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Abstract

Elucidating the mechanism and dynamics of electron transfer (ET) processes
between redox proteins is one of the fundamental challenges in molecular
biophysics. Surface-enhanced resonance Raman (SERR) spectroelectrochem-
istry is a especially suitable technique for studying heterogeneous ET reactions
as it selectively probes the redox sites solely of the adsorbed protein. SERR
spectroscopy combines the advantages of the surface and resonance enhance-
ment by exciting a heme protein immobilised on rough silver electrodes in
the Soret (or Q band) absorption band region. Upon coating Ag electrodes
with self-assembledmonolayers (SAMs) of amphiphiles, it is possible to mimic
biological interfaces wheremost of the electron transfer processes of redox pro-
teins take place. This approach has the specific advantage of facilitating the
determination of ET rate constants as a function of distance by simply vary-
ing the chain length of the thiols. By changing the functional head groups,
the electrode potential, pH and ionic strength the electric field strength can
be controlled as a prerequisite for studying its influence on the interfacial ET
process.
The investigations focussed on two low spin mono-heme proteins. First,

cytochrome c6 (Cyt c6), which acts as electron carrier between the b6f-complex
and photosystem I (PS1) in the photosynthetic redox chain of cyanobacteria
and green algae, was studied, using the wild-type (WT) form and its mutant
M58H from the cyanobacterium Anabaena sp. The mutant M58h exhibits a
bis-histidine ligation due to the replacement of the axial ligand methionine
by an histidine. Both proteins were successfully attached to the electrode
and retained in their native properties. The interfacial ET was monitored
by time-resolved SERR spectroelectrochemistry. The distance-, overpotential-
and viscosity-dependence of the heterogeneous ET rate constants indicate a
gated ET mechanism similar to cytochrome c (Cyt c), in which a non-Faraday
reaction step becomes rate-limiting. A kinetic model of gated ET mechanism
was applied to all experimental data and provides a consistent qualitative
picture.
The second objective of this thesis was to identify the nature of the gating

step of the interfacial ET of Cyt c, that carries electrons in the respiratory
chain of aerobic organism. Its nonadiabatic ET at biomimetic interfaces is
characterised by unusual distance dependences of the ET rates, whose origin
has been elusive and discussed controversially. Using a novel two colour time-
resolved SE(R)R spectroelectrochemical approach it was possible to monitor
simultaneously and in real time the structure, ET kinetics and configurational
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Abstract

fluctuations of Cyt c electrostatically adsorbed to SAM-coated electrodes. It is
shown that the overall ET kinetics is determined by protein dynamics rather
than by tunnelling probabilities. The protein reorientation is controlled by the
interfacial electric field. Implications for the inter-protein electron transfer at
biological membranes are discussed.
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Zusammenfassung

Elektronentransfermechanismen zwischen Redoxproteinen aufzuklären, ist
eine der wichtigsten Herausforderungen in der molekularen Biophysik.
Oberflächenverstärkte Resonanz-Raman (SERR) Spektroelektrochemie ist eine
besonders geeignete Technik zur Untersuchung heterogener Elektronentrans-
ferreaktionen (ET), da sie selektiv die Redoxzentren nur der adsorbierten Pro-
teine abfragt. Die SERR-Spektroskopie verbindet die Vorteile der Oberflächen-
mit der Resonanzverstärkung, in demHämproteine auf einer angerauhten Ag-
Elektrode adsorbiert werden und im Bereich der Soret (oder Q-)Übergänge
angeregt werden. Durch Beschichten der Ag-Elektroden mit selbstorgan-
isierendenMonoschichten (SAMs) ausAmphiphilen ist esmöglich, biologische
Membranen nachzuahmen, an denen die meisten ET von Redoxproteinen stat-
tfinden. Dieser Ansatz hat den besonderen Vorteil, die Bestimmung von ET-
Geschwindigkeitskonstanten als Funktion des Abstands durch Variation der
Kettenlänge der Thiole zu ermöglichen. DurchModifikation derKopfgruppen,
des Elektrodenpotentials,des pHundder Ionenstärke kanndas elektrische Feld
variiert werden. Das ist eine Grundvoraussetzung für die Untersuchung des
Einflusses der elektrischen Feldstärke auf die ET an den Grenzflächen.
Im Zentrum der Untersuchungen befanden sich zwei low-spin mono-Häm-

proteine. Zunächst wurde Cytochrome c6 (Cyt c6), ein Elektronentransporter
zwischen dem b6f-Komplex und dem Photosystem 1 (PS1) in der Photosyn-
these von Cyanobakterien und Grünalgen untersucht, vertreten durch den
Wildtyp (WT) und der Mutante M58H vom Cyanobakterium Anabaena sp. In
der Mutante wurde der axiale Met-Ligand des Hämeisens durch His ersetzt,
was zu einer bis-His-Konfiguration führt. Beide Proteine konnten erfolgreich
an die Elektrode gebunden werden unter Erhalt ihrer nativen Eigenschaften.
Die ET an der Grenzfläche wurden mit zeitaufgelöster SERR-Spektroskopie
untersucht. Die Abstands-, Überpotential- und Viskositätsabhängigkeit der
heterogenen ET-Geschwindigkeitskonstanten weist auf einen “gated” Elektro-
nentransfermechanismus ähnlich dem von Cytochrome c (Cyt c) hin, bei dem
ein nicht-Faraday’scher Reaktionsschritt geschwindigkeitsbestimmend wird.
Ein kinetisches Model des “gated” ET wurde auf alle experimentellen Ergeb-
nisse angewandt und ergab eine konsistente, qualitative Beschreibung.
Das zweite Fragestellung dieser Arbeit war, genaueres über die Art

des “gating” Schrittes des ET von Cyt c, an Grenzflächen herauszufinden.
In seiner natürlichen Funktion transportiert Cyt c Elektronen in der At-
mungskette aerober Organismen. Der nicht-adiabatische ET von Cyt c an
biomimetischenGrenzflächen ist charakterisiert durch eine ungewöhnlicheAb-
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Zusammenfassung

standsabhängigkeit der ET Geschwindigkeiten, dessen Ursprung kontrovers
diskutiert wurde. Durch einen neuartigen zwei-Farben zeitaufgelösten SE(R)R
spektroelektrochemischenAnsatz war es möglich, simultan und in Echtzeit die
Struktur, ETKinetiken undKonfigurationsfluktuationen von Cyt c, das elektro-
statisch an einer SAM-beschichteten Elektrode adsorbiert war, zu beobachten.
Es konnte gezeigt werden, dass die gesamte ET Kinetik stärker durch die Pro-
teindynamik als durch Tunnelwahrscheinlichkeiten bestimmt wird. Die Pro-
teinorientierungwird kontrolliert durchdas elektrische Feld inderGrenzfläche.
Auswirkungen für den inter-Protein ET an biologischen Membranen werden
diskutiert.
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Introduction

Protein dynamics has been recognised a key factor in controlling or limiting
inter- and intra-protein electron transfer (ET) reactions. Due to the complexity
of the systems,which inmost cases impairs direct observations, conformational
gating, configurational fluctuations or rearrangement of protein complexes un-
der reactive conditions are often inferred from indirect evidences. In this con-
text, simplified model systems, that are proteins immobilised on electrodes
coated with biocompatible films, can greatly contribute to understand the bio-
physical fundamentals in more detail, even though these systems unavoidably
deviate from the true physiological conditions. Strategies for protein immobil-
isation on electrodes are diverse, ranging from those trying to mimic biological
ET complexes to others designed for studying basic aspects of protein ET or
for the construction of artificial bioelectronic devices. The most widely used
electrode coatings are self-assembled monolayers (SAMs) of single or mixed
alkanethiols containing ω-functionalised groups that are chosen according to
the protein’s surface properties. This approach has the specific advantage of
facilitating the determination of ET rate constants as a function of distance by
simply varying the chain length of the thiols. The geometric distance from the
redox center of the adsorbed protein to the electrode is significant (> 6 Å) even
for the shortest possible alkanethiols. Therefore, one can anticipate a nonadia-
batic ETmechanismwith a characteristic exponential decay of the ET rate upon
increasing the thickness of the SAMs. However, in most systematic studies re-
ported so far, ”unusual” distance-dependences have been found. Specifically,
for a number of proteins and different immobilisation strategies, normal elec-
tron tunneling decays have been observed for distances longer than ca. 19 Å,
but the measured rates become distance-independent for thinner spacers. The
origin for this ubiquitous behavior has been elusive and controversial.
Many of the studies have been carried with the heme protein cytochrome

c (Cyt c) that serves as an electron carrier in the respiratory chain of aerobic
organism. For Cyt c electrostatically adsorbed to carboxyl-terminated SAMs,
the onset from “normal” to “unusual” distance-dependence is observed at ca.
10 methylene groups and has been rationalised either in terms of electric field
effects on protein reorganisation or as a gating mechanism in which the ad-
sorbed Cyt c needs to reorient from a thermodynamically stable but redox
inactive configuration to the favourable orientation for ET. In all cases, the pro-
posedmechanism, although consistent with the experimental results, are based
on rather indirect observations. Moreover, many of the arguments supporting
one model are also supportive of the others.
The viscosity sensitivity and the overpotential independence of the overall

rate of Cyt c point to a gated mechanism, possible such as proposed by Avila
et al. [9], in which the non-adiabatic ET process is preceded by a protein rear-
rangement or reorientation step. This step can be responsible for the distance
independence of the overall rate constant at shorter spacer length since nuclear
motion becomes rate limiting when the electron tunnelling rate increases. Fur-
thermore, the nuclear rearrangement of the protein can account for the viscosity
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dependence observed in the plateau region. In this model the gating step is
independent on distance. However, the orientation of the protein does not only
depend on short range (electrostatic) interaction, but may also be influenced
by the alignment of the dipole moment in the interfacial electric field. Given
that both the charge density at the SAM surface and the interfacial electric field
increase upon shortening the length of the spacer, one may expect a slow down
of the reorientation rate with decreasing SAM thickness.
Indirect evidence for a gated ET in the reaction between physiological redox

partners has been provided for the reaction between cytochrome c6 (Cyt c6) and
photosystem1 (PS1) [87]. These findings suggest that the analysis of the gatedET
on model-systems, i.e. SAM-coated electrodes, is of relevance for elucidating
the mechanism of physiological redox processes. Therefore, the presented
studies were also extend to Cyt c6 (Anabaena sp.) immobilised on SAM-coated
electrodes. The comprehensive analysis of the dynamics and thermodynamics
of the interfacial redox reaction requires a surface-sensitive technique which
in addition provides information about the molecular structure of the species
involved. Surface-enhanced resonance Raman (SERR) spectroscopy fulfils the
requirements in terms of sensitivity and selectivity for the redox sites of the
adsorbed heme proteins. Furthermore, by combination with the potential
jump technique, SERR spectroscopy can be employed in the time-resolved
domain down to microsecond timescale.To disentangle the interfacial reaction
steps, a novel SERR spectroscopic approach has been developed in this work
which allows monitoring protein reorientation. In conjunction with the well-
established method to probe the redox-site marker bands, this novel approach
now offers the possibility to monitor two different molecular processes of the
adsorbed protein separately and largely independent of the respective time
domains as it was demonstrated by Cyt c.
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1. Resonance Raman Spectroscopy

1.1. Classical description of the Raman effect

TheRaman effect is a two-photon process of light scattering bymatter and is the
physical basis of Raman spectroscopy. This effect was theoretically predicted
in 1923 by Smekal [113] and experimentally discovered only five years later by
Raman [106].
When a molecule is irradiated with monochromatic light, a small fraction of

the incident radiation is scattered in all directions. The scattered light consists
of light with the frequency of the incident light ν0 and a number of frequencies
νi, which are shifted relative to ν0. The light without change in frequency is
called elastic or Rayleigh scattering. For the remaining portion, i.e. inelastic or
Raman scattering, the frequency of the scattered light is either smaller as the
incident excitation frequency (Stokes scattering) or larger as the excitation fre-
quency (anti-Stokes scattering) because photons loose or gain energy through
inelastic collisions. The changes of frequency correspond to transitions between
vibrational levels of the molecule.
Thus, Raman spectroscopy provides essentially the same information about

vibrational levels of the electronic ground state as IR absorption technique,
although they differ in the physical basis. While in IR absorption the active
vibrational modes are those associated with a change in the dipole moment,
Ramanactivity of a vibration requires a change in the polarisabilityP. Therefore
the intensities of IRaman of Raman active vibration along a normal coordinateQi
can be described as:

IRaman ∝ P2 =
[(

∂α

∂Qi

)

0

QiE

]2

(1.1)

whereas E is the electric field of the incident light and α the molecular polaris-
ability with the tensor properties

α =

















αxx αxy αxz
αyx αyy αyz
αzx αzy αzz

















(1.2)

As a consequence of the different selection rules, Raman and IR spectra provide
complementary information about the structure of the molecule.
The tensor properties have consequences for the polarisation of the scattered

light. The depolarisation ratio ρ of a Raman band is defined as

ρ =
I⊥
I‖

(1.3)
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where I⊥ and I‖ denote the intensities of the scattered light with polarisations
perpendicular and parallel to the plane of polarisation of the incident radiation,
respectively.
While the classical description explains well the selection rules of the Raman

effect and the positions of the Raman lines, it fails to describe the intensity dif-
ference between Stokes and anti-Stokes bands. Quantummechanics is required
to evaluate the Raman scattering intensities and, above all, to account for the
resonance Raman effect.

1.2. Resonance Raman spectroscopy

The quantum yield of Raman scattering is very low (ca. 10−9). However,
excitation of the molecule close to a frequency that corresponds to an electronic
transition, i.e. the so called resonance Raman effect, increases the efficiency of
the scattering process by several orders of magnitude.
The theoretical basis of the quantum mechanical description of the Raman

effect is derived from the second-order perturbation theory [1, 2, 117]. The inten-
sity Ii f of a Raman active mode of a transition from an initial vibration state |i〉
and a final vibration state | f 〉 is proportional to the intensity I0 of the exciting
radiation of frequency ν0 and the frequency that corresponds to the vibrational
transition, νi f

Ii f ∝ (ν0 ± νi f )4 I0
∑

ρ,σ= x,y,z

|[αρσ]i f |2 (1.4)

taking into account that the intensity scales with the fourth power of the fre-
quency.
On the basis of Kramers-Heisenberg-Dirac’s dispersion theory, the scattered

tensor is expressed as

[αρσ]i f =
1
h

∑

r,i, f

( 〈 f |µρ|r〉〈r|µσ|i〉
νr − νi − ν0 + iΓR

+
〈 f |µσ|r〉〈r|µρ|i〉
νr − ν f − ν0 + iΓR

)

(1.5)

where |r〉 represents a virtual intermediate state, h is the Planck’s constant,
hνi, hν f and hνr denote the energies of the initial, final and intermediate state,
respectively. µσ (µρ) is the electronic transition dipole moment expressed in
molecular coordinates [2, 125]. ΓR is a damping constant that is related to the
lifetime of the vibronic intermediate state. Eq. (1.5) represents a sum of inte-
grals that describe the transition over intermediate excited states |r〉. The sum
indicates that for the Raman transition all vibronic states have to be considered.
This implies that the scattering tensor and thus Raman intensity is controlled
by the transition probabilities involving all vibronic states, even though the
initial and the final states refer to the vibronic ground and excited states of the
electronic ground state [112].

24



1.2 Resonance Raman spectroscopy

The conditions under which ν0 is close to the frequency of an electronic tran-
sition refer to the resonance Raman (RR) effect, forwhich Eq. (1.5) consequently
can be simplified to

[αρσ]i f �
1
h

∑

r,i, f

( 〈 f |µρ|r〉〈r|µσ|i〉
νr − νi − ν0 + iΓR

)

(1.6)

where the second (non-resonant) term is neglected. Furthermore, the summa-
tion is now restricted to the vibrational states r of the resonant electronically
excited state [2, 125]. The wave functions of the integrals in Eq. (1.6) depend
on the electronic and nuclear coordinates, which can be separated within the
Born-Oppenheimer approximation according to

|i〉 = |g〉|mi〉 | f 〉 = |g〉|m f 〉 |e〉 = |e〉|n〉, (1.7)

in which |g〉 and |e〉 stand for ground and excited electronic state; |mi〉, |m f 〉 and
|n〉 denote the vibrational wave functions of the initial, final and intermediate
state, respectively. With this approximation, Eq. (1.6) leads to

[αρσ]i f �
1
h

∑

n

( 〈m f |Mρ|n〉〈n|Mσ|mi〉
νn − νi − ν0 + iΓn

)

, (1.8)

in which Mρ = 〈g|µρ|e〉 and Mσ = 〈e|µσ|g〉 are the pure electronic transition
dipole moments at a given nuclear configuration along the ρ and σ directions
and the summation runs over vibrational levels n of the electronically excited
state.
The electronic transition moments can be expanded in a Taylor series with

respect to the normal coordinates Qk.

M =M0 +
∑

k

(

∂M

∂Qk

)

0

Qk + .... (1.9)

Within theharmonic approximationweneglecthigher order termsandcombine
Eqs. (1.8) and (1.9) to obtain the scattering tensor as the sum of two terms, the
so-called Albrecht’s A- and B-term.

[αρσ]i f � A + B (1.10)

with

A =
1
h
M0ρM

0
σ

∑

n

〈m f |n〉〈n|mi〉
νn − νi − ν0 + iΓn

(1.11)

B =
1
h













M0ρ

(

∂Mσ

∂Qk

)

0

∑

n

〈m f |n〉〈n|Qk|mi〉
νn − νi − ν0 + iΓn

+

M0σ

(

∂Mρ

∂Qk

)

0

∑

n

〈m f |Qk|n〉〈n|mi〉
νn − νi − ν0 + iΓn













(1.12)
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1. Resonance Raman Spectroscopy

Electronic allowed transitions possess a big transition dipole moment and
therefore the resonance enhancement via the A-term is very efficient. A-term
scattering requires that the Franck-Condon overlap integrals 〈m f |n〉 and 〈m f |n〉
are non zero. This is most pronounced for strongly allowed electronic transi-
tions that cause a shift of the potential energy surface along the corresponding
coordinate. Examples are electric dipole allowed σ − σ∗, π − π∗ and charge
transfer transitions.

The B-term in Eq. (1.12) arises from the Herzberg-Teller vibronic coupling
between different excited states induced by a vibrational mode. The B-term
scattering ismost pronouncedwhen the incident frequency is tuned to aweakly
allowed electronic transition that is vibronically mixed with a nearby strong
one.

1.3. Surface-enhanced Raman Spectroscopy

The surface-enhanced Raman (SER) effect increases the sensitivity of Raman
spectroscopy, as the intensity of SER scattering was found to be 106-fold over
the normal Raman scattering.

The SER effect can be largely understood on the basis of classical electro-
magnetic theory [63, 90]. G. Mie [85] presented an analysis of light scattering and
absorption by colloidal particles a century ago. In a first approximation, col-
loidal particles can be treated as spheres. When the size of the particles is
small with respect to the wavelength of the incident radiation (Rayleigh limit),
the electromagnetic field can effectively couple with the collective vibrations
of the electron gas of the metal, which are denoted as surface plasmons [63, 90].
The incident electric field induces an electric dipole moment in the sphere and
excites the surface plasmons, causing an additional electric field component,
normal to the surface in the near-field of the sphere. This electromagnetic en-
hancement mechanism yield an amplification of both the incident laser light
and the scattered Raman field through their interaction to the surface.

For coinage and alkali metals, the resonance condition is fulfilled in the
visible spectral region. Surface plasmons oscillations are tunable by changing
shape and size of the particles to match with the excitation wavelength of the
analyte.

Combinationof theRRand the SEReffects increases drastically the sensitivity
and selectivity and allow probing molecules even if they are adsorbed at sub-
monomolecular coverage. When the molecule includes a chromophore, the
SERR spectroscopy probes selectively the vibrations of the cofactor of only the
adsorbed molecules.
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1.4 Resonance Raman spectroscopy of heme proteins

1.4. Resonance Raman spectroscopy of heme proteins

The expanded π-electrons system of the porphyrin ring exhibits a small ener-
getic difference between the electronic ground and excited state, so that this
chromophore can be studied by RR spectroscopy via excitation in the UV-Vis
spectral region [112].
Based on an ideal D4h symmetry of the porphyrin, RR active modes can be

classified into A1g, A2g, B1g and B2g symmetry modes. The totally symmetric
A1g modes dominate at Soret excitation, while excitation via B-term scattering
enhances the non-totally symmetric modes.
These different in-plane modes also display unique polarisation properties.

Only A1g modes are polarised, B1g and B2g are depolarised and A2g are anoma-
lously polarised. Symmetry lowering of the heme group (caused by interaction
with the protein matrix) can induce RR activity to Eu or out-of-plane modes.
Detailed mode assignment of the RR bands of Cyt c [54] are the basis for

interpretation the SERR spectra of heme proteins.
The characteristic modes in the high frequency region are so-called marker

bands. Thesemodes contain high contributions of C-C- and C-N- stretching co-
ordinates and are therefore sensitive to changes of the Fe-N(Pyrrol)-bond length
(core size changes). In addition, the frequencies of these modes, especially of
the ν4 mode, are strongly influenced by the electron density in the porphyrin.
Therefore, this mode serves as a sensitive indicator for the oxidation state of the
heme. The observed frequency shift of the ν4 mode by reduction of the heme
can be explained with the increase of the electron density in the π∗ orbitals,
which causes a weakening of the C-C- and C-N-bonds. The marker bands ν3,
ν2 and ν10 provide information about the ligation pattern and the spin state of
the heme iron. If the ligand field splitting is much larger than the spin-pairing
energy, a low spin (LS) configuration is adopted. This configuration is char-
acterised by a small core size or a small Fe-N(Pyrrol) distance. The core size
increaseswhen a strong axial ligand is replaced by a weak one or the sixth axial
position remains vacant forming a high spin (HS) state. Hence the core size
increases in the following order 6cLS < 5cHS < 6cHS whereas the frequencies
of the corresponding marker bands decrease accordingly.
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2. Electrochemical interfaces

Reactions at electrochemical interfaces take place under conditions that are
significantly different from the bulk solution. Mimicking biological processes
at the membrane/solvent interface deserve special attention and reaction at
electrodes represent a suitable model system for biological redox reactions at
membranes. The electrode replaces physiological redox partners [6], acting as
an electron donor or acceptor, and simultaneously serving as amplifier for the
spectroscopic signals.
Non-Faradaic processes, which occur at such an electrochemical interface

will be the topic of this chapter. Faradaic reaction, i.e. reactions that involve
charge transfer across the interface will be detailed in the next chapter.

2.1. Electrode-solution interface

The simplest model of the electrode-electrolyte-interface is an electrical double
layer. It consists of an array of negative charges at the metal surface and an
accumulation of positive charges next to the interface in the solution or vice
versa. As a consequence an electrochemical potential difference between the
metal electrode and the bulk solution is created. Attempts to describe of the
gradual potential changes in the electrical double layer have be afforded in
various models.
The Helmholtz model assumed, that the solvated ions arrange themselves

in the so-called outer Helmholtz plane along the charged electrode surface but
are kept away from it by their hydration shells. This model ignores perturbing
effects by the thermal motion of the ions, which disrupts the rigid arrangement
of the charged layer. In contrast, the Gouy-Chapman-model of the diffuse
double layer accounts for the disordering effects, whereas the inner structure
of the double layer is underestimated.
Combination of both models yield the Stern model, in which ions in the

immediate vicinity of the electrode are constrained into the rigid Helmholtz
plane while outside that plane ions are dispersed like in the Gouy-Chapman-
model. [8]

2.2. Self-assembled monolayers

Self-assembled monolayers (SAMs) provide a convenient, flexible and simple
system by which the interfacial properties of electrodes can be tailored. Of
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2. Electrochemical interfaces

special interest is the ability of properly chosen SAMs to form biocompatible
coatings on the electrode surfaces and thus enable immobilisation of proteins
without denaturation or distortion of their native structure [37, 76].
SAMs are organic assemblies formed by the adsorption of molecular con-

stituents from the solution onto the surface of solids. The adsorbates organise
spontaneously into crystalline (or semicrystalline) structures. The most widely
used class of SAMs results from the chemisorption of alkanethiols on metal
electrodes (Au, Ag, Cu, Pd, Pt). At the opposite side of the thiol group, alka-
nethiols can have a terminal chemical functionality which specifically binds
a chosen substrate. The high affinity of thiols for the surface of noble met-
als makes it possible to generate well-defined organic surfaces with variable
chemical functionalities on the exposed surface [76].
In electrochemical investigations of proteins, SAMs are usually stable in

the potential range of interest, due to a very negative potentials of reductive
desorption (around -1.0 V with respect to a Ag/AgCl/satd KCl reference elec-
trode) [10, 60]. SAMs of pure alkanethiols undergo a phase transition, which can
be associated with the formation of potential-induced defects below a certain
critical potential [15]. This critical potential is chain length dependent and oc-
curs between -150 mV and -350 mV vs Ag/AgCl for SAMs of octaethiol and
dodecanethiol, respectively [15]. No phase transitions of SAMs composed of
hydroxyl- and carboxylate-terminated alkanethiols are reported in literature so
far. Brewer offered a possible explanation for these observations in terms of the
stabilisation of the adsorbates by intermolecular hydrogen bonding in SAMs
with polar terminal groups [17].
Most studies dealing with the formation of alkyl thiol monolayers are per-

formed on evaporated Au films. Raman and infrared spectroscopy provides
structural information andwere used to characterise the tilt angle and structure
of SAMs of ω-functionalised alkanethiols on Au and Ag. On both metals, it
was shown, that monolayers formed by long-chain n-alkanethiols are oriented
and of high quality. The vibrational data suggest that on both metals the SAMs
consists of a nearly all-trans, fully extended chains. However, the tilt angle α at
Au (≃ 27◦) is found to be larger than that in similar overlayers at Ag (α ≃ 11◦)
with respect to the surface normal [34, 70].
Monolayers comprising a well-defined mixture of molecular structures are

called “mixed”SAMs. One possiblemethod forpreparingmixed SAMs is coad-
sorption fromsolutions containingmixtures of differentω-functionalised thiols.
Themole fraction of a specific adsorbate in the SAM reflects themole fraction of
the adsorbate in solution, but is not necessarily the same [76]. Bain and coworker
have studied the relationship between the composition of the solution of two
different thiols in ethanol and their composition of themonolayer. ByusingXPS
spectroscopy and contact angle measurements they found, that the composi-
tion ofHS(CH2)10CH3/HS(CH2)10CO2HandHS(CH2)10CH3/HS(CH2)10CH2OH
monolayer is not identical to the relative concentration in solution, since the
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methyl-terminated thiols were enriched in the adsorbed phase [11]. The better
solvation of the carboxylic acids/alkohols in ethanol solutions can explain the
preferred adsorption of the methyl-terminated species at the surface. Addi-
tionally, the authors could show that such mixtures do not phase separate
into macroscopic islands [11]. Brewer et al. could confirm these findings
by friction-force microscopy (FFM), however they have been still concerned
that the contact area during the FFM measurements may be similar to or
larger than the area of a single domain of the monolayer, which might af-
fect the interpretation of the data. In 2004, the authors published results from
pull-off force measurements on mixed self-assembled monolayers formed by
coadsorption of hydroxyl- and methyl-terminated alkanethiols with similar
chain length and concluded that these SAMs might form phase-separated
structures [18]. However, Venkataraman showed by infrared spectroscopy,
that a SAM of dodecanethiol/11-mercaptoundecanol is conformationally well-
ordered throughout its entire length and therefore is not phase-separated [120].
This short review unveils the still open debate about the structure of mixed
SAMs.

2.3. Interfacial potential distribution

Asmentioned in the previous section, SAMs provide a biocompatible interface
for adsorption of proteins, but in addition, they offer also the possibility to
control the electric field strength at the protein binding site [97].
The local electric field at the protein binding site is controlled via the chain

length and the tail functional group of the SAM, the electrode potential, and the
pH and ionic strength of the solution. The predictions for SAMs of carboxylate-
terminated thiols onAg indicate local electric field strengths at the SAM surface
that are of the order 0.1 V/nm to 1 V/nm, and are, therefore, comparable to
the values expected in the vicinity of charged phospholipids head groups of
biological membranes [23].
The interfacial potential distributionacross the electrode/SAM/protein/solution

interface can be described in terms of electrostatic theory as schematically
shown in Figure 2.1, considering the charge densities σi localised in the various
interfaces [114].
As depicted in Figure 2.1, the model consists of a metal electrode at x = 0

covered by a dielectric film of thickness dC and dielectric constant ǫC. The redox
centre (RC) is situated at x = dC + dRC surrounded by the protein matrix with
a dielectric constant ǫP. The protein is in contact with an electrolyte solution
that has a dielectric constant ǫS. Assuming that the only charges in the system
are associated with the SAM terminal functional groups and with the redox
centres, the electrostatic potential decays linearly fromφM to φC and from φC to
φRC. In the solution phase, the potential distribution is governed by the Gouy-
Chapman model and decays to the electrostatic potential of the bulk solution
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2. Electrochemical interfaces

Figure 2.1.: Schematic representation of the interfacial potential distribution at the elec-
trode/SAM/protein/solution interface. RC denotes the redox center of the
adsorbed protein.

φS.
The potential drop ERC is given by

ERC = φRC − φS (2.1)

with φRC and φS denoting the potentials at the redox centre (RC) and in the
bulk solution.
The relationships between the individual interfacial potentials φM, φC, φRC

and φS and the charge densities σM, σC, σRC and σS in the different segments of
the interface (defined by dC, dRC, dS) are obtained by applying Gauss’ law:

σM =
ǫ0ǫc
dc
(φM − φC) (2.2)

σM + σC =
ǫ0ǫP
dRC
(φC − φRC) (2.3)

The constants ǫ0 is the permittivity and ǫC, ǫP and ǫS are the dielectric constants
of the inner Helmholtz layer, the protein and the bulk solution, respectively.
For small ERC the charge density in the solution can be expressed as

σS = −ǫ0ǫSκERC (2.4)

whereas κ is the inverse Debye length. The electrode potential E and the
potential of zero charge Epzc are defined according to,

E = φM − φre f (2.5)
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2.3 Interfacial potential distribution

Epzc = φS − φre f (2.6)

where φre f is the reference potential.
Finally , charge neutrality must be fulfilled according to

σM + σC + σRC + σS = 0 (2.7)

Using Eqs. (2.1), (2.2), (2.3), in which φM is substituted through Eq. (2.5) and
φS through Eq. (2.6), one obtains

ERCǫ0ǫPǫC = −σM(ǫPdC + ǫCdRC) + ǫ0ǫCǫP(E − Epzc) − σCdRCǫC (2.8)

By substituting−σM through σS+σC+σRC (Eq. (2.7)) in Eq. (2.8) and substituting
σS through Eq. (2.4), the following expression results:

ERC =
σCǫPdC + ǫ0ǫPǫC(E − Epzc) + (dCǫP + dRCǫC)σRC

ǫ0[ǫCǫP + (dCǫP + dRCǫC)ǫSκ]
(2.9)

The charge density at the redox plane can be expressed in terms of the surface
coverage Γprot

σRC = eNAΓprot[(zred + 1)(1 − cred) + zredcred] (2.10)

whereas the charge number zred refers to the formal charge of the reducedheme.
For an applied potential of E = E0, the potential drop can be experimentally
determined with

ERC = E
0 − E0S (2.11)

where E0
S
is the redox potential on solution and E0 is the redox potential of the

adsorbed protein. In that case, Eq. (2.9) can be rewritten as

H(ERC) = dCǫP(σRC + σC) + σRCdRCǫC (2.12)

with
H(ERC) = (Epzc − E0S)ǫ0ǫCǫP + ERCǫ0ǫSκ(dCǫP + dRCǫC) (2.13)

A plot of HRC versus dC allows determining the quantities σC and σRC from the
intercept and the slope of the linear function [72].
The electric field strengthEF, experiencedbymolecules adsorbed to the SAM,

may be estimated according to

EF =
ǫ0ǫSκERC − σC − σRC

ǫ0ǫC
(2.14)

The latter expression can be used to calculate the electric field strength at
the protein binding site. Predictions for carboxylate-terminated SAMs on Ag
electrodes indicate local electric field strength at the protein binding site in the
order of 109 V/m [92], which is comparable to the values expected in the vicinity
of charged phospholipid head groups of biological membranes [23].
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3. Electron transfer theory

Electron transfer reactions are ubiquitous in nature and essential in biological
processes as respiration and photosynthesis. Furthermore, the development
and operation of biosensors and biocatalytical devices require deep under-
standing of electron transfer mechanism. Simple electron transfer reactions are
the most elementary chemical reactions since they do not involve any breaking
of bonds. The most famous theory of electron transfer was introduced and de-
rived by Marcus, [77]. Numerous reviews provide comprehensive explanations
of electron transfer theory [14, 79, 80].

3.1. General considerations

An electron transfer reaction between a donor D and an acceptor A in solution
can be divided into three steps. First, D and A diffuse together to form a close-
contact encounter complexAox/Dred. In a second step, this complex reorganises
to a transition state in which electron transfer occurs and finally the product
ions Ared and Dox diffuse apart. The overall reaction can be written as

Aox/Dred
kxGGGGGBFGGGGG
k−x

[Aox/Dred]∗
kETGGGGGGGBFGGGGGGG
k−ET

Ared/Dox. (3.1)

Three extreme cases can be distinguished

true ET: kET ≪ kx and Kx(kx/k−x)≫ 1 kobs = kET (3.2)

gated ET: kx ≪ kET kobs = kx (3.3)

coupled ET: kET ≪ kx and Kx ≪ 1 kobs = Kx kET (3.4)

In the second case, the observed rate constant does not contain any information
about electron transfer, the rate of product formation is fully controlled by the
first reaction step. Such a gated ET mechanism will be discussed in detail in
Section 3.4.
The difference in Gibbs energy between the initial and final state of reaction

(3.1) may be approximated as

∆G0 = e(E0D − E0A) +w
P − wR, (3.5)

where E0D and E
0
A
represent the standard redox potentials of the Dred/Dox and

Aox/Ared redox couples. wR and wP denote the work of bringing the reactants
together and the products apart.
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3.2. Homogeneous electron transfer

3.2.1. Classical Marcus theory

The first generally accepted theory of electron transfer was developed by Mar-
cus to address outer-sphere electron transfer reactions in solution and was
based on a transition-state theory approach [77].
The potential energy of the reactants is a function of thousands of nuclear

coordinates (vibrational coordinates of the reactants and orientational coordi-
nates of the surrounding solvent molecules) and defines a many-dimensional
potential-energy surface. In analogy to the reaction coordinate in the transition-
state theory, a one-dimensional energyprofile is introduced to describe electron
transfer reactions. Whereas the potential energy profiles along the electron
transfer coordinate are rather complicated, the profile of the Gibbs energy can
be satisfactorily approximated by the parabola (Figure 3.1). The curvature of
the reactant and product energy profiles is assumed to be the same.

Figure 3.1.: Profiles of the Gibbs energy surfaces of the reactant (R) and the product (P)
state.

For electron transfer to occur, the reactants have to reach the intersection
regionby thermal fluctuation. According to the classical transition-state theory,
the electron transfer rate constant is given by

kET = κelνn exp
(

−∆G‡
kBT

)

, (3.6)
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in which κel denotes the electronic transmission coefficient, νn stands for the
vibrational frequency with which the activated complex approaches the transi-
tion state (typically νn ∼ 1013 s−1) and ∆G‡ is the Gibbs energy of activation. As
can be inferred from the Figure 3.1,∆G‡ is related to the standard reactionGibbs
energy ∆G0 (difference in Gibbs energy between the equilibrium configuration
of product and reactant state) and to the reorganisation energy λ

∆G‡ =
(λ + ∆G0)2

4λ
(3.7)

λ is defined as the change in Gibbs energy if the reactant state were to distort
to the equilibrium configuration of the product state without transfer of the
electron. Reorganisation energy λ is usually divided into two components:

λ = λin + λout. (3.8)

The solvent-independent inner term λin arises from the structural differences
between the equilibrium configurations of the reactants and the product states.
The outer termλout reflects changes in orientation and polarisation of surround-
ing solvent molecules.
Inserting Eq. (3.7) into Eq. (3.6) yields the classical Marcus equation

kET = κelνn exp
[

(λ + ∆G0)2

4λkBT

]

(3.9)

which predicts a maximum of the electron transfer rate for −∆G0 = λ. As ∆G0
becomes even more negative in a highly exergonic reaction, the electron trans-
fer rate will decrease corresponding to the so-called Marcus inverted region.
Physically, this means that the product must initially be formed in an increas-
ingly distorted and high-energy state. Experimental evidence was brought for
this surprising prediction. [24, 86]

Two types of electron transfer reactions can be distinguished according to
the magnitude of the electronic transmission coefficient. The reaction is termed
as adiabatic if κel = 1, i.e. the probability that electron transfer at the transition
state occurs is equal to unity. If, on the other hand, κel ≪ 1, the electron transfer
reaction proceeds in the non-adiabatic regime. Hence, even when the electron
reaches the intersection region of the product and reactant energy profiles, it
only occasionally crosses over to the product surface.

3.2.2. Quantum mechanical treatment

Classical Marcus theory usually gives satisfactory results for adiabatic reac-
tions. A quantum mechanical approach that accounts for electron and nuclear
tunnelling is required for non-adiabatic reactions. Indeed, in the quantum
model, electron transfer is possible below the intersection point of the reactant
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and product energy surface. Quantum mechanical formulations of electron
transfer theory were developed by Jortner [59, 64, 119] , Levich and Dogonadze [73].
The electronic coupling energy corresponds to the overlap of the electronic

wave functions of the equilibrium reactant and product states ψ0R and ψ
0
P,

respectively
HDA = 〈ψ0R|Ĥel|ψ0P〉, (3.10)

in which Ĥel denotes the electronic Hamiltonian for the system in the Born-
Oppenheimer approximation. The electronic coupling parameter reflects the
exponential decay of the electronic wave functions with distance

|HDA(r)|2 = |H0|2 exp(−β(r − r0)), (3.11)

whereH20 represents themaximum electronic coupling at the van derWaals dis-
tance r0, r is the distance between the donor and acceptor and β an exponential
decay coefficient, termed also tunnelling parameter.
The probability of electron transition from an initial energy level in the re-

actant state to an energy level in the product state is described by the Fermi
golden rule which is derived from time-dependent quantum mechanical per-
turbation theory. It follows for the first-order rate constant for a non-adiabatic
electron transfer reaction for reactants fixed in position

kET =
2π
~
|HDA|2FCWD, (3.12)

where ~ is the Planck’s constant. FCWD denotes the Franck-Condon weighted
density of states which corresponds to the integrated overlap of reactant and
product nuclear wave functions of equal energy, weighted by Boltzman factors

FCWD =
∑

i, j

〈χ0Pi|χ0Rj〉2P(ǫRj)δ(ǫPi − ǫRj). (3.13)

Here, χ0
Pi
and χ0

Rj
stand for the vibrational wave functions of the equilibrium

product state at level i and of the equilibrium reactant state at level j, respec-
tively. ǫPi and ǫRj are the vibrational energies of the level i in the product state
and of level j in the reactant state. P(ǫRj) denotes the probability of finding the
reactant state in the level j with energy ǫRj and δ is a Dirac delta function. The
sum in Eq. (3.13) is taken over all internal and solvent vibrational modes, a full
quantum formulation of Eq. (3.13) is thus rather complicated.
Different assumptions were introduced to express the Franck-Condon fac-

tors. Solvent vibrations usually occur at low frequencies and may be treated
classically. Within this approximation, the semi-classical Marcus equation can
be written as

kET =
2π
~
|HDA|2

1
√
4πλ0kBT

× (3.14)

∑

i, j

〈χ0Pi|χ
0
Rj〉
2P(ǫRj) exp

[

−
(∆G0 + ǫPi − ǫRj + λ0)2

4λ0kBT

]
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in which λ0 denotes the solvent reorganisation and summation runs now only
over the internal vibrationalmodes. Other treatments introduce a characteristic
frequencywhich replaces the relevant high-frequency vibration on the reactant
state. [64]

In the high-temperature limit, Eq. (3.14) reduces to

kET =
2π
~
|HDA|2

1
√
4πλkBT

exp
[

− (λ + ∆G
0)2

4λkBT

]

, (3.15)

where λ = λin + λout. Eq.(3.15) is equivalent to Eq. (3.9) with

κelνn =
2π
~
|HDA|2

1
√
4πλkBT

(3.16)

3.3. Heterogeneous electron transfer

The same theoretical framework was applied to electrochemical electron trans-
fer reactions after considering the relevant differences of the two systems.[78]

The overall reaction can, in principle, be described by the scheme 3.1, the first
and the last step might be represented by the diffusion of the reactant to and
from the electrode or by a conformational change of the reactant to and from a
state that is favourable for electron transfer.
Unlike reactions in solution, the electron is transferred from a localised to

a delocalised state (or vice versa) in a reaction at a metal electrode interface.
The driving force ∆G0 for the electron transfer reaction in solution is given
by the difference in Gibbs energy of the donor and acceptor states, which is
proportional to the applied overpotential in an electrochemical process

η = E − E0. (3.17)

E denotes the actual electrode potential and E0 represents the formal potential
of the redox couple under study which is defined by the Nernst equation

E = E0 − kBT
ne
ln
cred
cox

(3.18)

Here cred and cox stand for the equilibrium concentration of the reduced and
oxidised electroactive species, respectively, and n represents the number of
transferred electrons.
Hence, the driving force is defined as

∆G0 = |Fη| (3.19)

whereas F is the Faraday constant.
The theoretical background of electrochemical electron transfer reactions is

nevertheless not as well established as that of homogeneous reactions and
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work is still in progress. Insofar, the investigations have focused mostly on
non-adiabatic heterogeneous electron transfer. [44] In analogy to Eq. (3.15), a
transition rate for one electronic level of energy ǫ in the metal can be expressed

W(ǫ, η) =
2π
~
|HDA(ǫ)|2

1
√
4πλkBT

exp
[

−
(λ + ∆G0(ǫ, η))2

4λkBT

]

. (3.20)

Eq. (3.20) has to be integrated over all occupied electronic levels in the metal
electrode to yield an expression for the heterogeneous electron transfer rate

kET =
2π
~

1
√
4πλkBT

∫

dǫ f (ǫ)ρ(ǫ)|HDA(ǫ)|2 (3.21)

× exp
[

−
(λ + ∆G0(ǫ, η))2

4λkBT

]

with

∆G0(ǫ, η) = ǫ − ǫ f − eη for oxidation (3.22)

∆G0(ǫ, η) = −(ǫ − ǫ f ) + eη for reduction. (3.23)

Here, ρ(ǫ) is the density of states (DOS) of the metal electrode and

ρ(ǫ)|HDA(ǫ)|2 = |V(ǫ)|2 (3.24)

corresponds to the metal-DOSweighted and k-space integrated electronic cou-
pling strength. The Fermi-Dirac distribution function f (ǫ) defines the proba-
bility that an electronic level of energy ǫ is occupied by an electron

f (ǫ) =
1

1 + exp
( ǫ−ǫ f
kBT

) , (3.25)

in which ǫ f denotes the Fermi energy.
A relatively simple expression for the electron transfer rate can be obtained

by integrating Eq. (3.21) under several assumption. [21, 99, 100] First, the Fermi-
Dirac distribution is replaced by a step function. Secondly, DOS is considered
to be independent of energy and finally the contributions from high and low
energy levels (ǫ ≫ ǫ f and ǫ ≈ 0, respectively) are neglected. The rate constant
for oxidation can be then written as

kred = A

√
πλkBT

e

(

1 + er f
eη − λ
2
√
λkBT

)

(3.26)

and the rate for reduction as

kox = A

√
πλkBT

e

(

1 − er f
eη + λ

2
√
λkBT

)

, (3.27)
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where the error function is defined as

er f (x) =
2
√
π

∫ x

0
exp(−t2)dt. (3.28)

A denotes a constant related to the electronic coupling term |HDA|2 and thus
includes the exponential distance dependence fot the ET step between the
weakly coupled electron donor and acceptor. [100]

3.4. Gated electron transfer

In many cases the ET reaction is coupled to a non-ET reaction step (see Scheme
3.1). In such reactions, a non-ET event (Kx) may be required to optimise or
activate the system for ET.[30] In sequential processes, both reaction occur in-
dependently one after the other and the overall reaction is controlled by the
slowest step. When an ET reaction is preceded by a rate-limiting non-ET re-
action that is coupled to the ET, this is generally referred to as gated ET. [56] If
the ET is rate-limited by conformational reorganisation or reorientations, the
nature of the gating step can be addressedby varying experimental parameters,
such as the solution viscosity, which are not expected to influence the electron
tunnelling event.
Examples of gated protein-protein ET and interfacial protein ET are known

for over a decade. [9, 29, 36, 38, 40, 82, 102, 104, 115, 132] The nature of gating have been
discussed controversially. For interfacial ET, it can be assumed that adsorbed
proteins exhibit a distribution of orientations, which can result in a distribution
of distances, probabilities and rates.
Almost all electrochemical systems that have been studied so far suggest that

protein-protein and interfacial ET transfer are gated, most likely by conforma-
tional rearrangements. This prompts the question as to how these results relate
to physiological systems. Specific interactions that exist between protein part-
ners are not present between the electrode and an adsorbed protein. Many of
the protein-protein ET rates reported in literature are not determined for phys-
iological relevant partners. Therefore, one might consider, that interfacial ET is
conformationally gated unless specific interaction are present. Further investi-
gations in this respect are necessary and care has to be taken when interpreting
results of non-physiological studies.
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4. Electrochemistry

4.1. Electrochemical cell

Spectroelectrochemical measurements were performed on specifically modi-
fied Ag electrodes as it will described in the next section. The coated electrode
was inserted in a three-electrode electrochemical cell, in which it functioned
as a working electrode (WE). The cell was further equipped with a platinum
(Pt) counter electrode (CE) and a Ag/AgCl/satd KCl reference electrode (RE)
(DRi-Ref, World Precision Instruments). The Pt CE consists of ca. 5 cm long
wire with a diameter of 1.5 mm. Dri-Ref RE has a diameter of 2 mm and a
length of 13 cm. Electrode potentials were controlled with a potentiostat (Po-
tentiostat/Galvanostat Model 263A, Eg&G Princeton Applied Research). All
potentials reported in this work refer to the Ag/AgCl (sat. KCl) reference elec-
trode (E0 = 198 mV vs. NHE).

4.2. The working electrode

The Ag working electrode has the form of a ring with a height of 2.5 mm and
a diameter of 8 mm, which corresponds to a geometric surface area of 0.6 cm2

exposed to the solution. The corresponding electrochemical cell is made of
Delrin (polyoxymethylene) with a volume of 10 mL and was used for all SERR
investigations. The working electrode is mounted onto a rotational shaft which
is coupled to a motor and provides the electrical contact between the electrode
and the potentiostat. The Ag electrode can be thus efficiently rotated during
experiments to prevent laser induced sample degradation. The electrochemical
cell is equippedwith counter and reference electrodeas describedabove,optical
windows for spectroscopicmeasurements and a septum,which allows injecting
the protein via a syringe and to insert a gas inlet for continuous purging of
Argon.

45



4. Electrochemistry

46



5. Electrode preparation

TheAgworking electrodeswere first treatedwith an electrochemical procedure
in order to obtain a rough SER-active surface and were subsequently coated
with different types of SAMs to prepare a biocompatible interface for protein
adsorption.

5.1. Preparation of the SER-active surface

The preparationprocedureof the SER-active surface followedaprotocol similar
to that described previously. [121]

• The Ag ring electrode were polished with abrasive paper. When the
electrodes were used for SERR measurements of Cyt c, lapping films
(3M, 240X Sheet) with a smallest particle size of 0.3 micron were used to
get an uniform fine finish.

• Afterwards the Ag electrode was thoroughly rinsed with distilled water
and ethanol.

• The electrode was inserted into an electrochemical cell containing 0.1
M KCl. A electrochemical cell similar to that for spectroelectrochemical
measurements were used for roughening of the ring electrode. However,
it is made of plexiglas, are more elementary and do not provide optical
windows. The counter electrode consists of a Pt sheet, which surrounds
the Ag working electrode.

• The potential was first set to -2.0 V for 20 s for hydrogen evolution, the
bubbles sticking to the electrode were carefully removed.

• Theelectrodewas subsequently subjected to threeAgoxidation -reduction
cycles at +0.3 and -0.3 V respectively for 60 s at each potential.

• Finally, the rough Ag electrode was rinsed with distilled water and
ethanol and dried under a stream of nitrogen gas.

5.2. Preparation of the SAMs

The electrochemically roughened Ag electrodes were immersed for 12-18 h in
ethanolic solution containing 1 mMof the desired pure ormixed (ω-functional-
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5. Electrode preparation

ised) alkanethiols. 16-mercaptohexadecanoic acid (C15-COOH), 11-mercapto-
undecanoic acid (C10-COOH), 11-mercapto-1-undecanol (C11-OH), 1-mercapto-
dodecan (C11-CH3) were purchased from Sigma-Aldrich. 8-mercaptooctanoic
acid (C7-COOH), 6-mercaptohexanoic acid (C5-COOH) were purchased from
Dojindo. 16-mercaptohexadecanol (C16-OH) and 1-mercaptoheptadecan (C16-
CH3) were kindly provided by Sophie Lecomte, Thiais and Randal Lee, Hous-
ton, respectively. Themodifiedelectrodewere subsequently rinsedwithethanol,
dried by a stream of nitrogen gas and inserted into the spectroelectrochemical
cell. This cell contained a 12.5 mM phosphate (pH 7.0) and 12.5 mM K2SO4
buffer. WhenCyt cwas used, the proteinwas immediately inserted by aHamil-
ton syringe and 0.2 µM Cyt c concentration in the cell were used in all these
measurements. Measurements of Cyt c6 and the mutant M58H required purg-
ing of the buffer with Ar for 30 min prior the measurements and a continuous
Ar stream during experiments. Cyt c6 and M58H were inserted into the cell
with a syringe to a final protein concentration 0.3 µM.
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6. Proteins

6.1. Cytochrome c 6

The recombinant Cyt c6 and the mutant protein M58H from Anabaenea sp.
PCC7119 were kindly provided by F.P. Molina-Heredia [87, 88]. Cyt c6 and M58H
were expressed under aerobic conditions in E. coli MC1061-transformed cells
and were purified as described previously [87]. The correct cloning and expres-
sion of the recombinant proteins were confirmed by their identical N-terminal
amino acid sequences as compared with those of the Cyt c6 isolated from the
cyanobacterium. Physicochemical and functional properties of the native and
recombinant Cyt c6 are also identical

[88].

6.2. Cytochrome c

Horse heart Cyt cwas purchased from Sigma (C2867) and purified according to
published procedures [16]. Around 15 mg lyophilised Cyt c are dissolved in 10
mL distilledwater, reducedwith 0.7mL 0.1MK4FeCN6 and afterwards loaded
onto aMono S (Amersham) column. Afterwashingwith 3 columnvolumes of a
buffer containing 75 mMNaPO4, (pH 7.0), elution of the adsorbed protein was
performed with a linear gradient of 0-1 M potassium chloride. The fractions
containing pure Cyt c are pooled, concentrated on an Amicon pressure-dialysis
cell fitted with a YM-10 membrane, and stored at −80 ◦C. Cyt c concentration
was determined spectrophotometrically using an absorption coefficient of 120
000 mM−1 cm−1 at 409 nm for the reduced protein.
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7. RR and SERR spectroscopy

7.1. Experimental Setup

Raman spectraweremeasured at ambient temperature using a confocal Raman
microscope (LabRam HR-800, Jobin Yvon) equipped with a liquid nitrogen
cooled back-illuminated CCD (charge-coupled device) detector. The configu-
ration is depicted in Figure 7.1, the abbreviations used in the text below refer
to the figure [47]. Cyt c6 and the mutant M58H were excited with the 413 nm
laser line of a Kr+ laser (Innova 300, Coherent). In addition, a second laser
line at a position 514 nm of a Ar+ laser (Innova 70, Coherent) were used for
excitation in resonance with the Q-band. Experiments were performed with
a laser power of ca. 2.5 - 5 mW (413 nm) and 12 mW (514nm) at the sample.
The laser beam passed through two consecutive laser modulators, which were
employed to create laser pulses for the time-resolved experiments (see Section
7.3), and entered the spectrometer. Laser plasma lines were removed by an
interference filter (IF). After passing a pinhole (P) the laser beam was reflected
by a dichroic beam-splitter (DS) towards themicroscope (Olympus BX 40). The
beam was focused on the sample by means of a microscope objective (O). For
RR measurements in solution, the sample was contained in a spinning quartz
cell. Most experiments were performed on modified Ag electrodes in an elec-
trochemical cell as described above (Section 4.1). A long working distance (24
mm) objective (Olympus 20 ×, NA 0.35) was employed for all SERR measure-
ments. An additional adapter was mounted to the objective holder in order to
enable horizontal detection with the long working distance objective.
Raman signals were collected in 180◦ scattering geometry by the same objec-

tive (O). The scattered radiation passed through the dichroic beam splitter (DS)
which operates in transmission mode as a first notch filter and then through
a second notch filter (NF). This arrangement allows to efficiently remove the
elastic Rayleigh scattering. The light collected by the objective was focussed
onto a confocal hole (H) adjusted to 1000 µm. An additional lens (L2) focusses
the scattered light onto a slit at the entrance of the spectrograph. The width of
the slit was set to 100 µm. The spectrograph consists of a single monochroma-
tor with two interchangeable gratings throughout. The monochromator in the
Czerny-Turner design has a focal length of 800 mm. The scattered radiation
was dispersed by the grating (G) and focussed on a CCD chip. The dimen-
sions of the chip are 2048 × 512. Usually, spectra were acquired with a binning
factor of 2, i.e. intensities of two adjacent pixels are summed up. This setting
implies a spectral resolution of 2 cm−1 and a wavenumber increment per pixel
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Legend: DS dichroic mirror/notch filter Mc colimating mirror
G Grating Mf focusing mirror
H confocal hole NF notch filter
IF interference filter O microscopic part
L lense P pinhole
M mirror S slit

Figure 7.1.: Experimental setup for Raman measurements.
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of 0.57 cm−1. The spectrometer is controlled by the LabSpec software (version
4.07, Dilor-Jobin Yvon-Spex) which removes the cosmic radiation peaks. The
spectrograph was calibrated before and after each experiment with a standard
mercury lamp. The reported frequencies are accurate within ±0.5 cm−1. All
measurements were repeated several times to ensure reproducibility.

7.2. RR measurements in solution

Experiments in solution were carried out to obtain the RR parameter for the
respective species and the RR cross section of the redox couple. Proteins were
reduced with sodium dithionite (Sigma) and oxidised with sodium peroxosul-
fate (Sigma). Effective acquisition times for RR measurements of Cyt c at 413
nm were set to be between 80 - 120 s with a protein concentration of 38 µM.
For standard RR solution measurements at 514 nm a Cyt c concentration of
120 µM was used with accumulation times between 15-60 s and for polarised
experiments were the accumulation times between 50 -100 s. Measurements
of Cyt c6 and M58H with 413 nm excitation were carried out with a protein
concentration of 25 µM and acquisition times between 10-20 s. The protein
solutionwere contained in a rotating cuvette, by what the sample continuously
moved through the laser beam and photoirradiation was avoided. 2- 3 accu-
mulations at each potential were performed and summed up to improve the
signal-to-noise ratio.

7.3. Stationary and time-resolved SERR spectroscopy

Stationary SERR spectrawere acquired as a functionof the potential in the range
between -0.4 V and +0.2 V. SERR spectra at a given potential were measured
after ca. 1 min of equilibrium time and accumulated for 1.2 - 30 s in the case of
Cyt c6 and M58H and 3 - 8 s for Cyt c investigations. 2- 3 accumulations at each
potential were performed and summedup to improve the signal-to-noise-ratio.
Time-resolved (TR) SERR spectroelectrochemistry consists of synchronising

fast potential jumps with short measuring intervals [121]. As depicted in Figure
7.2, potential jumps of variable height and duration are applied in a TR-SERR
experiment to trigger the redox reaction. The relaxation process is probed by
measuring SERR spectra at variable delay times δ after each jump. Following
the measurement interval ∆, the electrode potential is reset to the initial value
during a sample recovery phase, which must be long enough to restore the
original equilibrium. The sequence of potential jumps is repeated until SERR
spectra of sufficiently high signal-to-noise ratio are obtained. The TR-SERR
technique assumes a full reversibility of the potential-induced processes.
Synchronisation of potential jumps and laser pulses was achieved with a

home-made four channel pulse-delay generator. The laser pulses were gen-
erated by passing the continuous-wave laser beam through two consecutive
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Figure 7.2.: TR-SERR setup

laser intensity modulators (LM 0202, Linos), which were controlled by digital
pulse amplifies (Linos) and give a total extinction better than 1:50000 and a
time response of 20 ns. The real accumulation time of TR-SERR spectra was
1-6 s (the real accumulation time is the product of the measuring laser pulse
length ∆ and the number of cycles). The time-dependent results displayed as a
function of the delay time t defined as t = δ + ∆2 .
Solution viscosity was adjusted by addition of sucrose. The sugar does not

affect the protein structure and changes only slightly the dielectric constant. A
mixture of buffer with 14% by wt. sucrose yields a relative viscosity of 1.5 [126].

7.4. Polarised SERR measurements

Stationary and TR polarised SERR experiments required an additional setup as
compared to experiments described above. Before the interference filter aGlan-
Taylor polariserwas inserted to adjust the polarisation of the incident radiation.
An analyser in the detection path (after the Notch filter) was used to select the
proper polarisation component of the Raman scattered light. It could be set
in either perpendicular or parallel position in respect to the polarisation of the
incident laser beam. Before the entrance slit of the spectrograph a scrambler
was mounted.
Before and after each experiment cyclohexane was measured as reference

using the known depolarisation ratios [51] of three modes:

802 cm−1 ρS = 0.07 (7.1)

1030 cm−1 ρS = 0.75

1267 cm−1 ρS = 0.74

Only those measurements were analysed, for which the deviation of the cyclo-
hexane reference (before and after experiments) was below 10%.
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8. Spectra treatment

8.1. Background subtraction

A meaningful quantitative analysis of SERR spectra requires a proper and
reproducible baseline subtractionprocedure. For spectraofhighsignal-to-noise
ratio (SNR) this task can be accomplished by simple polynomial subtraction.
The structureless offsetwas removedby subtracting a straight line from the raw
data for all measurements with 413 nm excitation. The background of spectra
measured with 514 nm excitation was subtracted in a modified way. Properly
chosen x-values and their corresponding y-value minus a defined, fixed offset
were taken to generate a polyline. The background of all these spectra were
performed consistently by the subtraction of these polylines as illustrated in
Figure 8.1.

 1350  1400  1450  1500  1550  1600  1650

∆ ν [cm-1]

Figure 8.1.: Illustration of the background shape for a raw Cyt c SERR spectrum, 514 nm
excitation.
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8.2. Component analysis

After background subtraction, all spectra were analysed by component anal-
ysis. [33] Different spectral components which correspond to distinct protein
species contribute to the acquired SERR spectra. The spectral components
present in a particular spectrum can be determined for example on the basis
of RR measurements under conditions at which only one of the species pre-
vails. Alternatively, the component spectra have to be determined iteratively
[33]. Each experimental spectrum is then simulated by the relevant component
spectra using only their relative contributions as adjustable parameters to ob-
tain relative concentrations. Adjusting of the intensities of Lorentzian bands,
which belong to the respective species yields in relative intensities ratios of
different modes. Examples of component analysis for all studied systems are
shown in the following sections.
Component analysis results in relative intensities of the individual spectral

components Ii which are related to the relative solution or relative surface
concentrations of the species ci according to:

ci =
Ii fi

∑

i Ii fi
(8.1)

where fi is factor proportional to the reciprocal RR cross section of species
i. It is assumed that in the SERR spectra the fi values are enlarged for each
species by the same factor. The fi values are estimated experimentally from the
RR intensity ratio of the different species measured in solution with the same
concentration and under identical conditions. One can define the ratio of the
proportionality factors fi

R f =
fred

fox
(8.2)

in which fred and fox denote the factor of the reduced and oxidised species,
respectively.
All steps of the spectra analysis were performed in GNU Octave, version

2.1.73 (i486-pc-linux-gnu) except for the component spectra determination
which was done with the help of a home-made component analysis software.
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9. Interfacial electron transfer of cytochrome
c 6

9.1. Introduction

Cyt c6 is a monomeric low-spin heme protein. This soluble c-type cytochrome
acts as an electron carrier between the b6f -complex and photosystem I (PS1) in
the photosynthetic redox chain of cyanobacteria and green algae. Normally,
plastocyanin acts as electron carrier, but it is replaced in this function by Cyt c6
when a shortage of copper in the medium prevents synthesis of plastocyanin
[74, 105]. In this work we have studied Cyt c6 from the cyanobacterium Anabaena
PCC 7119, (see Figure 9.1) a very basic protein (pI=9.7) with a molecular mass
of 9.7 kDa. The heme iron has a methionine-histidine axial coordination in
the pH range 5-11, which can clearly seen by the presence of a low intensity
absorption band at 690 nm, which correlates with the methionine-histidine
coordination. The pH-dependent reduction potential of Cyt c6 at pH 6.7 in
solutionwas determined to be 140 mV (vs. Ag/AgCl) and it decreases to 85 mV
at pH 9.8 [83].
In addition to thewild-type (WT) proteinwe have studied themutantM58H,

in which the axial ligand methionine is replaced by an histidine to obtain a bis-
histidine coordination. The redox potential E0 of the M58H mutant in solution
is shifted to -117 mV. The comparative study of Cyt c6 WT and M58H aims to
identify the influence of the weak axial ligand on the ET dynamics, while the
protein matrix is not affected.
So far, few investigations referring to interprotein ET of the WT Cyt c6 have

been reported. For example, Molina-Heredia et al. showed by site-directed
mutagenesis that two regions are involved in the redox interaction with PS1:
1) a small positively charged patch, which is involved in the formation of a
transient electrostatic complex with PS1 and 2) a major hydrophobic region at
the edge of the heme pocket that may provide the contact interface for electron
transfer to the PS1 [87]. Figure 9.1 illustrates these two regions.
On the other hand, NMR investigations of the transient complex between

cytochrome f and Cyt c6 from Anabaena indicate that the inter-protein contact
region is mainly composed by non-polar residues (ca. 61 %) [32]. Recently,
the pH-independent coexistence of two oxidised forms, a LS and a highly
anisotropic LS, was found by CW-EPR and ENDOR and was related to the
fact that Cyt c6 has to interact with two redox partners and therefore may need
some conformational flexibility [43].
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Figure 9.1.: Space-filling model of Cyt c6. The molecule is oriented to show the “east”
positively charged patch in front, whereas the “north” hydrophobic patch is
on the left. The heme group is depicted in green [87].

Transient absorption spectroscopy shows that interprotein ET for the
Cyt c6/PS1 pair in solution is biphasic. From these experiments a complex
reaction mechanism was suggested, which consists of a first transient complex
formation, driven by electrostatic interactions followed by a rearrangement
step that yields the optimal configuration for ET within the complex [50].
Clearly, the studies reported so far provide a solid basis for understanding

the reaction dynamics of Cyt c6, but they also present a number of limitations.
First, structural and kinetic information is not recorded simultaneously but
using different techniques under different conditions. Second, all experiments
have been performed in solution without explicit consideration of the electric
field.
In contrast, the biological processes take place at the thylakoid membrane

and thus under the influence of strong electric fields. It has been shown that
electric fields may affect charge transfer processes in biological systems. For
example, the rate of charge recombination in bacterial photosynthetic reaction
centre is altered byup to one order ofmagnitudeuponapplying external electric
fields of ca. 106 V/cm [41]. For cytochrome c oxidase reconstituted in phospho-
lipid vesicles, Sarti et al. have shown that the generation of a transmembrane
potential causes a 10-fold reduction of the enzymatic activity [110]. However, it
is not known how the electric field may affect the individual reaction steps of
the ET reaction since parameter such as driving force, electronic coupling, reor-
ganisation energy as well as molecular structure cannot be explicitly controlled
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or determined.
The model system adopted in these studies consists of Ag electrodes coated

with self-assembledmonolayers (SAMs) of ω-functionalised alkanethiols. This
device can be considered as an crude model for the natural reaction partner of
the soluble redox proteins. SAM coated electrodes provide not only a biocom-
patible interface for immobilisation of proteins, they also offer the possibility
to control the electric field strength, driving force and electronic coupling with-
out alteration the structure of the electron donor/acceptor. At biomembranes,
the electric field arises from the dipole potential, the surface potential and the
transmembrane potential. Whereas the dipole and the surface potential are
essentially determined by the composition and structure of the membrane,
the transmembrane potential depends on the ion concentration gradients that
can vary during biological processes due active or passive transmembrane ion
transfer as in the case of the redox-driven proton pump cytochrome c oxidase.
Thus the transmembrane potential is nearly independent of the redox states of
the ET proteins. In contrast, in our model system, the redox process is trig-
gered by the change of the electrode potential (subsequent potential jumps)
and changing the electrode potential is coupled to an alteration of the electric
field. In biological systems the redox process may happen without a change
of the transmembrane potential, but in the present model system a change of
the electric field is unavoidable during ET. The SAM-coated electrode does not
provide specific interactions as between partner redox proteins.
Besides the above mentioned restrictions, SAM-coated electrodes can be

considered as a model also for mimicking electric fields at biomembranes and
thus suchadevice is appropriate to elucidate the effect of electric fields on theET
process ofCytc6. For such interfacial ET studies,potential dependent stationary
and TR SERR spectroscopy represents a particularly powerful tool. It allows
to analyse effects of local and long-range electric fields as well as hydrophobic
interactions on the co-factor structure and the interfacial processes of Cyt c6WT
and the mutant protein.

9.2. Adsorption and redox equilibrium

9.2.1. Absorption spectra

Vibrational spectroscopy of metalloporphyrins can be analysed by symmetry
consideration. Although D4h point group symmetry is not exactly fulfilled, it
is a helpful assumption to understand vibrational spectra of hemes.
Cyt c6 and M58H such as all heme containing redox proteins display typical

UV-Vis absorption spectra shown in Figure 9.2 for the reduced and oxidised
protein in solution. The spectra display a strong absorption band in the near-
UV region (Soret-band with λmax ≈ 412nm) and two weaker bands (Qv- and
Q0-bands) at 522 and 550 nm. These typical absorption spectra with the rel-
atively broad bands, resulting from an overlap of many transitions, has been
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explained in literature with the four-orbital-model of Gouterman [45]. The
four-orbital model proposed for the interpretation of metalloporphyrin spectra
describes transitions allowed under D4h symmetry between the two highest
occupied molecular orbitals, a1u(π) and a2u(π), and the two degenerate lowest
unoccupied orbitals, eg(π∗). Thedegenerate nature of these latter orbitals results
in strong configurational interaction and accounts for a strong π-π∗ transition,
in which the transition dipoles add up (γ or Soret band) and for the weak Q(0,0)
orα band inwhich the transition dipoles almost cancel. An additional band, the
Q(1,0) or β, is attributed to vibronic coupling (i.e. mixing of electronic transition
and borrowing intensity from the Soret band) and represents the envelope of
a superposition of many vibrational transitions. Spiro showed that observed
Raman bands do in fact correspond to the individual vibronic components of
the β band, which are not resolved in the electronic absorption spectrum. [116]

In Table 9.1 the absorption maxima of both proteins are summarised. In con-

Cyt c6 red Cyt c6 ox M58H red M58H ox
Soret 415 409 418 408
Q0 520 520
Qv 550

530
549 / 555

530

Table 9.1.:Absorption band maxima λmax [nm] of Cyt c6 and M58H.

trast to the reducedWT protein, the reduced mutant M58H exhibits a splitting
of the Q0 band by around 200 cm−1. Possible heterogeneity can be ruled out
due to the sharp Soret band and the resonance Raman spectrum of the reduced
M58H in solution, which does not show more than one species. Spectral split-
ting or band asymmetry of the α band was already observed for some heme
proteins and various interpretations have been proposed to account for Q band
splitting which is theoretically predicted for any mechanism capable of lifting
the eg(π∗) degeneracy

[107]. Wagner and Kassner [122] proposed that coordination
of the (second) histidine and its effect on the heme pocket environment could
lift the degeneracy of the Q band.

9.2.2. Resonance Raman spectroscopy in solution

Excitation with 413 nm of the both cytochromes Cyt c6 and M58H in the Soret
absorption band gives rise to strong RR spectra, as shown in Figure 9.3. The
ratio of the proportionality factors R f (Eq. (8.2)) was determined as described
above (see Section 8.2), yielding a value of 0.143 for both proteins, theWTCyt c6
and the mutant M58H.
The most prominent bands in the RR spectra of Cyt c6 and the mutant M58H

are the modes ν4, ν3, ν2 and ν10, which are marker for the redox, spin and
coordination state.
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9.2 Adsorption and redox equilibrium

Lorentzian bands were adjusted to reproduce all experimental resonance
Raman bands, as it is shown in Figure 9.4 for the WT Cyt c6 and in Figure 9.5
for the mutant M58H.
In Table 9.2 and 9.3 the RR modes of both proteins (component spectra) are

summarised.
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9. Interfacial ET of cytochrome c6

WT ox WT red

mode position intensity width position intensity width
[cm−1] [cm−1] [cm−1] [cm−1]

δ(CaH)2,4 1301 0.11 18 1298 0.04 13
δ(CaH)2,4 1318 0.03 9 1313 0.02 8

ν4 1372 1 15 1360 1 9
ν29 1413 0.06 21 1395 0.05 20
ν28 1463 0.01 61 1440 0.01 18
ν3 1505 0.19 10 1493 0.05 10
ν11 1544 0.07 10
ν19 1561 0.07 35 1585 0.06 13
ν2 1585 0.40 16 1592 0.20 10
ν37 1602 0.09 18 1608 0.05 9
ν10 1637 0.24 20 1623 0.03 8

Table 9.2.: RR modes of WT Cyt c6 in solution (component spectra)

M58H ox M58H red

mode position intensity width position intensity width
[cm−1] [cm−1] [cm−1] [cm−1]

δ(CaH)2,4 1301 0.06 18 1297 0.03 12
δ(CaH)2,4 1318 0.09 9 1313 0.02 24

ν4 1372 1 15 1358 1 9
ν29 1413 0.06 21 1393 0.06 20
ν28 1463 0.04 61 1462 0.003 18
ν3 1505 0.22 12 1493 0.05 10
ν11 1538 0.02 13
ν19 1561 0.05 35 1557 0.004 10
ν2 1585 0.47 11 1592 0.20 11
ν37 1602 0.11 18 1606 0.02 10
ν10 1637 0.12 10 1621 0.01 9

Table 9.3.: RR modes of M58H in solution (component spectra)
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Figure 9.2.: UV-Vis spectra of WT Cyt c6 (top) and M58H mutant (bottom). The high
absorption below 400 nm is caused by dithionite.
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Figure 9.3.: RR spectra of WT Cyt c6 (left) and M58H mutant (right).λexc= 413 nm.
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Figure 9.4.: RR spectrawith component analysis ofWTCyt c6 reduced (top) and oxidised
(bottom). λexc= 413 nm.
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Figure 9.5.: RR spectra with component analysis of M58H reduced (top) and oxidised
(bottom). λexc= 413 nm.
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9.2 Adsorption and redox equilibrium

9.2.3. Immobilisation at the electrode

Immobilisation at charged SAMs

Cyt c6 WT and the mutant M58H bind spontaneously via electrostatic inter-
actions to pure carboxylate-terminated SAMs at pH 7.0 and an ionic strength
of 113 mM . Both proteins are immobilised without denaturation or confor-
mational changes, because the SERR spectra of Cyt c6 and M58H are almost
identical to the corresponding RR spectra in solution (see Figure 9.6 and 9.7).
The SERR spectra at C10-COOH can be analysed and reproducedby only the

two components, the reduced and oxidised form. As an illustration, Figure 9.8
shows the SERR spectra of M58H electrostatically bound to C10-COOH SAMs.
In Table 9.4 and 9.5 the SERR parameter of both proteins are summarised.

Cyt c6 ox Cyt c6 red
mode position intensity width position intensity width

[cm−1] [cm−1] [cm−1] [cm−1]
ν 1283 0.08 15

δ(Ca,H)2,4 1300 0.08 20 1299 0.03 11
δ(Ca,H)2,4 1316 0.05 10 1313 0.03 6

ν4 1371 1 16 1360 1 10
ν29 1410 0.08 19 1394 0.05 15
ν3 1504 0.17 11 1493 0.06 9
ν11 1543 0.06 12
ν38 1557 0.005 10
ν19 1584 0.03 20
ν2 1585 0.31 13 1592 0.21 11
ν37 1608 0.06 8
ν10 1638 0.10 13 1623 0.03 8

Table 9.4.: SERR modes of Cyt c6 (component spectra)

However applying component analysis to SERR spectra of the both proteins,
adsorbed at C15-COOH, with the same set of SERR bands, listed above and
used for the analysis of spectra at short carboxylate SAMs indicates a hetero-
geneity. The overall SERR spectra at C15-COOH could be only analysed by two
additional Gaussian bands. For theWT, the twoGaussian bands are at 1349 and
1372 cm−1 with a bandwidth of 9 cm−1 which lead to a satisfying component
analysis of all SERR spectra of Cyt c6 at C15-COOH. In the case of the mutant
M58H, these both bands are slightly shifted and broader, i.e. at 1353 and 1374
cm−1 with a width of 12 cm−1. As illustrated in Figure 9.9, SERR spectra of
Cyt c6 could be consistently simulated with the component parameter set of
the ferric and ferrous species and the two Gaussian bands. The two Gaussian
bands are fixed in position and bandwidth. Thus, the intensities of these bands
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Figure 9.6.: Comparison of RR and SERR spectra of M58H reduced (top) and oxidised
(bottom). λexc= 413 nm.
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Figure 9.7.: Comparison of RR and SERR spectra of reduced Cyt c6. λexc= 413 nm. Only
the reduced WT is shown due to the lack of fully oxidised Cyt c6 WT at the
electrode.

M58H ox M58H red

mode position intensity width position intensity width
[cm−1] [cm−1] [cm−1] [cm−1]

δ(Ca,H)2,4 1301 0.04 16 1297 0.02 10
δ(Ca,H)2,4 1318 0.08 13 1313 0.02 21

ν4 1372 1 17 1358 1 10
ν29 1413 0.07 23 1393 0.06 20
ν28 1462 0.08 87 1469 0.03 22
ν3 1505 0.22 14 1493 0.05 10
ν11 1538 0.20 14
ν38 1561 0.08 5 1557 0.004 10
ν2 1585 0.41 12 1592 0.17 12
ν37 1602 0.12 25 1606 0.02 11
ν10 1637 0.12 12 1621 0.01 9

Table 9.5.: SERR modes of M58H (component spectra)
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Figure 9.8.: SERR spectra of M58H at C10-COOH. The spectra were measured at a
potential of -500 mV (above), -185 mV (middle) and 130 mV (bottom).
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9.2 Adsorption and redox equilibrium

and the amplitudes of the component spectra were the only variables of the
global fit. The same procedure is carried out for the mutant M58H and leads to
a component analysis of M58H spectra at C15-COOH.
This Gaussian spectral contribution are independent of the electrode poten-

tial. This indicates that this fraction of the protein is redox-inactive or reacts on
a very long time scale.
The origin of this heterogeneous adsorption is due to the electrostatic at-

traction between the few charged amino acids of the binding domain and the
carboxylate tail of the SAM. This attraction becomes weaker at the long SAM,
due to the fact that the pKa of C15-COOH is higher than that of C10-COOH

[111],
i.e. the local charge density at C15-COOH is smaller. Additionally, the elec-
tric field strength is getting lower at longer distances caused by the interfacial
potential drop. Cyt c6 (and the mutant M58H) exhibit a very weak dipole mo-
ment of 162.42 ± 0.49D ∗, as illustrated in Figure 9.10, unlike Cyt c, which has
a dipole moment of ca. 300 D [68]. Thus at lower electric fields the orientation
distribution will get broader.

Hydrophobic/polar immobilisation

In contrast to other heme proteins, such as Cyt c, Cyt c6 does not exhibit a well
defined charged binding domain. Hydrophobic interactions aremost probably
involved in the binding of Cyt c6 to its natural redoxpartners. Thereforewe also
attempted to immobilise Cyt c6 at hydrophobic surfaces using SAMs of methyl-
and hydroxyl-terminated alkanethiols. Spontaneous immobilisation of Cyt c6
(WT and M58H) on SAMs of the pure alkanethiols failed as demonstrated by
the complete absence of SERR signals (see Table 9.6). In contrast, both proteins
bind effectively to mixed SAMs of methyl- and hydroxyl-terminated alkanethi-
ols. The highest SERR intensity was obtained for a mixed SAM composed of a
relation of 1:1. As mentioned in Section 2.2, pure SAMs of alkanethiols can un-
dergoaphase transitionbelowacritical potential. Sucha transitioncan interfere
with the ET measurements of the proteins. For this reason it was not possible
to investigate the mutant M58H due to its very negative redox potential. For
the same reason, all measurements of Cyt c6 at mixed hydrophobic/polar SAMs
are carried out at SAMs composed of one part methyl-terminated to 3 parts
hydroxyl-terminated alkanethiols. This is a compromise to get the best signal
at the lowest possible amount of methyl-terminated alkanethiols. The signal
at this mixed SAM is 3 times higher compared to Cyt c6 at carboxyl-terminated
SAMs under the same conditions. Furthermore, no heterogeneous immobil-
isation at these mixed SAMs takes place as shown in Figure 9.7. Spectra of
Cyt c6WT are analysed by the two component sets of the reduced and oxidised
species (Table 9.4), without further modifications, as illustrated in Figure 9.11.
Due to the hydrophobic character of its binding site (see Figure 9.12) , adsorp-

∗The dipole moment was estimated and kindly provided by Antonio Diaz-Quintana.
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Figure 9.9.: SERR spectra of Cyt c6 at C15-COOH. The spectra were measured at a
potential of -200 mV (above), 80 mV (middle) and 120 mV (bottom).
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9.2 Adsorption and redox equilibrium

Figure 9.10.: Illustration of the dipole moment of Cyt c6 WT, estimated with VMD and
kindly provided by Antonio Diaz-Montana.

solution ratio of
C11-CH3:C11-OH

intensity

1:0 < 100
3:1 150
1:1 10000
1:3 4500
1:6 330
0:1 < 100

C10-COOH 1800

Table 9.6.: Comparison of SERR intensities per second of ν4-marker band of reduced
Cyt c6, adsorbed at mixed SAMs
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Figure 9.11.: SERR spectra of Cyt c6 WT at C16-CH3/OH. The spectra were measured at
a potential of 33 mV (above), 0 mV (middle) and 133 mV (bottom).
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9.2 Adsorption and redox equilibrium

tion of Cyt c6 via hydrophobic/polar interaction leads to a more effective and
better defined adsorption than in the case of the electrostatic attachment.

Figure 9.12.: View on surface residues the binding domain of Cyt c6 WT. Residues are
coloured according to their respective polarity, as follows, grey for hy-
drophobic, yellow for polar, blue and red for positively and negatively
charged, respectively. Heme groups are in green.[32]

9.2.4. Redox equilibrium

Redox equilibria of immobilisedWTCyt c6 and theM58Hmutant were studied
by potential-dependent SERR spectroscopy. SERR spectra recorded at differ-
ent electrode potentials were subjected to a component analysis employing the
component spectra described in the previous sections. This procedure yields
the relative SERR intensities of the ferrous and ferric proteins which are pro-
portional to their relative concentrations through the proportionality factors
determined by RR in solution of the pure species (see above). The data are
treated in terms of Nernst´s equation:

E = E0 − RT
nF
log
cred
cox

(9.1)

in which E denotes the potential at the working electrode, E0 stands for the
standard potential of the redox couple, R is the universal gas constant, T the
absolute temperature, F the Faraday constant and n represents the number
of transferred electrons. As shown in Figure 9.13 this procedure yields nearly
ideal Nernst plots for both proteins immobilised at all SAMs. The experimental
obtained values E0 and n are given in Table 9.7.

∗Solution redox potentials are determined in the group of M.A. de la Rosa and communicated by
private correspondence.
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Figure 9.13.: Redox titrations of Cyt c6 andM58H at different SAMs. The Nernstian plots
are based on potential-dependent SERR measurements.
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Cyt c6WT M58H

E0 [mV] n E0 [mV] n
C10-COOH 114 0.7 -185 0.7
C15-COOH 108 0.7 -199 0.8
C11-CH3/OH 150 0.9 - -
C16-CH3/OH 133 0.8 - -
solution ∗ 140 - -117 -

Table 9.7.: Redox potentials and number of transfered electrons of Cyt c6 WT and M58H

The number of transferred electrons are closer to one for Cyt c6WT adsorbed
at the hydrophobic/polar SAMs. The stronger deviations from ideal behaviour
for the charged SAMs can be explained by the more heterogeneous immobili-
sation of the proteins upon electrostatic interactions.
As shown in Figure 9.12, the major part of the interface of Cyt c6WT is dom-

inated by polar and uncharged residues, while only few aminoacids carry a
positive charge. Therefore, it is not surprising, that adsorption via hydropho-
bic/polar interaction leads to a more homogeneous immobilisation, which is
reflected in a more ideal Nernst behaviour.

9.2.5. Interfacial potential distribution

The experimentally determined E0 values, both for Cyt c6 WT and M58H, ex-
hibit a small but sizable downshift upon increasing the SAM length (Table 9.7).
The potential shifts can be rationalised in terms of a potential drop at the redox
site due to its separation from the electrode by the SAM.
The interfacial potential distribution can be estimated based on the electro-

static model developed by Smith and White [114] which has been proved to be
successful in the case of Cyt c [72, 92]. According to this model the experimentally
observed potential drop (ERC) can be described in terms of Eq. (2.9) (see Section
2.3).
In Eq. (2.13), HRC only depends on the experimentally obtained variable

ERC, whereas all other parameters are known. The inverse Debye length κ is
1.11 × 109m−1 for the ionic strength of 112.5 mM. The values for Epzc(=-0.97
V), ǫC(=2.26), ǫP(=2.0) and ǫS(=78) were taken from the literature

[103, 118]. The
values for dc were taken from data for SAMs on Au

[11] after correction for the
smaller tilt angle on Ag [71, 123]. The value for dRC(=0.15 nm) was taken from
the crystallographic data of Cyt c [19], due to the lack of the crystal structure of
Cyt c6.
In viewof the limitednumber of data points, onemay only extract tendencies

by comparing the three systems. From the intercept and the slope one can
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Figure 9.14.: Plot of H(ERC) versus dC according to Eqs. (2.12) and (2.13)

determine the quantities σC and σRC. For Cyt c6 adsorbed at COOH-SAMs the
value of σRC(=0.0149 Cm−2) yields a surface coverage of 6.2 pmol cm−2. This
value is comparable with the value for Cyt c adsorbed on COOH-SAMs [92] and
corresponds to ca. 40% of the theoretical maximum coverage that is estimated
from geometrical considerations.
For themutant M58H, the analysis leads to a σRC= 0.0407 Cm−2, which corre-

sponds according to Eq. (2.10) to a surface coverageΓprot of 15 pmol cm−2, equiv-
alent to a nearly 100% surface coverage. Although capacitance measurements
of adsorbed Cyt c yielded a comparable surface coverage of 10 − 15 pmol/cm2
[22, 36, 38, 115], it is unclear, if this value has to taken as a very upper limit due to
the very limited experimental basis.
For Cyt c6 at hydrophobic SAMs, E0 shifts again to more negative values

with increasing chain length. But the difference between E0 determined in so-
lution and at C16-CH3/OH is much smaller compared to the electrostatically
adsorbed Cyt c6. Determining the surface coverage of Cyt c6 for this SAM with
the obtained σRC = 0.1375Cm−2 leads to 57pmol cm−2, which is ca. 10 times
higher than for the electrostatic immobilisation of this protein and would cor-
respond to a ca. 400% surface coverage. This value shows the limitation of the
model, which is purely electrostatic in nature. For charged SAMs, the simpli-
fying assumptions made in this model reveal to a sufficient good description,
but polar/hydrophobic interaction are not well reproduced.
Therefore, the surface coverage obtained for Cyt c6 at uncharged SAMs has

to be considered with care. However, the increase of the amount of adsorbed
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protein is consistent with the much higher SERR signal of Cyt c6 WT at mixed
SAMs than at COOH-SAMs.
One can calculate the pKa of the carboxylate headgroups of the SAM coating

according to

pKa = pH − log
(

σC
σmax
C
− σC

)

(9.2)

where σmaxC = −0.816 Cm−2 is the maximum value in the case for all carboxylate
groups carrying a negative charge. In this model (Eq. (2.12)), σC is assumed to
be independent of the electrodepotential. The two pKa values of the carboxylate
SAMs are 8.2 and 9.3 obtained from data of M58H (i.e. E0=-119 mV) and Cyt c6
(i.e. E0=136 mV), respectively. These values lie in the range of previously
reported pKa’s, from 6 to 10 on Au and Ag

[25, 53, 111, 124, 130].
However, one has to take into account that in contrast to the assumptions

of the underlying model, σC (and thus the pKa) is not independent of the SAM
chain length and the electrode potential [4, 75].

9.3. Electron transfer dynamics

The dynamics of heterogeneous electron transfer of WT Cyt c6 and the M58H
mutant immobilised on the different SAM-coated electrodes was investigated
by TR-SERR. In these experiments the redox equilibrium of the adsorbed pro-
tein is perturbed by applying a potential jump from initial potential (Ei) to a
final potential (E f ). SERR spectra (see Figure 9.15) are measured at variable
delay times with respect to the potential jump and were analysed by compo-
nent analysis to determine the relative concentrations of the species involved.
In a first approach, it can be considered that the perturbed system will evolve
towards the equilibrium value at the final potential following a first order ki-
netics with an apparent rate constant kapp. Thus, the one-step relaxation process
can be described according to Eq. (9.3):

ln
∆cred(t)
∆cred(0)

= −kapp t. (9.3)

∆cred(t) = cred(E f ) − cred(t) (9.4)

∆cred(0) = cred(E f ) − cred(Ei) (9.5)

∆cred(t) and ∆cred(0) denoting concentration differences of the reduced protein
with respect to the equilibrium values at the final potential E f for t and t =
0, whereas cred(t) denotes the actual concentration of the reduced species at
t. Cred(E f ) and cred(Ei) refer to the equilibrium concentrations at E f and Ei,
respectively.
Two semilogarithmic plots of the concentration changes of reduced Cyt c6

and M58H are shown in Figure 9.16. The rate constants are listed in Table 9.8.
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Figure 9.15.: Time-resolved SERR spectra of Cyt c6 WT at C15-COOH. The spectra were
measured at a delay time of 0.3ms (above), 1ms (middle) and 3ms (bottom).
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reduced Cyt c6 and M58H as a function of the delay time t.
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SAM η Cyt c6 M58H
[mV] ηR= 1.5cP ηR= 1.5cP

C15-COOH 0 20 19 66 58
C15-COOH -500 639 359 1475 259
C10-COOH 0 639 302 854 419
C10-COOH -500 1230 683 2568 1040
C16-CH3/OH 0 9.3 8.8 - -
C11-CH3/OH 0 637 266 - -

Table 9.8.: kapp [s−1] under various conditions

Within this kinetic model, kapp is the sum of the rate constants for the forward
and backward electron transfer reactions. For jumps to the redox potential, i.e.
E f = E

0, k f = kb and thus kapp = 2 kET(0).
The heterogeneous electron transfer rate constant kapp for Cyt c6 at C15-

COOH, which corresponds to a length of 2.4 nm [123] is 20 s−1.
By addition of sucrose, one can increase the viscosity of the solution, adjusted

to a relative viscosity ηR of 1.5 cP, as described in Section 7.3. Pure electron tun-
nelling is not dependent on the solution viscosity, unlike protein reorientation
or rearrangement processes, in which the protein mobility is affected by the
surrounding solution viscosity. For both proteins, Cyt c6 WT and the mutant
M58H attached to charged SAMs, the apparent rate constants for a jump to the
corresponding redox potential, remain constant within the experimental error
at such a high viscosity. Therefore, electron tunnelling is rate limiting at this
long distance and for jumps to the redox potential. The same behaviour was
found for the WT protein, immobilised at C16-CH3/OH and again for a jump
to the redox potential.
With the assumption kapp = 2 kET(0), one canobtain theheterogeneous kET (0) =

10 s−1 for WTCyt c6 at C15-COOH, which is 100 times faster than kET(0) of Cyt c
[93] under similar conditions. For the mutant M58H at long C15-COOH, where
kET(0) = 31 s−1, the rate is even 300 times faster. For Cyt c6WT at C16-CH3/OH,
no viscosity dependence is observed for jumps to the redox potential, thus
kET(0) = 4.5 s−1.
If one assumes the same β value for all three proteins (β can be considered

to be independent of the protein and SAM [9, 20, 36, 96]), which are attached to
C15-COOH, the electronic coupling is increased in the order Cyt c≪Cyt c6WT
≪M58H.
Shortening the chain length of the SAMs, i.e. using C10-COOH and C11-

CH3/OH, leads to an increase of the electric fields with respect to the cor-
responding long SAMs and allows to study the distance dependence of the
interfacial electron transfer process.
For normal distance-dependence behaviour, the electron tunnelling rate
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should increase by a factor of more than 100 at C10-COOH (1.9 nm) as com-
pared to C15-COOH, assuming a typical tunnelling parameter β = 0.8−1.6 Å−1
[46, 56] for heterogeneousET of proteins at SAMand a typical value forA=1013 s−1
[93].
However, the rate constant of Cyt c6 at the two shorter SAMs, is distinctly

lower than expected (see Table 9.8). In addition, both kapp of Cyt c6, adsorbed
on C10-COOH or C11-CH3/OH, decrease by a factor of 2, when the viscosity is
increased by 50%. Since pure electron tunnelling is independent from solution
viscosity, another reaction becomes rate limiting with decreasing the distances
to the electrode.
This transition froma electron tunnelling controlled process at long distances

to a process governed by a viscosity-dependent step at shorter distances is not
a unique property of Cyt c6 but has also been observed for Cyt c

[9, 93]. In that
case, the viscosity-dependency however starts at chain length shorter than C10
and, in addition, the rate constant was found to be distance-independent upon
further decreasing the chain length.
A similar behaviour has also been found for other heme and non-heme redox

proteins immobilised on different SAMs. Examples are azurin on Au [20], Cyt c
covalently attached via pyridinyl-terminated SAMs on Au and on Ag [47, 98, 129],
cytochrome b562 onNH2-terminated coatings

[3] onAg, CuA domain of ba3-type
cytochrome c oxidase on 1:1mixtures of CH3/OH-SAMs onAu

[42], cytochrome
c’ on COOH-terminated SAMs on Au [48] and cytochrome c’ covalently bound
via pyridinyl-terminated SAMs on Au [127].
The distance-independence at short distances and the viscosity dependence

can be rationalised in terms of a) a gatedmechanism, inwhich the non-adiabatic
tunnelling step is preceded by a protein reorientation or rearrangement or b)
a friction controlled mechanism, in which the overall rate is controlled by the
relaxation of the protein matrix and the surrounding solvent.
Overpotential-dependent time-resolved measurements at long SAMs, i.e. in

the tunnelling regime, might allow determining the reorganisation energy λ.
Spectra were measured at variable delay times following potential jumps from
a fixed initial potential (Ei). Ei was set to 170 mV and -80 mV for Cyt c6 and
M58H, respectively. Adjusting different values of the final potential E f different
driving forces for the ET are achieved (see Eq. (3.19)). The rate constants can
be analysed according to Marcus theory (Eq. (9.6)) [21, 101] (see Section 3.3):

kET(η) = kET(0)
1 − er f Fη+λ

2
√
λRT

1 − er f λ

2
√
λRT

(9.6)

where kET(0) is the formal heterogeneous ET rate constant (η = 0) and F, R and
T have the usual meaning. As shown in Figure 9.17 Eq. (9.6) provides a good
fit to these data of Cyt c6 with a reorganisation energy λ of 0.24 eV.
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Figure 9.17.: Plot of kapp as a function of η. The solid line represent the best fit of Eq. (9.6)
to the experimental data that were obtained from TR SERR spectra of Cyt c6
immobilised on C15-COOH SAM.

This reorganisation energy is relatively low, however comparable with ob-
tained reorganisation energies of other immobilised redoxproteins, e.g. λ=0.21
eV for Cyt c at SAMs of carboxylate-terminated alkanethiols [93], λ=0.24-0.47 eV
for yeast iso-cytochrome c at mixed SAMs [13], around 0.25 eV for azurin at PGE
electrodes [57], λred=0.41 eV and λox=0.21 eV for myoglobin on a PGE electrode
[109]. All these adsorbed proteins have in common, that their reorganisation
energies are lower than their known values determined in solution (0.6 - 0.8
eV) [31, 37]. These low values may be due to a strongly diminished contribution
of the solvent reorientation for adsorbed species.
The same measurements carried out in present of 14 % w/v sucrose (ηR= 1.5

cP) show an increasing viscosity effect (see Figure 9.17), which indicates that at
a long SAMs overpotentials accelerate electron tunnelling in such a way that
another non-Faraday reaction becomes rate-limiting.
The analysis of similar overpotential-dependentmeasurements of themutant

protein M58H, immobilised at C15-COOH, also reveals a small reorganisation
energy of 0.21 eV (see Figure 9.18). Although both proteins differ in their redox
site structure, the reorganisation energies are very similar.
For the M58H mutant adsorbed at C10-COOH, (Figure 9.18), the experi-

mental rate constants remain nearly constant with increasing driving force for
electron tunnelling. The same was found for Cyt c6.
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The viscosity dependence at high overpotentials at long SAMs and at short
SAMs for zero driving force indicates, that the interfacial ET of Cyt c6 WT
and mutant consists of a gated mechanism, in which electron tunnelling is
rate-limiting. Upon acceleration of the tunnelling step through shortening
the distance or increase the driving force, a non-Faraday reaction, which is
dependent on viscosity becomes rate-limiting.
The small overpotential influence at the short SAM can be explained, if one

assumes, that both reaction steps are coupled, i.e. they differ only one order of
magnitude. The expected kET(0) of Cyt c6WTadsorbed at C10-COOHmay be in
the order of 1000 s−1, assuming a normal distance dependence. Furthermore,
kapp = 639 s −1 determined at a short distance and at high overpotentials is
assumed to be knon−Faraday, because under these conditions electron tunnelling is
accelerated, such that the non-Faraday process limits the overall reaction rate.
In consequence, a slight influence of the overpotential on the apparent rate
constants at moderate driving forces is understandable.

9.4. Kinetic model

The most compelling evidences for a complex mechanism are the viscosity ef-
fects observed at short SAMs and the lack of acceleration of the ET rates at
high overpotentials. Consequently, the measured rate constans do not neces-
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9. Interfacial ET of cytochrome c6

sarily represent pure ET and determination of reorganisation energies from the
overpotential-dependence of the measured rates is not possible.
Thus, disentangling the ET mechanism requires a minimum kinetic model

that is able to quantitatively explain all the experimental observations. A
minimal model of gated ET has been proposed by Avila et al. for the case
of Cyt c electrostatically adsorbed on Au electrodes coated with SAMs of ω-
carboxylalkanethiols [9]. Within this model the ”gating” step arises from the
configurational rearrangement of Cyt c from a thermodynamic stable binding
complex to the ET complex, which facilitates the most efficient ET pathway.
Given the similarities, that both interfacial protein-SAMs systems are domi-

nated by similar attractive electrostatic interaction, which plays a role for bind-
ing the proteins to the carboxylate tail groups of the SAMs, we assume a similar
kinetic model for Cyt c6. The following reaction scheme (9.19) illustrates the
proposed gated ETmechanism, whereO1 and R1 represent the thermodynam-

O2O1 R2 R1

k f

kb

k1

k2

k3

k4

Figure 9.19.: Reaction scheme for the gated ET of Cyt c6 .

ically favoured orientations of the oxidised and reduced protein, respectively.
O2 and R2 stand for the ET complexes.
The following differential equation system

dc(O1)

dt
= −k1O1 + k2O2

dc(O2)

dt
= k1O1 − k2O2 − k f O2 + kb R2

dc(R2)

dt
= k f O2 − kb R2 − k3 R2 + k4 R1

dc(R1)

dt
= k3 R2 − k4 R1

(9.7)

describes the kinetic of the reactants, but there is no analytical solution. There-
fore we choose a numerical approach to solve this complex system.
It is assumed that the surface binding energies of the four species are equal.

This assumption is justified since the electrostatic binding is a short range force
and therefore the effect of the oxidation state of Cyt c6 should not be significant
[9]. Thus it is reasonable to assume that k1 = k4 and k2 = k3. Additionally,
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9.4 Kinetic model

it is assumed that the rearrangement step is only influenced by the medium
viscosity and is distance independent. Therefore, k1 and k2 are set to be constant
for each single viscosity (1.0 cP and 1.5 cP).
The rate constants can be expressed by the following relationships. The ET

rate constant k f is defined by the electrochemical theory (Eq. (9.9)), whereas
k f (0) is the ET rate constant for a reaction with zero driving force and is defined
by the Marcus theory (Eq. (9.8)).

k f (0) = A exp(−dβ) (9.8)

k f = k f (0)
1 − er f Fη+λ

2
√
λRT

1 − er f λ

2
√
λRT

(9.9)

kb =
k f

10(−η/59mV)
(9.10)

Eq. (9.10) expresses the relation between k f and kb. The differential equation
system (Eq. (9.7)), including these three equations (Eqs. (9.8)- (9.10)) and
the above mentioned assumptions, is evaluated for each experiment, where
overpotential, viscosity, distance and cox(t = 0) reflect the individual conditions
of each experiment.
The result of simulation for one experiment are values of c̃O1(t), c̃R1(t), c̃O2(t)

and c̃R2(t), where t is given by the experimental data set. c̃O1, c̃R1, c̃O2 and c̃R2
are vectors. In order to compare the simulation with the experimental data,
we have to sum up c̃O1 and c̃O2, because it is assumed that O1 and O2 are not
spectroscopically distinguishable.
Standard deviation σi for each experiment i

σi =

√

∑

t=0...n((c̃(O1+O2)(t)) − cox(t))2
n

(9.11)

is calculated for each experiment i and all standard deviations for all experi-
ments are summed up to obtain σsum, as described

σsum =
∑

i

σi (9.12)

In the fitting procedure A, β, λ, k1, k2 are varied to minimise σsum.
In Figure 9.20 a selection of experimental data and the simulation is shown

(see Appendix A.1 for all data). The best description of the experimental data
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Figure 9.20.: Selection of some exemplary simulation of experimental data.

are obtained with the following values:

β = 1.07Å−1

A = 1.85 × 1012 s−1

λ = 0.35 eV

at 1.0 cP viscosity : k1 = 840 s−1

k2 = 0.5 s−1

at 1.5 cP viscosity : k1 = 540 s−1

k2 = 0.2 s−1

The value for β of the adsorbedWT Cyt c6 lies in the range of β = 0.8− 1.6 Å−1,
which are found for different interfacial protein-SAM systems and is compara-
ble to Cyt c, where βwas found to be 1.28 Å−1.
From the simulation, the reorganisation energy is evaluated to be λ=0.35 eV

and is comparable with the one of Cyt c on coated COOH-terminated SAMs,
which was determined independently by several groups, [94, 100, 115] estimating
λ to be ca. 0.25 eV.
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9.5 Conclusion

The total reorganisation energy includes contributions of the heme pocket
λRC, the surrounding protein λP and the solvent λS.

[80] Reorganisation en-
ergies, obtained from immobilised proteins, such as myoglobin, azurin, Cyt
c and Cyt c6 are lowered with respect to corresponding value of the proteins
in solution. This lowering was explained by the partial exclusion of water
molecules from the binding domain, which in solution are expected to provide
the major contribution to λS in view of their proximity to the redox site. Also
for the remaining solvent molecules in the hydration shell of the immobilised
protein, the reorganisation energy should be reduced because of the lowering
of the static dielectric constant in the electrical double layer of the SAM/solvent
interface [80, 109]. Hence, a substantial decrease of λS, which along with λP is
predicted to provide 60-90% of the total reorganisation energy, [12, 91] may well
account for the lowering of the total reorganisation energy.
Although the simulation of all various experimental data yields an uniform

picture, there are still some contradictions and open questions. The assumption
that the rearrangement step is independent of the distance to the electrode
might be an oversimplification. The protein Cyt c6 exhibits a non-negligible
dipole moment, which reorients in an electric field, increasing with shorter
distances to the electrode. In addition, it might possible, that formation and
rupture of salt bridges in the interface might be part of the reorientation step
and thus the influence of the local charge density of the SAM-protein interface
can not be neglected. Taking into account that the pKa values increase to
longer carboxyl-terminated coatings, corresponding to a decrease of the charge
density, the rate constants k1 and k2 should not be independent of the distance
and also different for uncharged/hydrophobic and charged SAMs.
Furthermore, the reorientation of the adsorbed protein should be limited

by the increase of the electric field, which is affected, too, by shortening the
distance. The orientation of the protein results from the alignment of the
dipole moment with respect to the electric field strength. At shorter SAMs the
electric field is increased and therefore a slow down of the rearrangement step
is expected.
Shortening the distance by 5 methylene groups (≈ 0.5 nm) corresponds to

an increase of the electric field strength of about 0.3 × 109 V according to the
estimates derived in earlier study [92]. One may assume that such a change
of the electric field strength will not alter substantially the (re)orientation of
the protein dipole, implying that orientation is largely the same at all SAMs
considered in this work.
This is certainly a simplification, but the quantity and quality of the spectral

data do not allow a simulation of a more complex mechanistic model.

9.5. Conclusion

Cyt c6 was successfully immobilised at two different kind of interfaces via elec-
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9. Interfacial ET of cytochrome c6

trostatic and hydrophobic interactions. SERR spectroscopy was applied to
investigate the interfacial ET of this cytochrome. The overpotential, distance
and viscosity dependence of the ET rate constants point to a gated ET mecha-
nism similar to the Cyt c with protein reorientation becoming rate-limiting at
overall rate constants larger than 100 s−1.
A kinetic model of the ET was successfully employed to describe all experi-

mental data. Despite its simplicity, the model provides a consistent qualitative
picture. However, the underlying assumptions, especially the electric field in-
dependence of the reorientation step is presumably an oversimplification (see
Chapter 10). But the quality and quantity of experimental data are not sufficient
to refine the kinetic model.
Transient absorption spectroscopic measurements reveal a biphasic kinetic

behaviour for the photoinduced ET reaction of Cyt c6 with PSI which has also
been interpreted in terms of rearrangement of the interprotein electrostatic
complex [87]. It appears to be that both for the reaction with PSI and on the
SAM-coated electrode, the complex initially formed with Cyt c6 is the ther-
modynamically most stable one but does not provide an efficient electronic
pathway and, therefore, a transient reorientation is required prior to ET.
The ”unusual” distance-dependence, similar to Cyt c can be rationalised ei-

ther in terms of electric field effects on protein reorganisation or as a gating
mechanism in which the adsorbed Cyt c6 needs to reorient from a thermody-
namically stable but redox inactive configuration to the orientation favourable
for ET. However, that the proposed mechanisms are based on rather indirect
observations. Moreover,many of the arguments supporting onemodel are also
supportive of the others, e.g. the viscosity dependence.
An alternative approach is necessary to entangle both reaction steps

and allows the direct monitoring of the redox process and the reorienta-
tion/rearrangement of the immobilised protein (see Chapter 10).
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10. Direct observation of reorientation of
immobilised cytochrome c

10.1. Introduction

Horse heart Cyt c is a small protein and consists of a single polypeptide chain
with a covalently attached heme as a redox-active cofactor (see Figure 10.1). ∗

Cyt c is often considered to represent aparadigmperipheralmembraneproteins

Figure 10.1.: Structure of oxidised horse heart Cyt c. (Protein Data Bank ID code 1HRC)
[19]

undergoing electrostatic interactions with its reaction partners. The primary
function of Cyt c is shuttling electrons from the bc1 complex to the terminal

∗All protein figures in this work were prepared with the help of the Visual Molecular Dynamics
(VMD) program.
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enzyme in aerobic respiration, cytochrome c oxidase, which reduces molecu-
lar oxygen to water [39]. Both integral membrane proteins possesses specific
binding sites exposed to the mitochondrion intermembrane space where Cyt c
docks, as a prerequisite for inter-protein electron transfer. Inter-protein com-
plex formation is driven by long-range electrostatic forces due to well defined
patches of opposite charges at the respective binding sites. In the case of Cyt
c, this patch is defined by a ring shaped array of lysine residues surrounding
the partially exposed heme redox centre [81] (Figure 10.1). This asymmetrical
distribution of charges determines a large dipole moment, ca. 320 D [67], which
is crucial in directing the interactions with the membrane bound complexes.
While efficient formation of the complexes can be readily understood in elec-
trostatic terms, it is not clear what drives dissociation after the electron transfer
event.
The interfacial ET of redox proteins, attached to the electrode surface under

these conditions is expected to occur in the non-adiabatic regime due to the
relatively large separation between the redox centre and the metal surface.
Hence the formal ET rate constant kET(0) is controlled by the weak electronic
coupling that decays exponentially with the distance [69]:

kET(0) ∝ exp(−dcβ) (10.1)

where dc stands for the ET distance and β is the tunnelling decay parameter.
The distance dependence of kET(0) has been studied for a number of proteins
immobilised on Ag and Au electrodes coated with various types of SAMs
of aliphatic mercaptanes, using different electrochemical and spectroelectro-
chemical methods [3, 9, 20, 42, 48, 93, 127, 128]. A graphical summary of these studies
is given in Figure 10.2. At sufficiently long SAMs, for all proteins the mea-
sured k0app exhibits the predicted distance behaviour according to Eq. (10.1)
with approximately the same value for β corresponding to an increment of
1.1 per CH2 group. These findings are consistent with a long range electron
transfer mechanism, i.e. diabatic, in which the reaction rate is determined
by the electron tunnelling probability according to the superexchange model.
Surprisingly, the apparent rate constants level off at shorter spacer lengths and
becomes distance independent, suggesting either a change of mechanism or
the coupling of ET with another process that becomes rate limiting. Moreover,
the observed rate constant in the plateau region of the interfacial ET of Cyt c
shows a strong viscosity sensitivity. Murgida et al. showed the overpotential
independence of the overall rate constant at short distance [52], which allows
to rule out the change of the ET mechanism from a non-adiabatic to a friction
controlled regime [65, 127, 128]. In an adiabatic or friction controlled ET mecha-
nism, where the experimentally determined rate constants approach a limiting
value at short distances and then become viscosity dependence, too, the ET
rate constant of the plateau region is a function of the overpotential [47]. For
instance, the ET of Cyt c that is attached to the electrode via coordination of the
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Figure 10.2.: Distance dependence of the standard ET rate for Cyt c electrostatically
adsorbed to COOH-terminated SAM on Ag (red points)[93],Cyt c electro-
statically adsorbed to COOH-terminated SAM on Au (green squares)[9],
azurin on CH3-terminated SAM on Au (blue triangles)

[20],Cyt c coordina-
tively bound to pyridinyl-terminated SAM (lila stars)[65], cytochrome b562
on Ag coated with NH2-terminated SAM (empty circles)

[3]

heme iron by the tail group of a pyridinyl-terminated SAM [47, 65, 98, 127, 128] can
be understood in terms of an adiabatic mechanism, where the overall reaction
is controlled by the relaxation of the protein and solvent.
Therefore, the viscosity sensitivity and the overpotential independence of

the overall rate point to a gated mechanism, possibly such as proposed by
Avila et al.[9], in which the non-adiabatic ET process is preceded by a protein
rearrangement or reorientation step. This step can be responsible for the dis-
tance independence of the overall rate constant at short spacer length since
nuclear motion becomes rate limiting due to the acceleration of the electron
tunnelling. Furthermore, the nuclear rearrangement of the protein can account
for the viscosity dependence observed in the plateau region. In this model the
gating step is independent on distance. However, the orientation of the protein
does not only depend on short range (electrostatic) interaction, but may also
be influenced by the alignment of the dipole moment in the interfacial electric
field. Given that both the charge density at the SAM surface and the interfacial
electric field increase upon shortening the length of the spacer, one may expect
a slow down of the reorientation rate with decreasing SAM thickness.
Although this proposed reaction scheme can account for most of the experi-

mental data, some results remain puzzling. For example, the apparent electron
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transfer rate of Cyt c adsorbed on COOH-terminated SAMs shorter than 10
methylene groups is insensitive to the distance if the solvent is H2O. For D2O,
in contrast, themeasured rate decreases steadilywith the length of the SAM.An
additional complexity of these systems is that at short SAMs, i.e. at higher elec-
tric fields, Cyt c may experience redox-linked structural changes that include
the detachment of the iron axial ligand Met80 [93].
Therefore, the elucidationof suchan intricate reactionmechanism requires an

experimental approach capable tomonitor simultaneously the protein structure
and reaction dynamics, including protein orientation. Methods such as total
internal reflection fluorescence (TIRF) and linear dichroism provide limited
information and require optically transparent solid substrates, thus preclud-
ing the use of most electrode materials with only few exceptions, e.g. indium
tin-oxide. Moreover, in the case of TIRF, the protein being characterised is
not Cyt c itself, but its fluorescent Zn-derivatives [35, 108]. Zn-porphyrins repre-
sent severe perturbations of the native protein structure. A promising method
recently introduced for protein spectroelectrochemistry is surface-enhanced in-
frared difference absorption spectroscopy (SEIDAS). SEIDA spectra are largely
dominated by potential dependent changes in the region of the amide bands
that have been used for the potentiometric titration of Cyt c. However, the
assignment of the difference bands is not unambiguous and may reflect struc-
tural and/or orientational changes [7]. Therefore, for this work we have chosen
surface-enhanced resonance Raman (SERR) spectroelectrochemistrywhich, al-
though limited to a few nanostructured metal substrates, is an appropriate
technique to probe simultaneously not only the potential dependent equilibria
and kinetics of the immobilised proteins but also the redox site structure and
orientation of the species involved in the interfacial processes [95, 97].

10.2. Polarisation dependent approach

Jeanmaire and coworker [55] had measured depolarisation ratios of pyridine
in solution (normal Raman spectroscopy) and adsorbed at an electrode (via
surface-enhanced Raman spectroscopy). These authors have observed an in-
crease of the depolarisation ratio of the totally symmetric ring breathing modes
from a value close to zero in solution to ca. 0.6 for the adsorbed species. The
authors proposed a model for pyridine in which adsorption leads to an axial
end-on attachment to the electrode surface and thus conclude that depolarisa-
tion ratios obtained via SERS are useful to determine orientation of adsorbed
species.
Furthermore, Creighton [26, 27, 28] pointed out the need of orientation-depen-

dent SERS intensity rules and derived expressions for depolarisation ratios for
molecules with a Raman tensor at the surface of an isolated metal sphere in
the dipole approximation. He assumed that the individual scattering tensor
components αi j are unchanged from those of the free molecule, thus restricting
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the discussion to the electromagnetic model of the SER effect.
The depolarisation ratios, like the overall relative intensities, are a function

of the relative magnitudes both of the field components at the surface and of
the derived polarisability tensor components for the mode in question.
The depolarisation ratio is given by

ρ =
I⊥
I‖
=
3γ2 + 5δ2

45ᾱ2 + 4γ2
(10.2)

where ᾱ is the mean polarisability and γ and δ are the symmetric and antisym-
metric anisotropy, respectively. AssumingD4h symmetry for the heme group in
Cyt c in solution, one may then easily show that totally symmetric modes (A1g;
αxx = αyy, αzz) afforded a depolarisation ratio ρ < 3/4 whereas for non-totally
symmetric modes (B1g) ρ = 3/4. For molecules adsorbed on a SER-active metal
surface, approximated by a sphere, the effective scattering tensor for the heme
parallel to the surface is given by

αe f f =
9

(ǫi + 2)(ǫs + 2)

















αxx αxy ǫsαxz
αyx αyy ǫsαyz
ǫiαzx ǫiαzy ǫiǫsαzz

















(10.3)

where the subscripts x, y, z refer to the orthogonal axes parallel and perpen-
dicular to the surface with z the perpendicular axis. ǫi and ǫs are the complex
dielectric constants of the metal at the wavelength of the incident and scattered
light, respectively.
Assuming an orientation of Cyt c such that the heme plane (x, y) is parallel

to the surface, SERR enhancement is mainly provided by the αzz component
of the scattering tensor. Thus, the depolarisation ratio of the B1g modes will
remain unchanged.
For the A1g modes the situation is more complex. For a A1g mode, γ2 and ᾱ2

are altered to:
γ2 = L2(|ǫiǫsαzz − αxx |2) (10.4)

ᾱ2 =
L2

9
|ǫiǫsαzz + 2 ∗ αxx|2 (10.5)

where L = 9/(ǫ0 + 2)(ǫs + 2) and therefore, one obtains

ρ =
3(|ǫiǫsαzz − αxx|2)

5|ǫiǫsαzz + 2 ∗ αxx |2 + 4(|ǫiǫsαzz − αxx|2)
(10.6)

For changes in the orientation of the heme plane normal with respect to the
surface normal (defined by a angle θ), the enhancement of the diagonal element
αzz decreases with cos2θ whereas the diagonal element αxx gains enhancement
proportional to (1 − cos2θ). The expression for ρ changes then to:

ρ =
3(|cos2θαzz − (1 − cos2θ)αxx|2)

5|cos2θαzz + 2 ∗ ((1 − cos2θ)αxx)|2 + 4(|cos2θαzz − (1 − cos2θ)αxx|2)
(10.7)
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Using Eqs. (10.6) and (10.7) one can assume two different cases to estimate ρ
for A1g modes. In the case of αzz > αxx and parallel orientation of the heme
plane with respect to the surface, no significant difference of ρ for A1g modes
of Cyt c in solution and adsorbed on a sphere is expected and upon changing a
tilt angle. However, heme plane orientation perpendicular with respect to the
surface leads to a increase of ρ from solution to the adsorbed state and upon
changing tilt angle.
When αzz < αxx, the A1g modes becomes in the adsorbed state more depo-

larised assuming parallel orientation of the heme plane with respect to the
surface (tilt angle θ = 0). A tilt of the heme plane relative to the surface leads
again to a decrease of ρ. When the heme plane is perpendicular oriented, no
significant difference of the depolarisation ratios in solution and at the adsorbed
and tilted states is expected.
A tilt of the heme plane relative the surface does not affect ρ for B1g modes

at all. Thus, only the determination of the depolarisation ratios of A1g modes
may in principle provide information about the orientation of the immobilised
Cyt c.

10.2.1. Cyt c in solution

Using an excitation wavelength of 514 nm SER spectra of reduced Cyt c in
solution were recorded (Fig.10.3) corresponding to the different polarisation
conditions Iparallel and Iperpendicular. The procedure were repeated with oxidised
Cyt c in solution. The spectra are shown in Figure 10.4 and Figure 10.5.
The depolarisation ratios ρ were determined by curve fitting analysis using
Lorentzian band profiles. The same set of parameters were used for both
parallel and perpendicular polarisation settings for the reduced and oxidised
form. Band positions and band widths were kept constant in band fitting
analysis, whereas the intensities were set to be adjustable.
The depolarisation ratios obtained in this way have been listed in Table 10.1

and comparedwith data fromKanger and coworker [61], whose had determined
ρ of bovine Cyt c in solution using the same excitation wavelength. The de-
polarisation ratios of the reduced Cyt c in solution are in accordance with the
expected ratios for an isotropic sample. For the depolarisedmodes, i.e. B1g and
B2g ρ are close to 3/4 under pre-resonance condition. The A2g modes of ran-
domly oriented media should have an infinite depolarisation ratio. In practise,
however, modes deviations from the theoretical values are observed due to the
actual lowering of the symmetry of the heme from D4h. The same argument
can hold for the experimental depolarisation ratios of the totally symmetric,
polarised A1g modes, which are close to 0.18. A comparison with the exper-
imental data of Kanger and coworker shows a good agreement for the Cyt c
in solution, apart from the different origin of both cytochromes, i.e. horse vs.
bovine.
The results of the oxidised sample are similar in general, however the exper-
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Figure 10.3.: Parallel and perpendicular analysed RR spectra of reduced Cyt c. Accumu-
lation time 2*60s, λexc 514 nm

imental error, caused by the smaller signal-to-noise-ratio, are higher than for
the reduced species. Thus, the depolarisation ratios of the A1g modes of the
oxidised protein are overestimated. If we assume that possible reorientation
of the protein causes small changes in the ρ, we have to improve the quality
of the experimental data and thus decrease the experimental error. One way
is the change from the weak Q-band excitation to the Soret excitation with 413
nm, which leads to a much better signal-to-noise-ratio.

10.2.2. Cyt c attached to the electrode

Further Raman measurements of oxidised Cyt c in solution were carried out
under resonance condition in view of the wavelength dependence of the de-
polarisation ratios. The studies were extended to SERR spectra of oxidised
Cyt c, attached to carboxylate-C10-SAM at a potential of 100 mV. RR and SERR
spectrawere fitted with Lorentzian band profiles and the same set of parameter
with minor band position changes. Most of the bands positions are the same
for Cyt c in solution and adsorbed on the monolayer. The depolarisation ratios
obtained in this way are listed in Table 10.2. The ρ values for the isotropic,
oxidised protein differ for A1g, B1g and A2g modes. These data are in good
agreement with solutionmeasurements of Spiro and coworker [54]. Experimen-
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Figure 10.4.: Parallel analysed RR spectrum of oxidised Cyt c in solution. Accumulation
time 2*100s, λexc 514 nm

tal uncertainties are small enough to compare this data with ρ of the oriented,
immobilised protein.
However, for the attached, oxidised Cyt c no pronounced differences in ρ for

the modes of different symmetrywere found. All depolarisation ratios exhibits
largely the same value, around 0.66.
Figure 10.6 shows the corresponding spectra of the Q band excitation of the

immobilised, oxidised Cyt c.
SER spectra of the attached to C5-COOH, reduced Cyt c, measured in pre-

resonance with 514 nm excitation, are shown in Figure 10.7.
Table 10.3 shows ρ of the oxidisedand reducedCyt c, obtainedwith aQ-band

excitation at 514 nm.
The depolarisation ratios of ferric and ferrous Cyt c attached to the electrode

are very similar (∼ 1) for the various modes, regardless of the symmetry. This
is also true for the totally symmetric modes. These results do not corresponds
to the expectations. In fact, Creighton [28] pointed out that Mie scattering
from colloidal particles is (partially) depolarised. Jiang et al. [58] supposed the
principle treatment with the framework of a local anisotropy concept but he
concluded that the orientation of the adsorbed molecules had no effect on the
depolarisation ratio since all values are distinctly larger than the theoretical
limits of polarised and depolarised modes (0.75). Therefore, we conclude
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Figure 10.5.: Perpendicular analysed RR spectrum of oxidised Cyt c in solution. Accu-
mulation time 2*100s, λexc 514 nm.

that the SER-active surface, which can be approximated by a nanosphere-type
morphology, exhibits an depolarising effect due to the local electromagnetic
anisotropy of the individual “spherical particles”.

10.2.3. Conclusion

TheRR spectra of Cyt c in solution affordeddepolarisation ratios for the various
modes of different symmetry that are in agreement with previously reported
data.
However, all experimental depolarisation ratios of the adsorbed protein are

essentially the same and independent of the symmetry of themodes. Due to the
substantial scrambling of the incident and scattered light due to the interactions
with the metal surface the depolarisation ratios of the SERR bands cannot be
determined.
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Figure 10.6.: Parallel (top) and perpendicular (bottom) analysed SERR spectrum of
oxidised Cyt c at C5-COOH. Potential 50 mV, accumulation time 2*60s,
514 nm.
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Figure 10.7.: Parallel (top) and perpendicular (bottom) analysed SERR spectrum of
reduced Cyt c at C5-COOH. Potential -400 mV, accumulation time 2*40s,
514 nm.
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sym. mode Cyt c oxidised reduced Cyt c red. bovine Cyt c [61]

position ρ position ρ position ρ
[cm−1] [cm−1] [cm−1]

B1g ν11 1561 0.69±0.02 1545 0.65±0.02 1547 0.70
ν10 1635 0.66±0.02 1621 0.48±0.05 1621 0.64
ν13 1229 0.82±0.03 1229 0.61±0.03 - -

A1g ν4 1371 0.53±0.14 1362 0.04±0.02 1362 0.67
ν3 1502 0.49±0.29 1492 0.24±0.07 1492 0.06
ν2 1598 0.56±0.06 1592 0.04±0.01 - -

A2g ν21 1313 2.50±1.08 1312 3.54±0.16 1313 4.44
ν22 1128 1.33±0.36 1129 3.71±0.23 1130 0.61
ν20 1407 1.07±0.27 1401 0.67±1.2 1400 1.65
ν19 1583 4.59±0.57 1582 11.46±0.77 1586 1.70

B2g ν30 1170 0.80±0.14 1172 0.75±0.04 - -

Table 10.1.: Table of ρ of oxidised and reduced horse heart Cyt c in solution. A comparison with data of Kanger et al. is given in the last
column. All data are obtained with 514 nm excitation.
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10.2 Polarisation dependent approach

sym. mode Cyt c ox. in solution ox. Cyt c at C10, 100 mV
position ρ position ρ
[cm−1] [cm−1]

B1g ν11 1561 0.70±0.09 1559 0.58±0.10
ν10 1635 0.72±0.02 1635 0.68±0.01

A1g ν4 1372 0.26±0.01 1371 0.63±0.02
ν3 1502 0.21±0.03 1502 0.69±0.04
ν2 1598 0.31±0.06 1598 0.66±0.37

A2g ν21 1316 0.57±0.06 1313 0.67±0.05
ν20 1407 0.70±0.03 1407 0.68±0.11
ν19 1583 0.35±0.01 1583 0.70±0.10

Table 10.2.: Table of ρ of oxidised Cyt c in solution and at C10-COOH at 100mV. λexcitation
413 nm.

symmetry mode red. Cyt c ox. Cyt c
position ρ position ρ
[cm−1] [cm−1]

B1g ν11 1545 0.93±0.04 1560 0.79±0.14
ν10 1621 1.01±0.02 1635 0.86±0.15
ν13 1229 0.87±0.05 1231 0.88±0.22

A1g ν4 1362 1.09±0.04 1371 1.04±0.11
ν3 1492 1.04±0.04 1502 0.92±0.07
ν2 1592 0.94±0.23 1598 0.92±0.14

A2g ν21 1312 1.02±0.08 1313 1.23±0.49
ν22 1129 1.04±0.18 1128 1.44±0.73
ν20 1401 1.12±0.09 1407 1.21±0.12
ν19 1583 1.24±0.07 1583 -

B2g ν30 1172 0.91±0.08 1170 1.09±0.22

Table 10.3.: Table of ρ of oxidised (at 50mV) and reduced (at -400mV) Cyt c at C5-COOH.
Excitation with 514 nm
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10. Direct observation of Cyt c reorientation

10.3. Relative intensities approach

The RR spectrum of Cyt c is dominated by the in-plane vibrational modes of
the porphyrin chromophore. Preferential enhancement of the totally symmetric
modes A1g occurs upon Soret-band excitation, while the non-totally symmetric
modes A2g, B1g and B2g gain intensity through Q-band excitation (Figure 10.8).

 

Figure 10.8.: RR spectra of ferrous (top) and ferric (bottom) Cyt c measured under Soret
(blue lines; λexc = 413 nm) and Q-band (green; λexc = 514 nm) excitation.
Bands are labelled according to reference [66].

In a surface-enhanced Raman (SER) experiment, i.e. under off-resonance
conditions, the individual components of the scattering tensor are modified
depending on the direction of the electric field vector and the orientation of
the heme plane. Assuming D4h porphyrin symmetry, one may expect that
the A1g modes will experience preferential enhancement when the heme plane
is parallel to the surface, while for a perpendicular orientation A1g, A2g, B1g
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10.3 Relative intensities approach

and B2g will be enhanced. Therefore, different orientations of the adsorbed
protein are expected to lead to different intensity ratios of modes of different
symmetries, e.g. ν10 (B1g)/ ν4 (A1g).

[28, 89]

These selection rules are not applicable under strong resonance conditions,
e.g. upon Soret-band excitation, partially due to depolarisation of the scattered
radiation. However, a reasonable compromise between acceptable enhance-
ment and qualitatively predictable selection rules can still be achieved upon
Q-band excitation. In both cases, the high frequency region of the SERR spec-
tra, ca. 1300-1700 cm−1, contains a number of bands which are particularly
diagnostic for the redox state, spin and coordination pattern of the heme iron.
Thus, an electrochemical experiment with SERR detection is able to provide si-
multaneous information on Faraday processes and structural aspects of a heme
protein immobilised on a SER active electrode in real time. Measurements at
413 nm (Soret-band) provide the highest sensitivity for monitoring the redox
reaction and, eventually, redox-linked structural changes, but are insensitive to
protein reorientation. In contrast, 514 nm excitation (Q-band) produces much
weaker SERR spectra which are sensitive to the relative orientation of the heme
plane, and also to the redox state and heme pocket structure.
Stationary SERR measurements at 413 nm of Cyt c adsorbed on COOH-

terminated SAMs containing 5, 7, 10 and 15 methylene groups (C5-COOH,
C7-COOH, C10-COOH and C15-COOH, respectively) yield spectra which are
essentially identical to the RR spectra of the native protein in solution, both in
the fully reduced and oxidised states. At intermediate potentials spectra can
be quantitatively simulated using the RR spectra of native ferric and ferrous
Cyt c in solution as fixed components and only their relative contributions as
adjustable parameters. The redox potential of Cyt c on the different coatings
is very similar to the value of the native protein in solution, except for a small
distance-dependent shift, which can be fully ascribed to the interfacial potential
drop. Thus, it can be safely concluded that the immobilised protein retains the
native structure, at least at the level of the heme pocket.
In contrast, upon 514 nm excitation, although band widths and positions

remain unchanged, the relative intensities ν10(B1g)/ν4(A1g) show a clear corre-
lation with the chain length of the SAM (Figure 10.9).
Note that the positions of the ν10 and ν4 bands are very sensitive to the

oxidation state of the heme iron and that orientation information is extracted
from the intensity ratio of these two bands for each redox state using band
fit analysis. Therefore, electron transfer and orientation / reorientation can
be safely deconvoluted despite of differences in the SERR cross sections and
ν10(B1g)/ν4(A1g) ratios for the two species.
However, an accurate quantitative determination of the orientation magni-

tude is usually precludedby the nano-topography (Figure 10.10) of the SER sub-
strate and differential enhancements at different points of the nano-structured
surface. The situation is aggravated when the measurements are performed
under strong electronic resonance, e.g. under Soret band excitation, due to the
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10. Direct observation of Cyt c reorientation

Figure 10.9.: SERR spectra of Cyt c on electrodes coated with SAMs of different chain
lengths (C5-COOH, C10-COOH and C15-COOH) measured at a fixed po-
tential of 80 mV.

enhanced depolarisation of the scattered light.
Excitation in resonance with the much weaker Q electronic band of hemes

(ca. at 514 nm) leads to an intermediate situation. Depolarisation of the
scattered light is still appreciable but not complete, especially for the ferric
Cyt c. Thus, although absolute orientations can not be accurately determined,
changes of average orientations can still be observed providing the basis for
direct monitoring of the protein dynamics at the interfaces.
For the reduced protein, the extent of the depolarisation of the scattered light

at 514 nm excitation seems to be higher than for the oxidised protein, possibly
due to the stronger resonance conditions between 500 and 560 nm (Figure
10.11). However, excitation with 568 nm allows probing reorientation also for
the reduced albeit at the expense of the good surface enhancement.
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10.3 Relative intensities approach

Se)

Figure 10.10.: STM of the Ag electrode surface, kindly provided by Murat Sezer.

10.3.1. Distance and potential dependence

For a fixed potential, the intensity ratio ν10(B1g)/ν4(A1g) decreases in a nearly
exponential manner with the thickness of the SAM, approaching the value of
the isotropic sample in solution at very long distances (see Figure 10.12 and
10.13).
The effect is quite remarkable for the oxidised protein, but qualitatively sim-

ilar results are also observed for ferrous Cyt c although the absolute numbers
for the ν10(B1g)/ν4(A1g) ratios are smaller (Figure 10.13) and, therefore, are asso-
ciated with larger errors.
In the figures 10.14 and 10.15 are shown, that for a given SAM, the intensity

ratio ν10(B1g)/ν4(A1g) decreases linearly upon lowering the electrode potential
Spectra obtained with an excitation at 568 nm (off-resonance conditions) ex-
hibits a weaker signal intensity, especially of the A1g modes, as illustrated in
Figure 10.16 but the intensity ratios of the ferric and ferrous Cyt c confirm the
strong linear dependence of the electrode potential, as it is shown in Figure
10.17. For the oxidised protein, for which both wavelengths (514 and 568 nm)
correspond to off-resonance Raman excitation, the potential dependence of the
intensity ratios are equivalent.
Both the distance and the potential for a given SAM reveal a change of the

intensity ratio of different symmetrymodes. This findings suggest that the local
electric field at the SAM/Cyt c interface is actually controlling the orientation.
At constant ionic strength and pH, the electric field is determined by the charge
of the electrode and the charge density at the plane of the carboxylate groups
of the SAMs. The first quantity, in turn, depends on the difference between the
actual electrode potential and the potential of zero charge (Epzc ∼ -1 V for Ag),
such that upon approaching Epzc the electric field is lowered. The second one is
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Figure 10.11.: Absorption spectra of Cyt c.

determined by the pKa of the SAM, which increases with the chain length and,
therefore, fields at long tethers areweaker. Thus, shorter SAMsormorepositive
electrode potentials correspond to stronger electric fields. The results indicate
that higher electric fields tend to align more effectively the dipole moment of
the adsorbed protein leading to a more perpendicular average orientation of
the heme plane with respect to the electrode surface.

10.3.2. Dynamic of reorientation

Upon applying a potential jump to an equilibrated sample, SERR spectra were
measured with 514 nm (see Figure 10.18) and 413 nm (see Figure 10.19) ex-
citation wavelength. This two-colour TR-SERR technique allows to monitor
the reduction process and the orientation of the protein in a parallel way and
therefore disentangle both processes.
At a long SAM (C15-COOH), protein reorientation is completed in less than

200 µs as judged from the intensity ratio ν10(B1g)/ν4(A1g) measured at 514 nm,
while electron transfer occurs on a time scale of seconds as probed by using
413 nm excitation (Figure 10.20). At this distance, electron tunnelling is much
slower and thus is controlling the overall rate of the redox process.
In contrast, at a short SAM (C5-COOH), which is in the plateau region of the

above mentioned distance-dependence plot (Figure 10.2), both reorientation
and reduction occur on the same time scale, as shown in Figure 10.21.
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Figure 10.12.: Chain length dependence of the ν10(B1g)/ν4(A1g) intensity ratio for ferric
Cyt c measured at 0 mV. Measurements were performed at pH 7.0 using
514 nm excitation.
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Figure 10.13.: Chain length dependence of the ν10(B1g)/ν4(A1g) intensity ratio for ferrous
Cyt c measured at 0 mV. Measurements were performed at pH 7.0 using
514 nm excitation.
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Figure 10.16.: Spectra of Cyt c at C5-COOH at 100 (top) and -400 mV (bottom) using an
excitation at 568 nm.
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Figure 10.17.: Potential dependence of the ν10(B1g)/ν4(A1g) for Cyt c at C5-COOH and
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Figure 10.18.: SERR spectra of Cyt c electrostatically adsorbed on a C5-coated electrode
measured at different delay times (from above: 0 ms, 1.2 ms, 4.8 ms) after
a potential jump from 50 to -50 mV and 514 nm excitation. Red lines:
experimental spectra. Black lines: overall spectral fitting. Blue lines: ferric
Cyt c spectral component. Green lines: ferrous Cyt c spectral component.
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Figure 10.19.: SERR spectra of Cyt c electrostatically adsorbed on a C5-coated electrode
measured at different delay times (from above: 0 ms, 1.3 ms, 7.6 ms) after
a potential jump from 50 to -50 mV and 413 nm excitation. Red lines:
experimental spectra. Black lines: overall spectral fitting. Blue lines: ferric
Cyt spectral component. Green lines: ferrous Cyt spectral component.

116



10.3 Relative intensities approach

 0.001  0.01  0.1  1  10  100  1000  10000  100000

16
36

 c
m

-1
 /1

37
2 

cm
-1

c o
x 

(t
)

δ  [ms]

Figure 10.20.: Time evolution of the ν10(B1g)/ν4(A1g) intensity ratio for ferric Cyt c, ad-
sorbed on C15-COOH (green line, λexc = 514 nm) and its reduction kinetics
(blue line, λexc = 413 nm) after a potential jump from 50 to -50 mV.
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Figure 10.21.: Time evolution of the ν10(B1g)/ν4(A1g) intensity ratio for ferric Cyt c, ad-
sorbed on C5-COOH (green line, λexc = 514 nm) and its reduction kinetics
(blue line, λexc = 413 nm) after a potential jump from 50 to -50 mV.
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10. Direct observation of Cyt c reorientation

Moreover, both processes are equally retarded upon increasing the viscosity
(see Figure B.1) of the solution or its pH. An overview of all apparent rate
constants of reorientation and reduction for Cyt c adsorbed on different SAM-
coated electrodes is given in Table 10.4.

SAM pH kreorientation [s−1] kreduction [s−1]
C5 6.0 370 ±35 340±25
C5 7.0 251 ±25 220±20
C5 7.8 160 ±16 180±10
C10 7.0 379 ±30 105±12
C15 7.0 >6000 0.43 ±0.05

Table 10.4.: Apparent rate constants of reorientation and reduction for Cyt c adsorbed on
different SAM-coated electrodes, as determined by TR-SERR with 514 and
413 nm excitation, respectively. All values refer to potential jumps from 50
to -50 mV, except for C10-COOH, where the Ei was set to be 40 mV and E f=
0 mV.

Qualitatively, the results are consistent with a simple electrostatic model
in which the charge density at the SAM surface determines the activation
barrier for reorientation of the electrostatic complex above the threshold of
thermal energy. In agreement with this conclusion, we observe that for Cyt c
adsorbed on a C5-SAM the apparent rate constants of reorientation increases
upon lowering the pH, i.e. 160, 251 and 370 s−1 at pH values of 7.8, 7.0 and
6.0, respectively (Table 10.4). Within the experimental error, the apparent rate
constants of electron transfer are very similar to those for reorientation and
follow pH-dependence.
Addressing the question, if adding of sucrose influences the average orien-

tation of the protein, the following experiments were performed: Cyt c was
adsorbed onto a C5-COOH coated electrode at a potential of 50 mV in presence
of the potassium phosphate/potassium sulfate buffer, pH 7.0 containing 28%
w.p. sucrose (is equivalent a relative viscosity of 2.8 cP). A spectrum was mea-
sured with 514 nm excitation, and after rinsing the electrode and exchanging
the buffer to a buffer without sucrose (relative viscosity of 1.0 cP) a second spec-
trum was recorded. Afterwards the electrode was replaced again in a buffer
containing 28% sucrose. This procedure was repeated again, but starting with
a sucrose free aqueous buffer. The results are shown in Figure 10.22. Since no
intensity change formodes of different symmetrywas observed, it is concluded
that the orientation of Cyt c remained unchanged. Thus, addition of sucrose,
i.e. increasing the viscosity only has an influence on the dynamic of the gating
step.
In summary, it is concluded that at short distances (C5-COOH) the rate

limiting step is protein reorientation with a rate constant of ca. 251 s−1, while
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Figure 10.22.: SERR spectra of Cyt c at C5-COOH at 50 mV in aqueous buffer and a buffer
containing 28% sucrose. λexc= 514 nm.

the predicted electron tunnelling rate constant is larger by ca. 2 orders of
magnitude at the same distance.

This conclusion is further confirmed by the overpotential dependence of
the reorientation and electron transfer rate constants of Cyt c adsorbed at C10-
COOHSAM, i.e. at a distancewhere reorientation is only faster by a factor of ca.
4 than electron tunnelling at zero-driving-force (Figure 10.23). Upon increasing
the overpotential the apparent electron transfer rate constant increases but
only up to a value that coincides with the reorientation rate which seems to be
independent of the final potential.

Figure 10.24 shows, that at C10-SAMs, reorientation and electron transfer are
kinetically separated for potential jumps to the redox potential but converge at
higher overpotentials due to the acceleration of the electron transfer reaction,
while the rate of reorientation remains constant within experimental error.
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Figure 10.23.: Time evolution of the ν10(B1g)/ν4(A1g) intensity ratio for ferric Cyt c, ad-
sorbed on C10-COOH (green line, λexc = 514 nm) and its reduction kinetics
(blue line, λexc = 413 nm) after a potential jump from 40 to 0 mV (left) and
to -200 mV (right).

10.3.3. Electric field dependence of the reorientation

All experimental results, i.e. the variation of the intensity ratio ν10(B1g)/ν4(A1g)
with the distance, the electrode potential and the pH can be rationalised in
terms of the electric field strength dependence of the reorientation.
Shortening the distance to the electrode will decrease the pKa values from

ca. 8.7 for C4-SAM to 10.3 for a C10-SAM [60] and thus will raise the electric
field strength. Whereas the protein seems to be aligned in a more favourable
orientation with respect to electron tunnelling at short distances, i.e. a more
perpendicular position of the heme plane with respect to the surface normal, a
decrease of the rate constant for reorientation is observed (see Figure 10.25). At
higher electric field strength reorientation is slowed down due to an increase
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Figure 10.24.: Apparent rate constants of ET (blue) and reorientation (green) for ferric Cyt
c adsorbed on a C10-COOH measured with 413 (blue) and 514 nm (green)
excitation, respectively, at pH 7.0.

of the activation energy for reorientation, such that the mobility of the protein
is more restricted.
The electrode potential influences the electric field strength, too. As men-

tioned above, the more the electrode potential is approaching Epzc, the lower is
the electric field strength. The higher electric field at positive potentials align
the heme in a more perpendicular position, as concluded from the increasing
intensity ratio of ν10(B1g)/ν4(A1g).
Time-resolved data of Cyt c immobilised at C5-COOH, with potential jumps

from different initial Ei to different final potentials E f confirm that the electric
field strength, manipulated by the electrode potential, plays a major role in the
static orientation and the dynamics of the rotational diffusion (reorientation)
process. Figure 10.26 illustrates the dependence of the rate constants for reori-
entation from different potential jumps. To understand this plot, we have to
consider effects, which independently influences the rate for reorientation. The
first one is the static, average orientation of the protein, which is determined
by the electrode potential. Each distribution of orientation exhibits specific
activation energy, which itself depends on the electric field strength.
As discussed above, the higher the electric field strength is, the more perpen-

dicular and favourable for electron tunnelling the average, static orientation
is. The better alignment for ET is reflected by the faster reorientation rates for
jumps starting from amore positive potential compared to jumps, where the Ei
is set to more negative electrode potentials.
Secondly, the rate depends on the overall electric field range,which is covered
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E = −100 −50 15 50 mV

220

130

340

251

180

electric field strength is increasing

Figure 10.26.: kreorientation [s−1], derived from the intensity ratio of ν10(B1g)/ν4(A1g) of ferric
Cyt c, adsorbed on C5-COOH (measured by Khoa H.Ly). The arrows
indicating the Ei and E f for the potential jumps, e.g. the top arrow stand
for a jump from Ei = 15 mV to E f = -100 mV.

by the potential jump. Jumps to a more negative potential, which corresponds
to a lower electric field strength result in a higher flexibility of the protein and
thus the rate of reorientation is faster for jumps from the same Ei, but to more
negative E f . The activation energy for transitions between different orienta-
tions is smaller at lower electric fields, although the average orientation is not
particularly favourable for electron tunnelling at more negative potentials.
In detail, kreorientation is faster for the potential jump from 50 mV to -100 mV

compared to a jump from the sameEi but to -50mV. For both jumps, the average
orientation is the same due to the same initial potential, but the lower electric
field at the more negative electrode potential reveals to a lower activation
energy for reorientation, thus the reaction becomes faster.
Both effects are competing but it seems from the experimental findings, that

the static, average orientation of the heme dominates the overall behaviour, as
specifically demonstrated by the data for jumps with different initial potentials.
For example, the rate constant of a jump from 15 mV to -100 mV is slower (220
s−1) compared to the one of a jump from 50mV to -50 mV (251−1). If the smaller
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10. Direct observation of Cyt c reorientation

activation energy at lower electric fields exhibits the higher impact, one would
expect a faster rate for the jump to the more negative potential, i.e. -100 mV
and this is not the case. Thus, the average orientation dominates the reaction
kinetics. This conclusion is confirmed by a second pair of jumps in the opposite
direction, the jump from -100 mV to 15 mV and the other one, from -50 mV
to 50 mV. The rate constant is faster for the jump from a more positive (-50
mV), namely a more favourable, average orientation for ET, although the final
potential is set more positive, i.e. the activation energy is increased. Thus a
more perpendicular average orientation of the heme in respect to the surface is
preferred for the electron transfer.
Although we are not able to quantify the absolute tilt angle of the heme

plane with respect to the surface, our findings are qualitatively in agreement
with previous investigations of Cyt c orientation at different surfaces. Xu and
coworker [131] determined the orientation of Cyt c adsorbed onto C10-COOH
via in situ modification of the lysyl groups of the adsorbed protein and after
desorption, digestion and peptide mapping. From these experiments the ori-
entation is proposed to correspond to a heme tilt angle of approximately 35-40◦

with respect tot the substrate surface normal. The most definite determination
was reported by Edmiston et al. for Cyt c adsorbed on arachidic acid LB films
deposited on top of waveguide-supported cadmium arachidate trilayers [35]. A
heme tilt angle ofΘ = 46 ± 6◦ with respect to the surface normal was obtained.
Considering differences in the film structure, all data reported so far, reveal in a
perpendicular orientation of the heme plan in respect to the surface. However
no kinetic data are available so far.
Considering the pH dependent experiments, the change of the pH should

affect more dramatically the protonation of the SAM rather than that of the
protein and, therefore, the acceleration of the reaction at lower pH values can
also be understood in terms of a lower electric field.
Finally, the discussion shows that the orientation and the rotational (dif-

fusion) reorientation sensitively depends on the local electric field, which is
influenced by the distance, electrode potential and the pH.

10.3.4. Conclusion

SERR spectroelectrochemical experiments reported here show that the aver-
age orientation of Cyt c in electrostatic complexes with SAM-coated electrodes
depends on the electrode potential and the charge density of the coating. Ap-
plication of a potential jump triggers reorientation of the protein relative to the
electrode surface and the ET step. Reorientation is very fast at long SAMs,
i.e. at low electric fields, but slows down dramatically at shorter distances
until it becomes rate limiting. Thus, while at long distances the measured elec-
tron transfer rates are determined by electron tunnelling probabilities, at short
SAMs the reaction is controlled by protein dynamics which in turn depends on
the electric field.
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Note that the description of the interfacial electric field [114] adopted here
tacitly assumes highly ordered SAMs and a constant σC. It is known, however,
that shorter SAMs are less ordered than longer ones. This microscopic disorder
is reflected by a lowering of the pKa for thinner films. Other effects of the lower
order in short SAMs cannot be excluded but the consistency of the results in
terms of distance, potential and pH-dependence of orientation / reorientation
of Cyt c indicate that they are not dominant and at most could only affect the
absolute numbers but not the tendencies.
To the best of our knowledge this is the first time that structure, electron

transfer and configurational dynamics are simultaneously and directly moni-
tored for a redox-active molecular film. In principle, our results are compatible
with a minimal two-state kinetic model, namely one thermodynamically stable
orientation which is redox inactive, and one single orientation which is redox
active, except that binding energies and reorientation rates are distance- and
redox state-dependent, in contrast to originally proposed model by Avila et al
[9]. Very recently, Araci et al. [5] showed that the heterogeneous ET kinetics of
Cyt cdirectly adsorbed on indium-tin oxide (ITO) electrodes can be rationalised
in terms of two rate constants, each representing two differently oriented sub-
populations of Cyt c in the film. Although the surface properties of ITO are
different, these results are in clear contradiction with Avila’s model. The pic-
ture emerging from the present studies is that local electric fields determine
the mean orientation of Cyt c in electrostatic complexes as well as its mobil-
ity. Thus, apparent electron transfer rates are a convolution of the dynamic
sampling of the surface searching for a favourable ET pathway and electron
tunnelling probabilities at each configuration.
Electric field control of the overall electron transfer rates via modulation of

protein dynamics seems to be a widespread phenomenon in bioelectrochem-
istry and bioelectronics. One can envisage similar effects controlling inter-
protein electron transfer in vivo, for example in photosynthesis and respiratory
chains. In both cases, the cascade of electron transfer reactions is coupled to
proton translocation across the membrane generating a gradient that drives
ATP synthesis. This implies a variable electric field during turnover, affect-
ing the sampling rate of optimal electron transfer pathways in transient and
long-lived complexes between membrane bound proteins and soluble electron
carriers, e.g. cytochrome c oxidase and Cyt c. Such an effect might constitute
the basis for a feedback regulating mechanism.
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A. Cytochrome c 6 WT from Anabaena sp.

A.1. Simulation of the interfacial ET
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Figure A.1.: Simulation of experimental data of Cyt c6, part I.
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Figure A.2.: Simulation of experimental data of Cyt c6, part II.
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A.1 Simulation of the interfacial ET
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Figure A.3.: Simulation of experimental data of Cyt c6, part III.
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A. Cytochrome c6 WT from Anabaena sp.
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Figure A.4.: Simulation of experimental data of Cyt c6, part IV.
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B. Reorientation of cytochrome c
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Figure B.1.: The reduction kinetics of ferric Cyt c monitored by TR-SERR at 413 nm
excitation (above) and the time evolution of the ν10(B1g)/ν4(A1g) intensity
ratio, using an excitation wavelength of 514nm (bottom) for ferric Cyt c
adsorbed on C5-COOH in presence of 6.5 % sucrose after a potential jump
from 50 to -50 mV. All measurements were performed at pH 7.0.
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C. Cytochrome c 6 from Chlamydomonas r.

C.1. Purification of cytochrome c6

The heme protein from Chlamydomonas r. was purified as described previously
[62, 84], but with slight modifications.
Chlamydomonas r. CC124 (Chlamydomonas Center, Duke University) was

grown on copper-free TAP medium [49]. Sampled cells were collected by cen-
trifugation at 5000 rpm for 5 min. The cells were washed in a buffer of 50
mM sodium phosphate, pH 7.0 and 5 mM sodium ascorbate, resuspended in
the same solution, and frozen slowly at −80 ◦C. Cells were thawed, and the
freeze-thaw step was repeated. The released, soluble proteins were separated
from cell debris by two sequential centrifugations at 10000 rpm and 20000 rpm
(SS34) for in each case 20 min. The copper-deficient growing leads to an clear
supernatant, while presenceof copper necessitates filtration of the supernatants
before applying to the columns.
Cyt c6 was purified by anion-exchange chromatography. Three successive

anion-exchange columnswere used: an initialHiTrap Sepharose FF IEX column
(GE Healthcare Bio-Sciences AB, Sweden) equilibrated with 50 mM sodium
phosphate (pH 7.0) and 5mM sodiumascorbate, followed by a DEAE-cellulose
columns (Whatman DE-52, Fisher Scientific, Germany) equilibrated with 20
mM tricine pH 7.5 and 5 mM sodium ascorbate. Each column was eluted with
a linear gradient of KCl in the equilibration buffer.
Fractions containing Cyt c6 up to 2/3 maximumA552 observed were pooled,

dialysed (molecularmass cut-off 3500 Da) after each ion-exchange step and con-
centrated to ca. 0.5 mL with a Centricon 3 microconcentrator (Millipore) and
loaded onto a column of Sephadex G-50 (GE Healthcare Bio-Sciences AB, Swe-
den) equilibrated with 20 mM sodium phosphate, pH 7.0. Pure fractions were
pooled and concentrated with a Centricon 3 to a final concentration between
0.5 -1.3 mM and stored at -80 ◦C.

C.2. Resonance Raman of cytochrome c 6 in solution
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Figure C.1.: Absorption spectra of Cyt c6 reduced (top) and oxidised (bottom) from
Chlamydomonas r.

Cyt c6 ox Cyt c6 red
mode position intensity width position intensity width

[cm−1] [cm−1] [cm−1] [cm−1]
δ(CaH)2,4 1301 0.11 18 1298 0.04 13
δ(CaH)2,4 1318 0.03 9 1313 0.02 8

ν4 1372 1 15 1360 1 9
ν29 1413 0.06 21 1395 0.05 20
ν28 1463 0.01 61 1440 0.01 18
ν3 1505 0.19 10 1493 0.05 10
ν11 1544 0.07 10
ν19 1561 0.07 35 1585 0.06 13
ν2 1585 0.40 16 1592 0.20 10
ν37 1602 0.09 18 1608 0.05 9
ν10 1637 0.24 20 1623 0.03 8

Table C.1.: RR modes of Cyt c6 from C.r. in solution (component file)
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C.2 Resonance Raman of cytochrome c6 in solution
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Figure C.2.: RR spectra with component analysis of Cyt c6 reduced (top) and oxidised
(bottom) from Chlamydomonas r. λexc= 413 nm.
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