-induced IR difference
spectrum of Cyt-c in solution (top). The positive and negative bands
refer to the oxidized and reduced state, respectively. The respective
spectra of the oxidised and reduced Cyt-c were obtained at +0.1 and
—0.1 V, respectively. The SEIRA experiments were carried out at an
ionic strength of 22 mM (pH 7.0).

1700 1400

segments that leads to the frequency upshift in the reduced
(+3 cm™') and oxidised form (+9 cm™'). Moreover, this
interpretation may support the assignment to an o-helix
segment rather than to a p-turn type I1.'3!4

Measuring the SEIRA difference spectra as a function of the
electrode potential allows determining the redox potential of
the immobilised Cyt-c. Fig. 4 displays a selection of such
spectra for which a spectrum measured at —0.1 v (fully
reduced Cyt-c) was used as a reference. The intensities of the
difference signals at 1673 and 1660 cm ™' (ferric Cyt-c) show a
characteristic potential-dependence (Fig. 5) that can be
described by the Nernst equation yielding a redox potential
of 0.03 and 0.05 V, respectively, i.e., a mean value of +0.04 V.
The number of transferred electrons derived from the fit is
close to the theoretical value of one. The redox potential
determined in this way was found to be the same for CI15-,
C10-, and C5-SAMs and independent of the ionic strength
within the experimental accuracy (+ 10 mV), as observed
previously.'®!” this value is only slightly more negative than
the redox potential of Cyt-c in solution (between +0.05 and
+0.06 V).!>!8

Time-resolved SEIRA measurements

To probe the electron transfer dynamics of the immobilised
Cyt-c, rapid potential jumps were applied to perturb the
equilibrium at the initial potential E,.r. The subsequent relaxa-
tion processes that establish the equilibrium at the final
potential £, were monitored by time-resolved SEIRA spectro-
scopy probing the temporal evolution of the bands at
1693 cm™! (ferrous Cyt-c) and 1673 and 1660 cm ™! (ferric
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Fig. 4 SEIRA difference spectra of Cyt-c on a C10-SAM-coated Au
electrode, obtained as a function of the potential. The positive
and negative bands refer to the oxidized and reduced state,
respectively. The reference spectrum of the reduced state was mea-
sured at —0.10 V. The experiments were carried out at an ionic
strength of 66 mM (pH 7.0).
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Fig. 5 Potential dependence of the peak height of the SEIRA
difference bands at 1673 (triangles) and 1660-cm™" (circles) as ob-
tained from the potential-dependent SEIRA difference spectra. The
solid line represents the fit of the Nernst equation to the experimental
data.

Cyt-c).We have chosen E.;to be —0.1 V and E; was set equal
to the redox potential E° (+0.04 V).

For C15-SAMs the spectral changes were found to occur on
the time scale of seconds which is appropriate to be probed
by rapid-scan measurements (Fig. 6). For each band the
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Fig. 6 Rapid-scan SEIRA difference spectra of Cyt-c on C15-SAM-
coated Au electrodes using the spectrum measured at —0.1 V as a
reference. The individual traces represent the difference spectra
obtained at 1 (gray, dotted), 3 (gray, solid), 5 (black, dotted), 10
(black, dashed), and 20 (black, solid) s after the potential jump from
—0.1 V to the redox potential (+0.04 V). The experiments were carried
out at an ionic strength of 66 mM (pH 7.0).

time-dependent intensity changes can be well described by a
mono-exponential kinetics with relaxation times 7 that corre-
sponds to a reciprocal relaxation constant (kr,ml)’1 (Fig. 7).
The analysis reveals a relaxation constant of ca. 0.40 and
0.20 s~' for the 1693- and 1660-cm™' band, respectively
(Table 1). Whereas the kinetics derived from these bands is
independent of the ionic strength, the relaxation constant
describing the intensity changes of the 1673-cm™' band
decreases from 0.40 s~! at low ionic strength to 0.20 s™' at
high ionic strength. This finding is consistent with the ionic-
strength dependence of this band observed in the stationary
SEIRA difference spectra (vide supra).

At C10-SAM, the spectral changes occur with much faster
rates such that the step-scan technique is employed for the
kinetic analysis (Fig. 8). In this case, similar relaxation
rate constants (75-90 s~!) are obtained for the 1693- and
1673-cm™" bands, regardless of the ionic strength. Again
a smaller value is obtained (ca. 50 s~') for the 1660-cm '
band.

Whereas for both C15- and C10-SAMs, the error of the
kinetic constants determined from the SEIRA experiments is
estimated to be lower than 20%, step-scan measurements of
Cyt-c on C5-SAM are associated with a larger uncertainty.
Most likely, the lower stability and the higher structural
heterogeneity of C5-SAMs are the main reasons for the
substantially stronger scattering of the kinetic constants in
the individual measurements. Thus, the error is estimated to be
two times larger than for C10- and C15-SAMs, i.e., ca. 40%.
However, the results unambiguously indicate a further accel-
eration of the relaxation processes. The average relaxation
constants that are derived from the intensity changes of the
1693-, 1673-, and 1660-cm~! bands are determined to be of
900, 700, and 600 s~'. Within the experimental error, these
values were found to be the same at an ionic strength of 66 and
130 mM. Note that at these ionic strengths the response time
of the SEIRA electrochemical cell was better than 400 ps.

integrated intensity

integrated intensity

-0.05 0.00 0.05 010 0.15 0.20 0.25
time /s

Fig. 7 Kinetic traces of the time-evolution of the SEIRA bands
at 1693 cm™! (gray squares; reduced), 1673 cm™' (white circles,
oxidised), and 1660 cm™' (dark gray triangles, oxidised) obtained
from the rapid scan and step scan SEIRA spectroscopic measurements
of Cyt-c on CI5-SAM (top) and C10-SAM (bottom), respectively
(see Fig. 6 and 8).

Cyclic voltammetry

CV measurements were carried out with the SEIRA electrode
and, alternatively, with a gold wire electrode, which possess a
surface area of 2.52 cm? vs. 2—4 mm?, respectively. Regardless
of the different surface areas, the same standard electron
transfer rate constants were obtained with both devices.
Fig. 9 shows typical CVs for the immobilised Cyt-c on C10-
and C15-SAM coated electrodes. The CVs present clear redox
peaks with small peak-to-peak separations AL, for C10- and
C5-SAMs. The voltammograms are nearly reversible with AE,
< 0.040 V for CV scan rates up to 0.4 and 1.5 V s~' in the case
for C10-SAM and C5-SAMs, respectively. Within these ranges
of the scan rates, the full-width at half height is 0.09-0.12 V.
Up to a scan rate of 8.0 V s~! for C10-SAMs and 20 V s~ ! for
C5-SAMs, the peak separation is still less than 0.20 V. Because
of the small electron transfer rate constant for C15-SAM, the
voltammograms display deviations from the shape expected
for a reversible behaviour since the peaks are broadened and
AE, is already larger than 0.2 V at a scan rate 0.05 V s~!. The
average redox potentials of the immobilised Cyt-c measured at

5280 | Phys. Chem. Chem. Phys., 2008, 10, 5276-5286

This journal is © the Owner Societies 2008



Table 1 Relaxation constants for the potential jump from —0.1 V to the redox potential for Cyt-c immobilised on coated electrodes as determined by

ab

rapid scan and step scan SEIRA spectroscopy’

System/technique C15-SAM C10-SAM C5-SAM
SEIRA, Au 1693 cm ™! (red.) Kprot.relax 045" 75 57! 900 s~
e 025! 38 57! 450 s7!
1673 cm ™! (ox.) Kprot.relax 02s ' (045" 90 s~ 700 s~
Kot 0.1s7'(0.2s™ 45 57! 350 57!
1660 cm™! (ox.) prot.relax 025! 50 57! 600 s~!
kot 0.1s! 255! 300 s~

CV, Au ket 0.14 57! 40 57! 245 s~
SERR, Ag‘ Heme modes Kredox.heme 0.15s7! 855! 270 57!

ket 0.08 s7! 43 57!

Heme modes Krot > 6000 s 380 57! 250 571

“ Kinetic data refer to pH 7.0 at ionic strength of 66 mM. The rate constants are defined by eqns (2) and (3) and in Fig. 11. ® Relaxation constant
determined for an ionic strength of 22 mM (pH 7.0). © Taken from ref. 11 and 28. ¢ Apparent rate constant reflecting a process other than electron

tunneling.

1700 1650 1600 1550

wavenumber / cm”

Fig. 8 Step-scan SEIRA difference spectra of Cyt-c on C10-SAM-
coated Au electrodes using the spectrum measured at —0.1 V as a
reference. The individual traces represent the difference spectra ob-
tained at 5 (gray, dotted), 10 (gray, solid), 20 (black, dotted), 40 (black,
dashed), and 70 (black, solid) ms after the potential jump from —0.1 V
to the redox potential (+0.04 V). The experiments were carried out at
an ionic strength of 66 mM (pH 7.0).

1750

an ionic strength of 66 mM (pH 7.0) are 0.036 V which are
slightly negatively shifted from that of Cyt-c in solution
(0.05-0.06 V).

As shown in Fig. 10, the peak current increases linearly with
the scan rate, indicating a surface-confined electrode process of
the immobilized Cyt-c. Employing Laviron’s method, the
corresponding standard electron transfer rate constants kgt
can be deduced from the peak separation of the voltammogram
vs. the scan rate.'® For AE, < 0.2V, one obtains a value of
0.14, 40, and 250 s~! for C15-, C10-, and C5-SAMs (Table 1).

The surface roughness factor (Ry) of the active SEIRA
surface was electrochemically determined to be 2.8 by measur-
ing the gold oxide reduction charge density.”® The value is
similar to that found by Miyake (R; = 2.5) obtained with the
same preparation for the SEIRA active surface.”
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-0I.2 0'.0 0.2
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Fig. 9 CVs of immobilised Cyt-c on C10-SAM (top) at scan rates of
0.05,0.1,0.2,0.4,0.8 and 1.0 Vs~ ': and on C15-SAM (bottom) at scan
rates of 1, 2, 4, 7.5 and 10 mV s~'. The experiments were carried out
at an ionic strength of 66 mM (pH 7.0) using the SEIRA electro-
chemical cell.

According to
I, = n’F'UATJART )

where I, A and v represent the average peak current, effective
electrode surface and scan rate, respectively, an average sur-
face coverage I' of the immobilized Cyt-c is estimated to be 8§, 9
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Fig. 10 Relationship between peak current and scan rate derived
from the CVs of immobilised Cyt-c on C10-SAM (top) and on C15-
SAM (bottom). Anodic and cathodic currents are given by close and
open symbols, respectively. The experiments were carried out at an
ionic strength of 66 mM (pH 7.0) using the SEIRA electrochemical
cell.

and 10 pmol cm 2 for C15-, C10- and C5-SAMs, respectively.
These values are somewhat lower than the theoretical max-
imum coverage of 15 pmol cm~2.'¢

Discussion

Structural changes probed by SEIRA spectroscopy

The SEIRA difference bands that are found to be linked with
the interfacial redox process of Cyt-c have also been observed
in a previous SEIRA study by Ataka and Heberle.® These
authors assigned the 1693 and 1673 cm ™! bands to the p-turn
IIT segments 14—19 or 67-70 of the reduced and oxidised form,
respectively. The assignment of the 1660- and 1666-cm '
bands to specific peptide segments is less clear.'*!* In princi-
ple, SEIRA difference signals may result from structural or
orientational changes of the peptide segments,” either induced
by the variation of the electrode potential or the redox state
change of the heme.

Let us first consider the 1693- and 1673-cm™! band pair
which exhibits the same frequencies as in the redox-linked
difference spectrum in solution. Thus, in this case, direct effects
of the electrode potential that are redox-state independent can
be ruled out and this band pair evidently reflects the same
redox-linked structural changes of the B-turn III segment in
the adsorbed state as in solution. These changes are likely to be
very small and clearly beyond the level of secondary structure
changes as in both cases the difference signals exhibit only
1-2% absorbance of the absolute band intensity suggesting the
involvement of only one or two peptide bonds. In fact,
Berghuis and Brayer?' have demonstrated that redox-linked
conformational changes of crystalline yeast iso-1 Cyt-c are
restricted to small adjustments of the heme geometry, rear-
rangements of internal water molecules, and changes of ther-
mal parameters of individual peptide segments. Among the
latter are the residues 65-72, specifically Tyr67, which is
consistent with the assignment of the 1693/1673-cm™' band
pair to the B-turn III segment 67-70. The situation is different
for the 1666/1660-cm ™" band pair which is shifted to higher
frequencies as compared to the solution spectrum. These
findings point to a structural change of the underlying peptide
segment brought about by immobilisation.

The SEIRA intensities of the amide I bands depend on the
orientation of the peptide bonds with respect to the surface. If
the intensity ratio of the conjugate peaks is similar as in
solution, the redox transition will not be associated with an
orientational change of the peptide segments involved. This
appears to be the case for Cyt-c adsorbed on C15-SAM at low
ionic strength and on C10-SAM independent of the ionic
strength. For Cyt-c on C15-SAM at high ionic strength,
however, the drastic decrease of the 1693-cm™' peak height
and the increase of the 1673-cm™! band intensity suggest a
redox-state-dependent orientational change of B-turn III seg-
ment 67-70. Concomitantly, the intensity of the 1660-cm™'
considerably increases on C15-SAM and, to a minor extent,
also on C10-SAM upon raising the ionic strength, implying a
reorientation of the underlying peptide segment in the oxidised
state. These variations of the amide band intensities most
likely have a common origin: both the thickness of the
SAM, i.e., the separation of Cyt-c from the electrode, and
the ionic strength are parameters that control the electric field
strength at the protein binding site,>*'® which in turn is likely
to affect the orientation of individual peptide segments. Such
orientational changes may either result from the alteration of
the tertiary structure or from the reorientation of the entire
immobilised protein (vide infra).

Electron transfer dynamics

Previous studies on Cyt-c immobilised on SAM-coated elec-
trodes have revealed an unusual distance dependence of the
electron transfer kinetics.!!"?>2* Whereas at SAMs with chain
lengths longer than C10 the kinetics can be ascribed to an
electron tunnelling mechanism, SAMs with shorter SAM
lengths (<C10) show distance-independent rate constants
implying that a process other than electron tunnelling is
rate-limiting.>*!"**7 This phenomenon has been observed
by various techniques and different electrochemical systems
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and proteins. In a recent SERR spectroscopic study on SAM-
coated Ag electrodes we have shown that this rate-limiting step
is the re-orientation of the entire immobilised Cyt-c.?® Since
the orientation of the heme with respect to the SAM surface is
a crucial parameter controlling the electron tunnelling rate, the
rate of the overall redox process is modulated by the rate of re-
orientation, which may be imagined as a rotational diffusion.
This process, however, sensitively depends on the local electric
field and thus its rate constant decreases from long to short
SAM lengths, whereas for a given orientation the electron
tunnelling rate increases exponentially with decreasing dis-
tance to the electrode.

For C-15-SAM, the reorientation rate constant (k) has
been found to be larger than 6000 s~' whereas for the redox
transition a relaxation constant keqox Of 0.15 s~ has been
determined.'"*® Since these SERR experiments—like the pre-
sent SEIRA measurements—were carried out with potential
jumps to the redox potential, the forward and backward
electron transfer reactions (k%% k%59 are both associated with
a driving force of 0 eV, i.e.

krcdox = k%)"(l" + ki:,e"?" = 2kET (2)

such that the formal heterogeneous electron transfer rate
constant kgt is ca. 0.08 s7\.

Unlike the SERR measurements that directly probe the
redox state change of the heme, the kinetic constants derived
from the SEIRA experiments refer to the temporal evolution
of band intensities of the protein matrix (kpror, k{ﬁ‘ét). These
amide I band changes reflect structural and orientational
changes of individual peptide segments that are induced by
the redox state change of the heme and may occur with the
same rate as electron tunneling, or may follow the electron
transfer step. Thus, in the simplest case, one may describe the
processes of Cyt-c that are induced by the potential jump to
the redox potential by the scheme sketched in Fig. 11. For the
potential jump from —0.1 V to the redox potential, SEIRA
experiments monitor the oxidation of the immobilised Cyt-c
(bold arrows in Fig. 11). Electron transfer preferentially occurs
via an orientation of the immobilised protein that provides the
optimum electronic coupling for electron tunnelling. This is
easily achieved for the C15-SAM since re-orientation of the
oxidised and reduced Cyt-c on the SAM surface is much faster
(> 6000 s~'; vide supra) than electron tunnelling (0.08 s~!).28
These rate constants have been determined for Cyt-c on SAM-
coated Ag electrodes and may differ somewhat in the case of
Au electrodes (vide supra). However, it is very likely that also
for Au/C15-SAM and Au/C10-SAM systems protein rotation
is distinctly faster than electron tunneling, i.e., k.o > kgr. In
fact, this conclusion is supported by the present and previous
CV measurements that afford an electron transfer rate con-
stant of ca. 0.14 s~! which is somewhat larger than that for the
Cyt-c/C15-SAM/Ag system.'"?>2* Correspondingly, the rate
of the potential-dependent re-orientation of the entire protein
is expected to be of the same order of magnitude for C15-SAM
coated Ag and Au electrodes such that the relatively slow rates
for the amide I band changes are attributed to secondary and
tertiary structure changes which may involve a re-orientation
of an individual peptide segment rather than a “rotation” of

the protein. Accordingly, adaptation of the protein to the new
electron density distribution of the heme and the dipole
moment change of Cyt?® that is brought about by the electron
transfer step follows in two steps, (i) fast re-orientation of the
entire protein on the SAM surface and (ii) much slower subtle
changes of the secondary and tertiary structure. At low ionic
strength, these structural changes take place with a relaxation
constant of 0.4 s~! for the band pair at 1693 and 1673 cm™!
and 0.2 s' for the 1660-cm™" band. In a first approximation
one may relate these relaxation constants kpy. to the rate
constants of the protein structural changes upon oxidation

and reduction (kpfor, k{,ﬁ%l) in analogy to eqn (2)

— 10X red _
kprot,relax - kprot + kprot - 2kprot (3)

implying that the structural changes of the B-turn III segment
67-70 occur with 0.2 s~ (kprot) and thus take place with about
the same rate as the electron transfer (kg =~ 0.14 s™'). The
structural changes related to the 1660-cm ™' band proceed with
a two times slower rate. At high ionic strength (66 mM), the
structural changes reflected by the 1673-cm™! band are slowed
down by a factor of two whereas all other rate constants
remain unchanged.

On C10-SAMs the same reaction mechanism holds. How-
ever, the rate constants of the individual reaction steps are
different. The electron transfer rate constant increases to
40 57! as determined by the CV measurements. This value is
in very good agreement with the rate constant obtained for
Cyt-c on C10-SAM-coated Ag electrodes by SERR spectro-
scopy (43 s™1). Conversely, the re-orientation rate constant for
the C10-SAM/Ag system decreases to 380 s™' which is,
however, still much faster than electron tunneling and the
protein structural changes monitored by SEIRA spectroscopy.
The latter processes take place with the same rate constant
(ca. 42 s') as electron tunnelling in the case of the B-turn
III  structural changes and are, as for CI15-SAM,
somewhat slower (25 s~ ') for the changes of the amide I band
at 1660 cm™ .

The kinetics of the interfacial redox process is further
accelerated at the C5-SAM but is by far too slow to be
attributed to electron tunnelling as the rate-limiting step.
The average values for the kinetic constants obtained from
the temporal evolution of the three SEIRA difference bands
may follow a similar pattern as for C10- and C15-SAM, i.e.
that the time-dependence of the 1660-cm™' bands is slower
than those of the 1693- and 1673-cm™' bands. However, the
experimental uncertainty associated with the measurements of
the C5-SAMs does not allow an unambiguous confirmation
of this conclusion. Moreover, also the error margin of CV
data is likely to be distinctly higher. The apparent
electron transfer constant determined in this work (ca.
245 571} is at the lower limit of the values obtained by previous
CV or electroreflectance measurements (450 to 1000 s~1).2%?
Taking into account the considerable scattering of these data
we conclude that, within the experimental accuracy, protein
relaxation processes and electron transfer occur with very
similar rates.

For Cyt-c Ag/C5-SAM, protein rotation has been identified
as the rate-limiting step of the interfacial redox process since
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Fig. 11 Model for the reaction mechanism of the interfacial redox process of Cyt-c immobilised on SAM-coated electrodes. The reaction pathway
studied in this work is highlighted by the bold arrows. k%% and k™ refer to the relaxation constants for rotational diffusion, monitored by TR
SERR spectroscopy, whereas kpro; and k;er‘f,l, derived from SEIRA measurements, denote the rate constants of the protein structural changes to
adapt the equilibrium structure of the reduced and oxidised Cyt-c, respectively. k% and k% are the standard heterogeneous electron transfer rate

constants at zero driving force (see eqn (2)).

the apparent ET constant is equal to the protein rotational
relaxation (Table 1). There is no indication that this is not the
case for the Au/C5-SAM system. However, since k., could
not be determined directly on Au/C5-SAM, we cannot ulti-
mately exclude protein structural changes as probed by
the step-scan SEIRA measurements to be rate-limiting.
Conversely, it may be that the intensities of amide I band
difference signals are modulated by the protein rotation due to
the orientation-dependent surface enhancement in the IR
absorption.

Electric field effects on the interfacial redox process

The present results of the distance dependence of the electron
transfer dynamics and those previously obtained by TR SERR
spectroscopy on Ag/SAM'! and by electrochemistry on Au/
SAM electrodes,?”?? are consistent with the view that at SAM
lengths shorter than C10 the overall rate of the electron
transfer process is limited by a reaction step other than
electron tunneling and eventually becomes distance-indepen-
dent. Differences are noted for the values of the rate constants
for the rate-limiting step which for Au/C5-SAM (SEIRA, CV)
is larger by ca. a factor of 2 than for Ag/C5-SAM (SERR)
(Table 1; ref. 23). This discrepancy is attributed to the effect of
the electric field in the SAM/protein interface. For the Ag/
SAM system this parameter has been shown to slow down the
re-orientation of the immobilised protein (rotational diffusion)
such that it becomes the rate limiting step at Ag/C5-SAM with
kot = 250 s™'. We therefore assume that the electric field is
weaker in the SAM/protein interface on Au compared to Ag
electrodes.

The electric field strength at the protein/SAM interface can
be described on the basis of a simple electrostatic model
originally proposed by Smith and White*® and later adapted

to the electrode/SAM interface.'® Accordingly, the electric
field strength Err may be approximated by

—ocdre + g0ep(E — Epye)

Erre —
Fr go(dcep + drcéc)

)

where ac is the charge densities on the SAM surface and at the
redox center, respectively (see ESI).T The quantities dc, drc,
ep, and &c refer to the thickness of the SAM, the distance
between the SAM and the redox center, the dielectric constant
in the protein and in the SAM, respectively. £ and E,,, are the
electrode potential and the potential of zero charge, and ¢ is
the permittivity. Eqn (4) indicates that Egg mainly depends on
three parameters. It increases with decreasing distance to the
electrode (dc) and increasing charge density in the protein/
SAM interface (o¢c). These two parameters may be similar
albeit not identical for both the Au and the Ag electrode. The
third parameter is the potential of zero charge E,,. which is
>0.0 and ca. —0.7 V for Au and Ag, respectively.>! 3* Thus,
for electrode potentials around the redox potential of Cyt,
(E — Ep,) is negative for Ag but positive or close to zero for
Au. Since o is negative, the electric field strength is larger for
Ag than for Au. This conclusion is consistent with the fact that
the potential-drop across the Au/SAM/Cyt-c interface which
is reflected by a shift in the redox potential is much smaller
than for the Ag system. Correspondingly, one may readily
rationalise the two-times slower kinetics of the rate-limiting
step (i.e., protein rotation) on Ag/C5-SAM in terms the higher
electric field strength, as compared to the Au/C5-SAM.

For longer chain lengths, electron tunneling is the rate-
limiting step on both the Ag/SAM and Au/SAM systems. The
values obtained for the electron transfer rate constant ob-
tained by CV (Au) and SERR (Ag) are the same for both
metals for the C10-SAM, whereas for the C15-SAM somewhat
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larger rate constants are determined for the Au/C15-SAM
system. This discrepancy may be due to a slightly different
structural organisation of the SAMs on Au and Ag that may
include different tilt angles of the aliphatic chains with respect
to the surface.*3® This may have consequences for the
tunneling distances for longer chain lengths (C15-SAM) and
thus affect the electron transfer rate constant. Note that just a
decrease of the tunneling distance by 0.5 A can readily account
for the different rate constants determined for Au/C15-SAM
and Ag/C15-SAM.

We cannot exclude that the electric field affects the dynamics
of the protein structural changes as monitored by SEIRA
spectroscopy. However, the present data are consistent with
the view that, regardless of the chain length and thus inde-
pendent of the electric field, the protein structural changes
follow the electron transfer. Thus, the simplified reaction
model depicted in Fig. 11 may represent a reasonable approx-
imate description for the interfacial redox processes of Cyt-c in
general.

Conclusions

1. SEIRA spectroscopy of immobilised Cyt-c allows detecting
redox-linked protein structural changes. The conjugate differ-
ence bands at 1693 and 1673 cm ™", tentatively assigned to the
B-turn type III segment 67-70, have also been observed in
redox-induced difference spectra of Cyt-c in solution whereas
the SEIRA signal at 1660-cm™" is characteristic of the im-
mobilised protein and may reflect subtle redox-dependent
structural and orientational changes of one or more amide
bonds.

2. The redox potentials determined by CV and stationary
SEIRA spectroscopy do not differ significantly from that in
solution and do not display a distance-dependence.

3. The electron transfer rate constant at C15-SAMs, deter-
mined by CV on Au, is slightly larger than that on Ag
electrodes obtained by SERR spectroscopy,''**2* which
may be attributed to different SAM structures. For C10-SAMs
the electron tunnelling rate constant is the same for both
metals.

4. The B-turn type III structural changes (1693/1673 cm™")
occur with the same time-dependence as the electron transfer
step whereas the amide bond changes revealed by the
1660-cm ™! band proceed with a somewhat slower kinetics, at
least for C10- and C15-SAMs.

5. It is very likely that, in analogy to previous findings for
SAM-coated Ag electodes,®® rotational diffusion of Cyt-c
represents the rate-limiting step of the interfacial redox process
at SAM-coated Au-electrodes for SAM lengths shorter than
C10. There is no indication that the protein structural (and
orientational) changes reflected by the SEIRA difference
bands depend on the local electric field strength at the SAM/
protein interface.

6. In the distance-independent regime of the interfacial
redox process, the rate constant for the limiting step is
distinctly larger for Au than for Ag which is attributed to
different electric field strengths.

7. Rapid scan and step scan SEIRA spectroscopy provide
novel insight into redox-linked protein dynamics and

mechanistic details of interfacial processes, thereby comple-
menting the information obtained by electrochemical methods
and TR SERR spectroscopy.
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