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Meinen Eltern





Niemand kann euch etwas eröffnen, das nicht
schon im Dämmern eures Wissens schlummert.
Der Lehrer, der zwischen seinen Jüngern im
Schatten des Tempels umhergeht, gibt nicht von
seiner Weisheit, sondern eher von seinem Glau-
ben und seiner Liebe.
Wenn er wirklich weise ist, fordert er euch nicht
auf, ins Haus seiner Weisheit einzutreten, sondern
führt euch an die Schwelle eures eigenen Geistes.

Khalil Gibran, Der Prophet
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Abstract

The majority of enzymes contains one or more organic or inorganic cofactor mole-
cule(s) attached to the protein matrix which enable their respective functions. The
interaction between these cofactor molecules and the protein environment is highly
specific and determines the structure–function relationship of many enzymes. The
work in this thesis utilizes a combination of experimental and theoretical spectro-
scopic approaches in order to assess their potential and limitations for studying pro-
tein–cofactor interactions. As model systems, representatives of three different classes
of complexes are investigated, namely heme proteins serving as electron shuttles,
tetrapyrrole proteins acting as light sensors, and flavoproteins serving as biocatalysts.

Cytochrome c (cytc) is a heme protein that primarily transports electrons within
the respiratory chain and as such interacts with membrane-bound proteins. In order
to contribute to a more detailed understanding of the conformational dynamics of
cytc, both the acid-induced unfolding process at low pH and the alkaline transition
at high pH values are investigated. Resonance Raman (RR) spectroscopy, which
is highly sensitive to structural changes at the heme site, was used to study three
selected variants of cytc at low pH. Two conserved amino acids, namely Met80 and
Tyr67 which are found in the vicinity of the heme cofactor, were mutated to form one
single and two double mutants. These variants were analyzed in order to elucidate
the role of these two key residues for the acid-induced unfolding pathway as well as
for the conformational stability of cytc. Spectroscopic data demonstrate a complex
interplay between these residues: The three-dimensional structure of the pocket is
affected by the substitution, as concluded from significantly different peroxidation
rates, presumably due to a change in accessibility of the cofactor pocket to small
molecules. However, the acid-induced unfolding pathway was found to be almost the
same for all cytc variants, indicating that the conserved residues Met80 and Tyr67
play only a minor role in this process.

In solution at alkaline pH, cytc is known to readily form a heme species with His
and Lys as axial ligands, which is detectable by RR spectroscopy and through changes
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Abstract

of the midpoint potential of the heme redox transitions. Nevertheless, in experiments
using surface-enhanced resonance Raman spectroscopy (SERRS) on cytc immobilized
onto a Ag electrode coated with negatively charged self-assembled monolayers (SAM),
which simulate the membrane environment, these alkaline species could neither be
detected spectroscopically nor was a shift of the redox transition observed in cyclo-
voltammetric measurements. Since in the native system cytc is constantly associated
to the membrane, an involvement of this alkaline species was concluded to be very
unlikely in vivo, in line with previous spectroscopic results.

In a second case study, the reaction mechanism of the NDHII flavoprotein that
utilizes a FAD cofactor to transfer electrons from NADH to quinones is investigated.
Since it is a membrane-associated protein, NDHII was immobilized onto a SAM-coated
Au electrode. The sequence of substrate interactions with the protein is controversially
discussed in literature and conflicting results have been published. The NADH mole-
cule and the quinone molecule bind to NDHII either simultaneously or consecutively
in order to enable mediated electron transfer. Implementing a combination of surface-
enhanced infrared absorption (SEIRA) difference spectroscopy and electrochemistry,
the individual steps of NADH binding, quinone binding and the change in oxidation
state of the quinone could be monitored. It was found that both substrate molecules
are required to bind to NDHII, forming a ternary complex, in order to enable inter-
substrate electron transfer (ET). Moreover, quantum chemical calculations of quinone
IR spectra could show that the electron-accepting quinone also takes up one proton
after ET. Cyclovoltammetric and spectroscopic data for two different quinones (DUQ
and DDB) shows that an aliphatic tail found in some quinones determines the type
of molecular interaction with NDHII. Generally, the combination of multiple exper-
imental and theoretical techniques could provide new insights and helped creating a
consistent picture of the reaction mechanism and the substrate-dependent dynamics.
Thus, existing and sometimes contradicting data could be partially reconciled.

The last model system addresses the light sensor bacteriophytochrome which har-
bors a linear tetrapyrrole cofactor that experiences an E/Z isomerization reaction
in order to trigger intramolecular protein conformational changes, which eventually
cause a signal relay via a histidine phosphorylation reaction. Due to the large flex-
ibility of the tetrapyrrole, the varying protein–cofactor interactions play a role not
only for the different steps of the photoreaction but also regarding the stabilization
of the resting state. The determination of the correct geometry of the cofactor within
the protein environment therefore represents a challenge. Here, the biliverdin (BV)
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cofactor structure in the Pfr ground state of bacteriophytochrome Pap1 was char-
acterized and a computational quantum mechanics/molecular mechanics (QM/MM)
hybrid approach was employed in order to calculate vibrational spectra for this co-
factor. Furthermore, this approach was expanded by combining these calculations
with molecular dynamics (MD) simulations to account for the conformational fluc-
tuation of the protein and the BV moiety. The resulting sum of calculated spectra
of BV reproduced the corresponding experimental Raman spectra much better than
spectra calculated from individual MD frames, both in terms of band positions and
band widths. For Pap1, the exact nature of the cofactor-attachment to the protein
and the specific configuration of the four pyrrole rings could not be determined from
the available crystallographic data. Therefore, these properties were investigated by
calculating vibrational spectra for specifically modified BV cofactors. In this way, it
could be shown that only a BV-like attachment at ring A and an E configuration
at ring D yield calculated spectral data that are compatible with the experimental
Raman spectra, indicating a ZZEssa configuration for the Pfr resting state of Pap1.
For the unmodified BV cofactor, correlation analysis of the obtained set of spectro-
scopical and geometrical data yielded multiple relationships between spectroscopical
and structural parameters for the tetrapyrrole cofactor. In addition to providing new
insights, these findings also reproduce correlation results published before and in this
way serve as validation for the expansion of the methodological approach and the
combination of theoretical and experimental results as presented in this work.
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Zusammenfassung

Die Mehrheit der Enzyme beinhaltet mindestens einen proteingebundenen organi-
schen oder anorganischen Kofaktor, der diesen ihre jeweilige Funktion ermöglicht. Die
molekularen Wechselwirkungen zwischen dem Protein und dem Kofaktor sind dabei
hochspezifisch und bestimmen für viele Proteine den Zusammenhang von Struktur
und Funktion. In dieser Arbeit wird als Ansatz eine Kombination aus experimentellen
und theoretischen schwingungsspektroskopischen Methoden zur Analyse von Protein-
Kofaktor-Wechselwirkungen verwendet und hinsichtlich des Potenzials und der Ein-
schränkungen diskutiert. Als repräsentative Modellsysteme wurden der Elektronen-
transporter Cytochrom c (cytc), das als Lichtsensor fungierende Bakteriophytochrom
Pap1, sowie eine NADH oxidierende und Chinon reduzierende Dehydrogenase NDHII
untersucht.

Mittels Elektrochemie und Resonanz-Raman-Spektroskopie (RR-Spektroskopie) wur-
den die strukturellen und elektronischen Veränderungen des Häm-Kofaktors in cytc bei
unterschiedlichen pH Werten der Umgebung untersucht. Für drei cytc-Varianten, in
denen die konservierten Aminosäurereste Met80 und/oder Tyr67 durch andere Amino-
säuren ersetzt wurden, wurde gezeigt, dass die pH-abhängige Veränderung der Wech-
selwirkungen zwischen Häm und Proteinumgebung sehr ähnlich ist, obwohl für diese
Varianten unterschiedliche Peroxidationsraten und damit strukturelle Unterschiede
bekannt sind. Dies bedeutet, dass trotz der Mutationen, die zu strukturellen Verände-
rungen in der Proteintasche führen, der säureinduzierte Entfaltungsprozess des Pro-
teins für alle Varianten vergleichbar abläuft und die Aminosäuren Met80 und Tyr67
dabei eine untergeordnete Rolle spielen.

Die Untersuchung von nativem cytc bei alkalischen pH-Werten erfolgte im oberflä-
chenimmobilisierten Zustand auf einer SAM-beschichteten Silberelektrode und folg-
te der Frage, ob die alkalische Spezies, die sich bei diesen pH-Bedingungen in Lö-
sung bildet, auch für cytc an einer Oberfläche entsteht und damit eine funktionelle
Rolle beim Elektronentransport, für den cytc sich entlang einer Membranoberfläche
bewegt, besitzen könnte. Unter Verwendung von oberflächenverstärkter Resonanz-
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Zusammenfassung

Raman-Spektroskopie (SERRS) und zyklischer Voltammetrie konnte die Existenz
der alkalinen Spezies, deren Protein–Häm-Wechselwirkungen sich durch eine axia-
le His/Lys-Ligandierung am Häm-Eisen stark von der axialen His/Met-Ligandierung
im nativen cytc unterscheiden, auch bei alkalischen pH-Werten ausgeschlossen wer-
den und so Ergebnisse voriger rein elektrochemischer Studien entkräften, was den
Vorteil der Kombination mehrerer Methoden zur Untersuchung der Protein-Kofaktor-
Interaktionen demonstriert.

Als zweites Modellsystem wird der Reaktionsmechanismus des Flavoproteins NDHII
untersucht. Dieses Enzym überträgt Elektronen mittels eines FAD Kofaktors von
NADH zu einem Chinon. Da NDHII ein membranassoziiertes Protein ist, wurde es
auf einer SAM-beschichteten Au Elektrodenoberfläche immobilisiert. Die Reihenfolge
der Substratinteraktion mit dem Protein ist in der Literatur kontrovers diskutiert, das
NADH- und das Chinonmolekül können entweder gleichzeitig oder nacheinander am
NDHII binden. Eine Kombination aus oberflächenverstärkter Infrarot-Absorptions-
Differenz-Spektroskopie und Elektrochemie konnte in dieser Arbeit die Bindung des
NADH und des Chinons an das Protein und auch die Veränderung des Oxidationszu-
standes des Chinons in einzelnen Schritten darstellen. So wurde gezeigt, dass sowohl
NADH, als auch das Chinon an das Protein gebunden sein müssen, um einen Elektro-
nentransfer zu ermöglichen. Quantenmechanische Berechnungen der Infrarotspektren
des Chinonsubstrats ergaben ergänzend, dass das durch NDHII reduzierte Chinon da-
bei ein Proton aufnimmt. Zyklovoltammetrische Messungen mit zwei verschiedenen
Chinonen (DUQ und DDB) zeigten, dass ein aliphatischer Seitenrest am Chinon Ein-
fluss auf die Art der Interaktion mit dem Enzym hat. Insgesamt wurden durch den
kombinierten Einsatz mehrerer experimenteller und theoretischer Methoden neue Er-
kenntnisse über den Reaktionsmechanismus und seine vom Substrat abhängige Dyna-
mik gewonnen, die nicht zuletzt zu Erklärung kontroverser Ergebnisse in der Literatur
beitragen konnten.

Ein drittes Modellsystem stellt der Lichtrezeptor Bakteriophytochrom dar, in dem
die lichtinduzierte E/Z -Isomerisierung eines Tetrapyrrol-Kofaktors eine intramoleku-
lare Reorientierung des Proteins auslöst und letztendlich zu einer Signalweiterleitung
durch Histidin-Phosphorylierung führt. Dabei durchläuft der Kofaktor einen Photo-
zyklus mit komplexen Veränderungen der Protein-Kofaktor-Wechselwirkungen. Durch
die große Flexibilität des Tetrapyrrols spielen diese Wechselwirkungen bereits im ther-
misch stabilen Grundzustand eine große Rolle, die Ermittlung der tatsächlichen räum-
lichen Struktur des Kofaktors innerhalb der Proteinumgebung stellt eine Herausfor-
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derung dar. In dieser Arbeit wurde die Struktur des Kofaktors Biliverdin (BV) im
Pfr Grundzustand des Bakteriophytochroms Pap1 charakterisiert und die theoreti-
sche Methode des QM/MM Hybridansatzes verwendet, um die Schwingungsspektren
des Kofaktors zu berechnen. Zusätzlich wurde der Ansatz mit moleküldynamischen
Simulationen kombiniert, um der konformationellen Flexibilität Rechnung zu tragen.
Für verschiedene Zeitpunkte der Simulation wurden die optimierten Molekülstruktu-
ren und die Ramanspektren berechnet. Die Summe dieser Spektren wies gegenüber
den Einzelspektren eine deutlich höhere Übereinstimmung der Bandenposition und
-intensität mit den entsprechenden experimentell bestimmten Spektren auf. Da die
Art der Proteinanbindung des BV und die genaue Konformation der vier Pyrrolrin-
ge anhand der Kristallstruktur nicht eindeutig bestimmt werden konnten, wurden
diese Aspekte mit der QM/MM Methode untersucht und die Schwingungsspektren
für unterschiedlich modifizierte Kofaktoren berechnet. Für den BV Kofaktor im Pfr
Zustand wurden so eine ZZEssa Konfiguration und eine Anbindung des Kofaktors
mittels einer BV-artigen Struktur (im Gegensatz zu einer PΦB-artigen Anbindung)
bestimmt. Für den unmodifizierten BV Kofaktor ergab eine Korrelationsanalyse des
erhaltenen Satzes von strukturellen und spektralen Daten eine Vielzahl signifikanter
Zusammenhänge, die neue Einblicke ermöglichten. Dabei zeigten sich auch mehrere
bereits bekannte Zusammenhänge struktureller und spektroskopischer Art, die so als
Validierung des weiterentwickelten methodischen Ansatzes fungieren.
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Part I.

Introduction

1





1. Motivation

In nature, a large variety of biological processes is facilitated by proteins that con-
tain non-proteineous cofactors in order to enable their respective function. These
can be, for instance, metal ions like Fe, Ni, Cu, Mg coordinated by amino acid side
chains41,90,286 or organic molecules such as retinals, flavins or tetrapyrroles.79,109,180,267

Many cofactors also combine both inorganic and organic components, like metal-
coordinating porphyrins and corrins found in heme proteins and cobalamines, respec-
tively.16,92 Common to all cofactors is that they provide additional functional proper-
ties, enabling proteins to absorb light in a spectral range that is not covered by the
amino acid building blocks or to work as electron donors and acceptors.

In order to gain a detailed understanding of structure–function relationships for
these proteins, analysis of the specific interactions between cofactor and its protein
environment, as well as the behavior of the cofactor during the respective reactions is
essential. A variety of classical biochemical and biophysical methods is available and
indispensable for structural characterization of all types of proteins, such as X-ray
crystallography, small angle X-ray scattering (SAXS), or nuclear magnetic resonance
(NMR) spectroscopy. However, these complexes offer the possibility to employ ad-
vanced analytical methods that probe specific properties of the cofactor: electron
paramagnetic resonance (EPR), electrochemistry, and in particular resonance Raman
(RR) and infrared difference (IR) spectroscopy. The latter two methods can pro-
vide molecular structure information with high temporal resolution in a non-invasive
manner and over the past thirty years, they have substantially contributed to struc-
tural elucidation of molecular mechanisms in biological processes. When adjusted
to electronic properties of the cofactor, RR spectroscopy selectively probes only the
vibrational modes of the cofactor inside the protein environment which enables the
identification of even subtle structural changes within this moiety. IR difference spec-
troscopy is able to reveal reaction-induced structural alterations of the protein or the
cofactor molecule. Both techniques are versatile and can be applied under differ-
ent sample conditions, i.e. solids, solutions, or interfaces and exhibit high selectiv-
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ity and sensitivity. This sensitivity can be enhanced remarkably when the samples
are deposited on biocompatibly coated, nanostructured metal surfaces that exhibit
surface-enhancement effects, enabling even single molecule detection.155,156,212 The
corresponding methods are denoted as surface-enhanced resonance Raman (SERR)
and surface-enhanced infrared absorption (SEIRA) spectroscopy. Besides improved
spectroscopic investigations, these metal surfaces may also function as an electrode
and allow for the use of electrochemical methods such as chronoamperometry or cyclic
voltammetry (CV) as well as combinations of both (spectroelectrochemical studies).

The versatile experimental methods mentioned strongly benefit from additional
theoretical approaches. Using computational methods such as quantum mechanical
or combined quantum mechanical/molecular mechanical (QM and QM/MM, respec-
tively) calculations, vibrational molecular properties corresponding to specific struc-
tural states can be obtained that are essential for interpreting the experimental data
and serve as a guidance for the design of further experiments. In this respect, the
present PhD thesis aims at exploring the potential and the limitations of these exper-
imental and theoretical approaches for elucidating the structure–function relationship
in protein–cofactor complexes using representatives of three different classes of com-
plexes:

1. Heme proteins serving as electron shuttles and enzymes
2. Tetrapyrrole proteins acting as light sensors
3. Flavoproteins serving as biocatalysts

The specific questions addressed in the individual cases are different, ranging from
the determination of cofactor structures to the clarification of reaction mechanisms.
However, common to all studies, the methods employed focus selectively on a specific
part of the protein and do not provide information on the remainder of the protein.
Part IV (Chapters 7, 8) contains the spectroelectrochemical study of cytochrome c
(cytc) where the protein is subjected to solutions with different pH values in the high
and low pH range in order to investigate the pH-dependent equilibrium dynamics as
well as the physiological role of specific structural states of this protein. Here, only
the heme cofactor oxidation state, spin state, and ligation pattern within the protein
are probed.

The complex reaction mechanism of light-sensing bacteriophytochromes, more specif-
ically the structural details of the tetrapyrrole chromophore in its resting state and
within several individual steps of the reaction cycle, is addressed in Part V (Chap-
ters 10, 11). Computational QM/MM methods and statistical analysis of the resulting
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data are used to describe the interrelation between spectroscopic data that is acces-
sible by experimental means and structural data that is not (yet) available for the
bacteriophytochrome family. Furthermore, structural uncertainties existing from ex-
perimental data published previously are clarified. In Chapter 11, the same theoretical
methods are utilized to study proton relocation events at the chromophore site in the
context of intramolecular signal transduction in phytochromes.

In Part VI (Chapter 13), the type of interaction of a flavin-containing oxidoreductase
enzyme with its substrates is investigated with various experimental spectroscopic and
electrochemical approaches as well as theoretical studies. This reaction mechanism
is controversially discussed and many conflicting results were published, thus focus
was laid on creating a consistent picture of the reaction with multiple techniques and
reconciling it with existing data.

Although different types of questions are addressed throughout this work, a com-
bination of multiple experimental and/or experimental and theoretical methods is
present throughout all chapters of the work. The limitations and benefits that result
from this approach are eventually discussed (Chapter 14).
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Background
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2. Vibrational Spectroscopy

The present section introduces the fundamental theoretical framework of the vibra-
tional spectroscopic methods applied throughout this thesis in a compact manner.
Comprehensive and more detailed discussions either focusing on practical applica-
tions or in-depth theoretical treatment are found e.g. in refs. 253 and 184.

Upon interaction with electromagnetic radiation (photons), a molecule may experi-
ence excitation of a vibration via two different physical processes, either by absorption
or scattering of photons. The former process requires the energy of the photon ℎ𝜈𝑘 to
match the energy difference between two vibrational states of the molecule in order
to promote a transition from an initial (i) to a final (f ) vibrational molecular state.

𝐸IR = ℎ𝜈𝑘 = ℎ𝜈𝑓 − ℎ𝜈𝑖 (2.1)

with 𝜈𝑘 being the frequency of the photon. This energy difference typically lies in the
range of 0.01-1 eV, corresponding to a wavelength 𝜆 of the photon between 1-50 µm
which is the infrared (IR) spectral region. Thus, this process is called IR absorption.

The second process, scattering, can be elastic which does not excite the molecule and
results in a scattered photon that has the same energy as the incident photon (Rayleigh
scattering). The process can also be inelastic leaving the molecule in a different
vibrational state and changing the energy of the scattered photon. This type of
scattering is referred to as Raman scattering since it was first observed experimentally
by C.V. Raman in 1928,224 however, it was predicted five years earlier from theoretical
considerations by A. Smekal.257

The Raman scattering process of a photon with energy ℎ𝜈0 at a vibrationally excited
molecule causes a transition to a vibrational state with lower energy (𝑓 < 𝑖) and
produces a scattered photon with increased energy compared to the incident photon,
i.e. the energy is transferred to the scattered photon. For a molecule in its vibrational
ground state, the incident photon leads to the vibrational transition to a quantum
state with higher energy (𝑓 > 𝑖) and a scattered photon of decreased energy. These
scenarios are referred to as Anti-Stokes and Stokes Raman scattering, respectively (see
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Vibrational Spectroscopy

Figure 2.1.: Schematic representation of (A) potential curves and vibrational quantum states (de-
noted as v0, v1, ...) for the harmonic and anharmonic diatomic oscillator. The energy difference
between the vibrational states v is always the same for the harmonic oscillator (equidistant energy
levels) and decreases with increasing quantum state number according to v−1 for the anharmonic
model. The symbol v0 refers to the vibrational ground state, Δr indicates deviations from equilib-
rium bond length (in arbitrary units). De represents the bond dissociation energy. (B) different
absorption and scattering processes leading to vibrational transitions. A photon is absorbed by the
molecule if the energy of the incident photon exactly matches the energy difference between two vi-
brational states (h𝜈1 −h𝜈0). Rayleigh scattering refers to elastic scattering of light without excitation
of a molecular vibration, Raman scattering can occur for both, excited and non-excited molecules,
leading to the transition to a vibrational state with higher (Stokes) or lower (Anti-Stokes) energy.
If the energy of the incident photon equals the energy difference between an electronically excited
state S1 and the electronic ground state S0, resonance Raman scattering is observed, leading to
significantly increased Raman intensities (see text for details). The dashed line represents a virtual
state.

Figure 2.1B). The energy difference between the incident and the scattered photon
corresponds to the energy difference of the vibrational states

ℎ𝜈0 − ℎ𝜈𝑅 = ℎ𝜈𝑓 − ℎ𝜈𝑖. (2.2)

It was shown in the last paragraph that the same information on energy differences
between vibrational states of a molecule can be obtained by two different physical
processes. The experimental setup is also quite different for Raman spectroscopy and
IR absorption spectroscopy, respectively. In order to record an IR absorption spec-
trum, the sample is illuminated with polychromatic light and the decrease in intensity
for each wavelength is detected. The wavelength of the photon that is absorbed by
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the sample is assigned to a molecular vibrational transition. Raman spectroscopy
requires monochromatic light with a frequency 𝜈0 > 𝜈𝑘 for sample illumination and
the frequency shift of the scattered photons with respect to the incident photons
is detected. Typically, the excitation wavelength can be selected according to the
requirements of individual experiments from a broad wavelength range between 250-
1100 nm (UV/visible/NIR).

Normal modes Regarding motion in space, a molecule consisting of 𝑁 atoms has
3𝑁 degrees of freedom. Since only vibrational motions are considered here, 3 degrees
for translation and 3 degrees for rotation (only 2 for linear molecules) need to be
subtracted, leaving 3𝑁 -6 (3𝑁 -5) vibrational degrees of freedom, corresponding to the
number of possible vibrations of the molecule that are denoted as normal modes.
For each normal mode, all atoms of the molecule oscillate with the same frequency,
however with different relative amplitudes. This set of relative amplitudes for each
atom is different for each normal mode. Importantly, normal modes are independent
of each other and also can be excited independently.

Bonds between atoms within a molecule, e.g. a diatomic molecule consisting of
atoms A and B, can be described by a potential energy curve for a diatomic os-
cillator with a minimum at the equilibrium bond length 𝑟0 between the two atoms
(Figure 2.1A). The anharmonic potential function includes converging vibrational en-
ergy levels and molecular dissociation above a specific potential energy, however, the
potential curve of a harmonic oscillator is used as an approximation as it sufficiently
describes the potential energy and the energy differences of the vibrational quantum
states for low quantum numbers and the vibrational ground state.

The energy difference between the vibrational quantum states is expressed (in
wavenumbers 𝜈, cm−1) as

𝜈 = 𝜈

𝑐
= 1

2𝜋𝑐

√︃
𝑓

𝜇
(2.3)

with 𝑐 and 𝑓 being the speed of light (in cm s−1) and the force constant which rep-
resents the strength of the bond between atoms A and B, respectively. The reduced
mass 𝜇 calculates as

𝜇 = 𝑚𝐴 ·𝑚𝐵

𝑚𝐴 +𝑚𝐵

(2.4)

from the masses of the atoms contributing to the vibrational motion (here for the
diatomic molecule).
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2.1. Quantum mechanical description
In order to excite a vibrational transition via absorption, the corresponding molecular
vibration has to be accompanied by a change in the dipole moment 𝜇, while normal
modes can be excited via Raman scattering if they include a change in the polariz-
ability �̃� of the molecule. These selection rules lead to significantly different relative
intensities and thus, at least to some extent, complementary information in IR absorp-
tion and Raman spectra of the same molecule. For a better understanding of these
selection rules, a quantum mechanical description of the molecule and application of
first-order (for IR absorption) and second-order (for Raman scattering) perturbation
theory is required and briefly shown below.

The vibrational states 𝑖 and 𝑓 of a molecule are expressed as wave functions Ψ𝑖

and Ψ𝑓 , respectively, with a perturbation operator Ω̂, which is different for the two
processes, acting on the wave function Ψ𝑖 to describe the interaction with the elec-
tromagnetic radiation. Using bra-ket notation,68 the probability 𝑃 of a vibrational
transition 𝑖 → 𝑓 is (with Ψ* being the complex conjugate of Ψ)

𝑃𝑓𝑖 ∝
⃒⃒⃒⟨

Ψ*
𝑓

⃒⃒⃒
Ω̂
⃒⃒⃒
Ψ𝑖

⟩⃒⃒⃒2
(2.5)

that is proportional to the band intensity 𝐼𝑓𝑖.

2.1.1. Infrared absorption

For the absorption of a photon, the transition probability 𝑃IR,𝑓𝑖 is determined by the
transition dipole moment

[𝜇𝑞]𝑓𝑖 =
⟨
Ψ*

𝑓

⃒⃒⃒
�̂�𝑞

⃒⃒⃒
Ψ𝑖

⟩
(2.6)

with the dipole moment operator �̂�𝑞 containing the charge 𝑒𝑎 and the distance 𝑞𝑎 from
the molecular center of gravity for each atom 𝑎

�̂�𝑞 =
∑︁

𝑎

𝑒𝑎 · 𝑞𝑎. (2.7)
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2.1. Quantum mechanical description

In order to simplify the description of vibrational transition probabilities, the mass-
weighted cartesian displacement coordinates 𝑞𝑖 are converted to normal coordinates
𝑄𝑘 (for 𝑘 normal modes) according to

𝑄𝑘 =
3𝑁∑︁
𝑖=1

𝑙𝑖𝑘𝑞𝑖 (2.8)

with the transformation coefficient 𝑙𝑖𝑘. Eq. (2.7) is now expanded in a Taylor series
with respect to 𝑄𝑘, and within the harmonic oscillator approximation non-linear terms
are neglected

�̂�𝑞 = 𝜇0
𝑞 +

3𝑁−6∑︁
𝑘=1

(︃
𝜕𝜇𝑞

𝜕𝑄𝑘

)︃
0
𝑄𝑘. (2.9)

As a result, the transition probability that is described by the transition dipole mo-
ment is given by

[𝜇𝑞]𝑓𝑖 = 𝜇0
𝑞

⟨
Ψ*

𝑓Ψ𝑖

⟩
+

3𝑁−6∑︁
𝑘=1

�̂�𝑘
𝑞

⟨
Ψ*

𝑓 |𝑄𝑘| Ψ𝑖

⟩
with �̂�𝑘

𝑞 =
(︃
𝜕𝜇𝑞

𝜕𝑄𝑘

)︃
0

(2.10)

Due to orthogonality of the wave functions Ψ𝑖 and Ψ𝑓 , the first integral is zero. The
second term is non-zero only for �̂�𝑘

𝑞 and
⟨
Ψ*

𝑓 |𝑄𝑘| Ψ𝑖

⟩
being non-zero. This is true when

the dipole moment changes along the vibrational coordinate 𝑄𝑘 and the initial and
final vibrational quantum state number differ exactly by one,253 thus, the conditions
that need to be fulfilled for a molecular vibrational excitation by IR absorption are
fully defined.

2.1.2. Raman scattering

The electric field vector �⃗� of the incident photon oscillates with a frequency 𝜈0 and
induces a dipole in the molecule

�⃗�𝑖𝑛𝑑 = �̃�(𝜈) · �⃗� (2.11)

with �̃�(𝜈) being the polarizability of the molecule that describes the change of the
electron distribution in response to the movements of the nuclei that oscillate with
the normal mode frequency 𝜈𝑘. The electric field is described as

�⃗� = �⃗�0 · 𝑐𝑜𝑠(2𝜋𝜈0𝑡). (2.12)

13



Vibrational Spectroscopy

The polarizability consists of a constant value at 𝜈0 and a term that is dependent on
the oscillation of the electric field

�̃�(𝜈) = �̃�0(𝜈0) +
(︃
𝜕�̃�

𝜕𝑄𝑘

)︃
0
𝑄𝑘𝑐𝑜𝑠(2𝜋𝜈𝑘𝑡) (2.13)

and inserting Eqs. (2.12) and (2.13) into Eq. (2.11) yields

(2.14)
�⃗�𝑖𝑛𝑑 = �⃗�0

[︃
𝛼0(𝜈0) · 𝑐𝑜𝑠(2𝜋𝜈0𝑡) +

(︃
𝜕𝛼

𝜕𝑄𝑘

)︃
0
𝑄𝑘𝑐𝑜𝑠[2𝜋(𝜈0 + 𝜈𝑘)𝑡]

+
(︃
𝜕𝛼

𝜕𝑄𝑘

)︃
0
𝑄𝑘𝑐𝑜𝑠[2𝜋(𝜈0 − 𝜈𝑘)𝑡]

]︃

The three terms in parentheses represent the different scattering types described in
the preceding section: Rayleigh, anti-Stokes Raman, and Stokes Raman scattering,
respectively. The dominating process is inelastic Rayleigh scattering, with the fre-
quency of the scattered photon being identical to the frequency of the incident light.
The fraction of photons scattered in an anti-Stokes Raman configuration (i.e. at ex-
cited molecules) is very low since nearly all molecules are found in their vibrational
ground state at ambient temperature, according to the Boltzmann distribution. The
thermal energy is not sufficient to excite normal modes. Hence, Stokes-type Raman
scattering is the most important case in vibrational spectroscopy.

Different from IR absorption, the transition probability between two vibrational
states 𝑖 → 𝑓 for the Raman scattering process is determined by the polarizability �̃� of
the molecule. For a molecule with non-spherical symmetry �̃� is dependent on the di-
rection of the electromagnetic field vector �⃗� with respect to the molecular coordinates
(𝑥, 𝑦, 𝑧) and comprises contributions for all directions in space

�̃� =

⎡⎢⎢⎢⎣
𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧

𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧

𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

⎤⎥⎥⎥⎦ . (2.15)

Therefore, the Raman scattering intensity 𝐼Ra is an integrated quantity over all scat-
tering angles and directions in space. In order to describe the proportionality between
𝐼Ra and the polarizability �̃�, the Raman scattering cross section 𝜎𝑖→𝑓 is introduced
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2.1. Quantum mechanical description

which formulates the ratio of the incident and Raman scattered light intensities 𝐼0

and 𝐼Ra,𝑓𝑖, respectively

𝜎𝑖→𝑓 = 𝐼Ra,𝑓𝑖

𝐼0
∝ (𝜈0 ± 𝜈𝑘)4 ∑︁

𝜌,𝜎=𝑥,𝑦,𝑧

⃒⃒⃒
[𝛼𝑓𝑖]𝜌𝜎

⃒⃒⃒2
(2.16)

with [𝛼𝑓𝑖]𝜌𝜎 representing the individual elements of the transition polarizability tensor
�̃� with respect to the molecule-fixed cartesian coordinates. Eq. (2.16) takes into
account that for electric dipole radiation the intensity scales with the fourth power of
the frequency.

Different from IR absorption, in order to describe Raman scattering intensities
the quantum mechanical treatment of the scattering process and, due to the involve-
ment of two photons, application of second-order perturbation theory are required.2,278

Based on Kramers-Heisenberg-Dirac’s dispersion theory66,67,161, the scattering tensor
is expressed as

[𝛼𝑓𝑖]𝜌𝜎 = 1
ℎ

∑︁
𝑅,𝑟

(︃
⟨𝑓𝐺 |𝑀𝜌|𝑅𝑟⟩ ⟨𝑟𝑅 |𝑀𝜎|𝐺𝑖⟩

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

+ ⟨𝑟𝑅 |𝑀𝜎|𝐺𝑖⟩ ⟨𝑓𝐺 |𝑀𝜌|𝑅𝑟⟩
𝜈𝑅𝑟 − 𝜈𝑘 + 𝜈0 + iΓ𝑅

)︃
(2.17)

with 𝑖 and 𝑓 being the initial and final vibrational states of the transition, respectively,
and 𝐺 representing the electronic ground state. The summation runs over all elec-
tronic states 𝑅 and vibrational states 𝑟 of the molecule*, indicating that although the
vibrational transition only refers to the initial and final states of the electronic ground
state, the scattering tensor and thus the Raman intensity is dependent on excited
state properties of the molecule. The symbols 𝜈0 and 𝜈𝑘 refer to the frequencies of the
incident photon and the normal mode 𝑄𝑘, respectively, and a damping constant Γ𝑅

includes an individual lifetime for each electronically excited state 𝑅. Finally, 𝑀𝜌 and
𝑀𝜎 denote the electronic transition dipole moments with respect to molecule-fixed
coordinates 𝜌, 𝜎.

In case the frequency of the incident light approaches the frequency of an electronic
transition 𝜈0 ≈ 𝜈𝑅𝑟, the sum in Eq. (2.17) is dominated by the first term as the
denominator turns very small which eventually leads to the simplified equation

[𝛼𝑓𝑖]𝜌𝜎
∼=

1
ℎ

∑︁
𝑟

(︃
⟨𝑓𝐺 |𝑀𝜌|𝑅𝑟⟩ ⟨𝑟𝑅 |𝑀𝜎|𝐺𝑖⟩

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

)︃
(2.18)

*since vibrational and electronic states are interrelated, these are often referred to as vibronic states.
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where the summation solely runs over all vibrational states 𝑟 of the electronically ex-
cited state. This phenomenon is denoted as resonance Raman effect and the resulting
scattering intensities may be enhanced by several orders of magnitude. The wave
functions in Eq. (2.18) depend on the coordinates of both the nuclei and the electrons
which however can be separated within the Born-Oppenheimer-approximation35

⟨𝑓𝐺 |𝑀𝜌|𝑅𝑟⟩ = ⟨𝑓𝑟⟩ ⟨𝐺 |𝑀𝜌|𝑅⟩ = ⟨𝑓𝑟⟩𝑀𝐺𝑅,𝜌. (2.19)

with 𝑀𝐺𝑅,𝜌 being the electronic transition dipole moment between the electronic
ground state 𝐺 and the resonant electronically excited state 𝑅. Equation (2.18) then
rewrites as

[𝛼𝑓𝑖]𝜌𝜎
∼=

1
ℎ

∑︁
𝑟

(︃
⟨𝑓𝑟⟩ ⟨𝑟𝑖⟩𝑀𝐺𝑅,𝜌𝑀𝐺𝑅,𝜎

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

)︃
(2.20)

Expanding 𝑀𝐺𝑅,𝜌 in a Taylor series with respect to the normal coordinates 𝑄𝑘

𝑀𝐺𝑅,𝜌(𝑄𝑘) = 𝑀0
𝐺𝑅,𝜌(𝑄𝑘) +

∑︁
𝑘

(︃
𝜕𝑀𝐺𝑅,𝜌

𝜕𝑄𝑘

)︃
0
𝑄𝑘 + · · · (2.21)

and neglecting terms of higher order within the harmonic oscillator approximation
yields a description of the scattering tensor consisting of the Albrecht’s 𝐴- and 𝐵-
terms

[𝛼𝑓𝑖]𝜌𝜎
∼= 𝐴𝜌𝜎 +𝐵𝜌𝜎 (2.22)

with
𝐴𝜌𝜎

∼=
1
ℎ

∑︁
𝑟

(︃
⟨𝑖𝑟⟩ ⟨𝑟𝑓⟩𝑀0

𝐺𝑅,𝜌𝑀
0
𝐺𝑅,𝜎

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

)︃
(2.23)

𝐵𝜌𝜎
∼=

1
ℎ

∑︁
𝑟

⎛⎝⟨𝑖 |𝑄𝑘| 𝑟⟩ ⟨𝑟𝑓⟩
(︁

𝜕𝑀𝐺𝑅,𝜌

𝜕𝑄𝑘

)︁
0
𝑀0

𝐺𝑅,𝜎

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

+
⟨𝑟 |𝑄𝑘| 𝑓⟩ ⟨𝑖𝑟⟩

(︁
𝜕𝑀𝐺𝑅,𝜎

𝜕𝑄𝑘

)︁
0
𝑀0

𝐺𝑅,𝜌

𝜈𝑅𝑟 − 𝜈𝑘 − 𝜈0 + iΓ𝑅

⎞⎠
(2.24)

Although both terms increase with 𝜈0 approaching the energy of an electronic transi-
tion, additional requirements need to be fulfilled for resonance enhancement via the
respective term. The integrals of the type ⟨𝑓𝑟⟩ depend on the vibrational wave func-
tions and are referred to as Franck-Condon factors. They play a significant role in
𝐴-term enhancement which is therefore often referred to as ’Franck-Condon’ enhance-
ment.253 Moreover, resonance enhancement via the 𝐴-term depends on the magnitude
of the electronic transition dipole moments 𝑀𝐺𝑅,𝜌 and 𝑀𝐺𝑅,𝜎 as Eq. (2.23) scales with
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2.2. Surface enhancement effect

|𝑀𝐺𝑅|2 while Eq. (2.24) scales only with 𝑀𝐺𝑅. The Franck-Condon factors are non-
zero if the potential energy surface of an electronically excited state is displaced with
respect to a normal mode 𝑄𝑘 or has a different shape compared to the potential
energy surface of the electronic ground state.184 For displaced excited state geome-
tries, resonance enhancement is usually limited to totally symmetric modes.253 The
B-term enhancement is more complex in nature and usually less pronounced. This
’Herzberg-Teller’ enhancement is not restricted to symmetric modes and can involve
one or more electronically excited states that undergo vibronic coupling through a
normal coordinate 𝑄𝑘.2,184

It is worth noting, that the resonance enhancement is restricted to that part of the
molecule that is associated with the resonant electronic transition while the vibrations
involving the remaining parts of the molecule do not experience any enhancement.†

This selective enhancement of the vibrational spectrum of parts of the molecule en-
ables the investigation of macromolecules with specific parts of interest, such as pro-
teins harboring a cofactor. This concept could also be utilized within this work in
order to study the heme moiety of cytochrome c (see Part IV) and for the structural
investigation of a tetrapyrrole cofactor buried in a bacteriophytochrome (see Part V).

2.2. Surface enhancement effect
In 1974, Fleischmann et al. investigated pyridine molecules adsorbed on roughened
silver surfaces by means of Raman spectroscopy and observed an unexpectedly high
intensity of the resulting Raman scattering88 that was shortly after recognized as a
new type of Raman scattering enhancement due to the presence of microscopically
structured metal electrodes.3,196,288 The magnitude of this surface enhancement was
found to be dependent on the wavelength of the incident and scattered light, the
type of metal that was used, and on the dimensions and geometry of the roughened
surface structure.253,282 Moreover, the surface enhancement effect is not limited to
the Raman scattering process (surface enhanced Raman scattering – SERS) and can
also be observed in IR absorption (surface enhanced infrared absorption – SEIRA),
however, with lower enhancement factors. Typically, Ag and Au are employed for

†As stated in the description of normal modes on page 11, all atoms contribute to each normal
mode, however with different amplitudes. Due to practical reasons, this is often simplified in
such a way that a normal mode is assigned to the group of atoms with the highest amplitudes
while atomic displacements with only minor contribution to the normal mode are neglected. As a
consequence, a normal mode can be assigned to e.g. ’a C––O stretching vibration of the molecule’
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biophysical applications since these metals show strong enhancement for light with
wavelengths in the spectral and infrared range between 400 nm and 10 000 nm that is
mainly used for vibrational spectroscopy.

Based on classical electromagnetic theory147 the roughened surface of a metal elec-
trode can be approximated as an array of spherical metal particles. If the diameter of
the sphere is much smaller than the wavelength of an incident photon‡, the concerted
vibrations of the ’free electrons’ in the metal, denoted as surface plasmons, couple
to the oscillating electric field vector �⃗�(𝜈0) of the photon and an electric dipole mo-
ment is induced, leading to an additional electric field component �⃗�ind(𝜈0) normal to
the surface in the direct vicinity of the metal particle. The total electric field that
oscillates with the frequency 𝜈0 then writes as

�⃗�total(𝜈0) = �⃗�0(𝜈0) + �⃗�𝑖𝑛𝑑(𝜈0) (2.25)

and the enhancement is given by

𝐹 (𝜈0) =

⃒⃒⃒
�⃗�𝑡𝑜𝑡𝑎𝑙(𝜈0)

⃒⃒⃒
⃒⃒⃒
�⃗�0(𝜈0)

⃒⃒⃒ . (2.26)

The metal structures needed for surface enhancement can either be realized as
colloidal nanoscopic metal particles or they can be created on a metal electrode surface
using electrochemical oxidation-reduction processes or controlled chemical deposition
from a metal ion solution.56,183 The enhancement factor in Eq. (2.26) also depends
on dielectric properties of the metal which are wavelength-dependent. For Ag and
Au colloids, the highest enhancement is obtained for 400 and 560 nm, respectively,253

and particle sizes in the range of 5-100 nm.55,196,197 Notably, for aggregates of metal
particles or larger spheres where the size approaches or exceeds the wavelength of the
electromagnetic radiation, the enhancement turns dependent on the size and also the
shape of the metal particles. As a consequence, the wavelength at which maximum
enhancement occurs can be tuned according to the individual requirements of the
investigated sample. With increasing size of the particles, the wavelength of maximum
enhancement experiences a red shift. However, this is only true for metal colloids
that exhibit well defined particle sizes while a submicroscopically roughened metal
electrode surface can be approximated within the same model (an array of metal
spheres) but comprises a large distribution of different particle radii. This leads to a

‡this criterion is denoted as Rayleigh limit.
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2.2. Surface enhancement effect

very broad surface enhancement profile that might even cover the whole visible and
infrared spectral region utilized in Raman and IR spectroscopy.

If the frequency of the incident light 𝜈0 matches the surface plasmon frequency,
this is, within an approximation, also true for the frequency of the scattered light
𝜈0 ±𝜈𝑘 since 𝜈𝑘 ≪ 𝜈0 and thus 𝜈0 ≈ (𝜈0 ±𝜈𝑘). Therefore, in analogy to Eq. (2.25), the
electric field of the scattered light �⃗�Ra(𝜈0±𝜈𝑘) induces another electric field component
�⃗�Ra,ind(𝜈0 ± 𝜈𝑘), leading to an enhancement factor of the scattered light

𝐹 (𝜈0 ± 𝜈𝑘) =

⃒⃒⃒
�⃗�𝑅𝑎,𝑡𝑜𝑡𝑎𝑙(𝜈0 ± 𝜈𝑘)

⃒⃒⃒
⃒⃒⃒
�⃗�𝑅𝑎(𝜈0 ± 𝜈𝑘)

⃒⃒⃒ . (2.27)

Combining Eqs. (2.26) and (2.27) yields the total surface enhancement factor

𝐹𝑡𝑜𝑡𝑎𝑙(𝜈0 ± 𝜈𝑘) = 𝐹 (𝜈0) · 𝐹 (𝜈0 ± 𝜈𝑘) (2.28)

that now depends on the square of the electric field enhancement. Since, according to
Eqs. (2.5) and (2.11), the Raman intensity also scales with the square of the electric
field, the total enhancement of the Raman scattered light is in the order of 104 for an
electric field enhancement by a factor of 10, experimental studies yielded even higher
surface enhancements up to 106.

The surface enhancement effect rapidly decays with the distance of the molecule
from the metal particle, however, the molecule does not have to be in direct contact.
For a spherical metal nanoparticle with radius 𝑎0 and a molecule in distance 𝑑 from
the surface, the surface enhancement factor calculates as

𝐹SER(𝑑) = 𝐹SER(0) ·
(︂

𝑟0

𝑟0 + 𝑑

)︂12
(2.29)

in analogy to the distance-dependence of dipole–dipole interactions. Here, 𝐹SER(0)
refers to the enhancement for a molecule directly attached to the surface. As an ex-
ample, for a particle radius of 15 nm the enhancement decays to approx. 11 % for a
molecule at a distance of 3 nm. This strong decay has to be considered when studying
biomolecules that are separated from the metal electrode surface by biocompatible
coatings, e.g. SAMs (see Section 5.6), in order to prevent protein denaturation. How-
ever, since the typical thickness of these coatings lies in the range of 1-5 nm, surface
enhancement is still sufficiently strong.205,206
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The combination of two effects, namely resonance enhancement and surface en-
hancement of Raman scattering, enables surface enhanced resonance Raman spec-
troscopic (SERRS) experiments with extremely high sensitivity that even allows for
single molecule detection. In the presence of Ag colloids spectra of a Rhodamin 6G
dye at concentrations of 10−13 M could be recorded.295

The infrared absorption process also experiences an enhancement in the near-field
of a specifically treated metal surface, but to a lower extent when compared to Raman
scattering. This SEIRA effect was discovered by Hartstein et al. in infrared absorp-
tion experiments using a setup with an attenuated total reflectance (ATR) geometry
(see Section 2.3 for a description of this setup) and p-nitrobenzoic acid on the ATR
silicon support, overlaid with a Au and Ag layer of varying thickness in the nanome-
ter range.113 The metal films are created by electroless deposition in vacuum or from
solution and can be described as interconnected metal islands with dimensions com-
parable to the nanoparticles on roughened metal electrodes used in SERS. In analogy
to the theoretical description of the surface enhancement for Raman scattering, the
polychromatic incident light induces an oscillating dipole in the metal islands (plas-
mon resonance) and thus increases the electric field in the near-field of the metal
which leads to increased absorption for the molecules in close proximity.253 However,
only the electric field components that are perpendicular to the surface are enhanced
and therefore only normal modes involving dipole moment changes perpendicular to
the surface experience SEIRA enhancement via this electromagnetic mechanism while
molecular vibrations with parallel orientation to the surface do not.

Notably, the metal film can also serve as a working electrode for electrochemical
studies or a combination of spectroscopy and electrochemistry. This approach was em-
ployed successfully in the studies of NDHII dehydrogenase, an enzyme that catalyzes
electron transfer from NADH to a quinone molecule (see Chapter 13).

The SEIRA effect yields enhancement factors of ca. 10 to 100 and exhibits a smaller
distance dependency compared to the SERS effect (Eq. (2.29)) since only the incident
radiation is enhanced:

𝐹SEIRA(𝑑) = 𝐹SEIRA(0) ·
(︂

𝑟0

𝑟0 + 𝑑

)︂6
(2.30)

Nevertheless, numerous biological systems such as cytochrome c,313 cytochrome c
oxidase,6, and sensory rhodopsin II140 could successfully be studied using SEIRA
spectroscopy in the difference mode.7,8 Within the last few years, first studies of
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integral membrane proteins inside a phospholipid bilayer membrane environment that
was constructed on top of the gold film were also reported.91,104,159,160

2.3. The ATR Mode in Infrared Spectroscopy
Infrared spectroscopy is commonly used in the transmission mode where the polychro-
matic light from the IR source passes through a cuvette with the sample in a liquid
medium squeezed between two windows and then reaches the detector. The resulting
absorbance is compared to the absorbance of a reference transmission measurement
with only the medium and without the sample in the cuvette, in order to obtain the
absorption spectrum of the sample as the difference of the two spectra. The IR vibra-
tional spectrum of a system can also be obtained in a different configuration where
the IR light is not directly passing through the sample, as shown in Figure 2.2. In
this configuration, an IR transparent prism with a high refractive index serves as an
internal reflection element (IRE): the IR beam enters the prism and experiences total
reflection at the surface if the incident angle 𝜙 is larger than the critical angle 𝜙c.
The reflected beam exits the prism nearly without any loss of intensity, unless the
surface of the prism is in direct contact with some IR-absorbing material, such as a
biological sample. The IR light intensity is then attenuated at frequencies that are
absorbed by the sample. This occurs due to the formation of an evanescent wave
that penetrates the IRE’s surface into the optically less dense or rarer (i.e. it has a
lower refractive index compared to the prism) sample material with an exponentially
decaying amplitude in the direction normal to the surface (z-direction), as depicted
in the magnified region of Figure 2.2. The electric field of this wave couples to the
absorbing material and also decays exponentially,

𝐸 = 𝐸0 exp 𝑧

𝑑p
, (2.31)

and thus is strongly dependent on the penetration depth 𝑑p

𝑑p = 𝜆

2𝜋
√︁

sin2 𝜙− 𝑛10
. (2.32)

Here, 𝜆 and 𝜙 are the wavelength and the incident angle of the IR radiation, re-
spectively, and 𝑛10 is the ratio of the refractive indices 𝑛1/𝑛0 of the denser and rarer
media (prism and sample, respectively). Typical values for 𝜙 and the wavelength in
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Figure 2.2.: Schematic representation of the setup used for IR spectrocopy in the attenuated total
reflection mode. The incident laser beam is adjusted at an angle 𝜙 greater than the critical angle 𝜙c
in order to experience total reflection at the interface of the prism and the sample. The refractive
indices 𝑛0 and 𝑛1 denote the optical density of the prism and the sample medium, respectively. An
evanescent wave propagates into the sample and rapidly decays.

the IR spectral region are 40-60∘ and ca. 1000-4000 cm−1, respectively, while refrac-
tive indices of IRE’s made from silicon, germanium or zinc selenide that are normally
used in ATR-IR spectroscopy are 𝑛Ge = 4.0, 𝑛Si = 2.3, 𝑛ZnSe = 2.4.253 An average
refractive index for biological materials is reported as �̄�biol = 1.4.105

Based on these values, the penetration depth often is between 0.5-2.0 µm and thus
in a similar range with the wavelength of the incident light. According to Eq. (2.31),
at this distance from the surface the electric field of the evanescent wave has decayed
to 𝑒−1 = 37 %.

The strong distance dependence leads to one of the main advantages of the ATR
mode technique over transmission spectroscopy: Only molecules that are located
in close distance to the surface of the prism contribute to the IR absorption while
molecules in the bulk solution are not detected. This enables considerable experimen-
tal flexibility as several conditions such as pH or ionic strength of the buffer solution
can be changed or other molecules such as ligands or substrates can be added to the
sample solution without removing or interfering with the sample layer at the surface.
In this way, biochemical reactions may be monitored in situ.105
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3.1. The potential at the electrode–solution interface
Electrochemical techniques and the corresponding molecular processes at surfaces rep-
resent a considerable part of this work (see Sections 7, 8, and 13.5) and thus a brief
introduction to the theoretical description of the electrode solution interface and the
related electrochemical processes is given in the following.

When a metal electrode is subjected to an aqueous solution containing electrolytes,
a charged interface is created due to the adsorption of ions. This electrical double layer
comprises a tightly adsorbed layer of non-hydrated ions and ordered water molecules in
direct contact with the metal, denoted as inner Helmholtz layer (IHL) or Stern layer*,
that causes a sharp linear potential drop. An adjacent outer Helmholtz layer (OHL)
exists, where ions can freely diffuse but create a concentration gradient, governed by
the interfacial electric field, resulting in an exponential potential drop until a constant
potential 𝜙S is adopted in the bulk solution. According to Smith and White258, the
potential drop at the electrode interface can be expressed via the charge density of
the metal 𝜎M as

𝜎M = 𝜀0𝜀C

𝑑C
(𝜙M − 𝜙C) (3.1)

with 𝜙M and 𝜙C being the potentials at the metal surface (distance 𝑑0) and at the
outer border of the Stern layer (distance 𝑑C), respectively. 𝜀0 and 𝜀C denote the
permittivity and the dielectric constant of the inner Helmholtz layer, respectively. The
potential difference between the IHL and the bulk solution determines the exponential
decay of the charge density 𝜎S within the OHL

𝜎S = −𝜀0𝜀S𝜅
2𝑘𝐵𝑇

𝑒
sinh

(︂
𝑒

2𝑘𝐵𝑇
(𝜙C − 𝜙S)

)︂
(3.2)

*The Stern model combines earlier models for the description of interfacial potentials from
Helmholtz, Gouy, and Chapman.34,268
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Figure 3.1.: Schematic representations of the electrode–solution interface and the corresponding
distance-dependent potential profiles within the electrical double layer for (A) specifically adsorbed
ions, following the Stern model268, (B) a surface-attached self-assembled monolayer (SAM) bearing
polar head groups described by the same model, and (C) the same SAM described by a more elaborate
model involving a dipole potential ΨD. Details and explanation of the individual parameters are given
in the text. Figure was taken from ref. 159 and slightly modified.

where 𝜀S is the dielectric constant of the solution and 𝑒, 𝑘𝐵, and 𝑇 are the elementary
charge, the Boltzmann constant, and the temperature, respectively. The symbol 𝜅 is
the Debye-Hückel parameter, the reciprocal of it is the Debye length that represents
the thickness of the electrical layer after that the potential has dropped to 𝑒−1 (approx.
37 %). It is defined as

𝜅−1 =
√︃
𝜀0𝜀C𝑘𝐵𝑇

2𝑁A𝑒2𝐼
(3.3)

where 𝑁A is the Avogadro number and 𝐼 the ionic strength of the electrolyte solution.
With 𝜎S and 𝜎M given, the charge density at the Stern layer can be derived from

the requirement of charge neutrality for the complete system

𝜎M + 𝜎C + 𝜎S = 0 (3.4)

The Stern layer may consist of strongly adsorbing ions that carry an opposite charge
with respect to the electrode surface charge as depicted in Fig. 3.1A. Alternatively, the
Stern layer may also be constituted of larger molecules that form a covalent bond M–X
to the metal surface and build a dense self-assembling monolayer (SAM). These SAM
molecules often carry polar head groups that introduce another electrical component
to the interfacial potential profile and are represented by the dipole potential ΨD,
leading to a more precise and elaborate description of the surface potential at the
Stern layer24 (see Fig. 3.1C).

When a potential that is applied to the metal electrode is chosen in such a way that
𝜙M equals the potential of the bulk solution 𝜙S, no potential difference is observed
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and thus the total charge density of the metal (𝜎M) is zero. As a consequence, also
the electric field perturbing the electrolyte solution is zero and (almost) no adsorption
of charged molecules occurs. Numerous studies on this quantity denoted as potential
of zero charge 𝐸pzc exist and values for bare Ag and Au electrodes are reported.284,298

For metal electrodes that are coated with a tightly packed SAM the effective potential
of zero charge is not easily accessible, although attempts have been made.225,239

3.2. Introduction to Cyclic Voltammetry
In a voltammetric experiment, a potential 𝐸 is applied to the working electrode that is
in contact with an electrolyte solution containing a redox-active species, e.g. inorganic
metal complexes like Fe(CN)6

3– or biomolecules with redox-active reaction centers
such as heme or flavoproteins. The applied potential changes with a constant rate
over time and the resulting current is recorded as a function of the applied potential
(see Figure 3.2). The direction of the voltage scanning can be towards more positive
or more negative potentials and is reversed each time the upper or lower limit of a
pre-defined potential window 𝐸𝜆1 ≤ 𝐸 ≤ 𝐸𝜆2 is reached, thus leading to the name
cyclic voltammetry.

Upon scanning in negative direction the anodic current increases as the oxidized
species located at the surface is reduced by the electrons of the electrode. Due to
the depleted concentration of reactant near the electrode surface, the electron trans-
fer reaction becomes rate-limited by mass transport (mainly diffusion) from the bulk
solution to the electrode and with a growing depletion zone reaches a plateau, i.e.
a peak current value. Since the concentration of the oxidized reactant continuously
decreases, also the diffusion towards the electrode surface and, thus, the current de-
creases. After the potential scan direction reversed at the switch potential 𝐸𝜆1 the
corresponding oxidation reaction of the reduced species occurs and leads, in analogy
to the oxidation reaction, to a cathodic current peak as the electrons are transferred
to the electrode. After reaching the second switching potential 𝐸𝜆2, the direction is
reversed again. These cycles can be repeated as many times as needed.

The equilibrium concentration ratio of oxidized and reduced species at the electrode
surface at a given potential is determined by the Nernst equation as

𝐸 = 𝐸∘′ − 𝑅𝑇

𝑛𝐹
ln 𝑐Red.

𝑐Ox.
(3.5)
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Figure 3.2.: Cyclic voltammogramm of Fe(CN)6
3–/4– in solution with the anodic (green) and

cathodic (blue) peak currents 𝑖pa, 𝑖ca and peak potentials 𝐸pa, 𝐸pa, respectively. The switching po-
tentials where the direction of potential scanning is reversed are 𝐸𝜆1 and 𝐸𝜆2, respectively. (Experi-
mental conditions were: Au working electrode, Pt mesh counter electrode, and a Ag/AgCl reference
electrode; scan rate 𝜐 = 0.01 mV s−1, [K3Fe(CN)6] = 2 mM in an aqueous solution with 100 mM
KCl.)

where 𝐸∘′ is the formal reduction potential and 𝑅, 𝐹 , 𝑇 , and 𝑛 are the universal
gas constant, the Faraday constant, the temperature, and the number of transferred
electrons per molecule, respectively. The respective concentrations of the oxidized
and reduced species are 𝑐Ox. and 𝑐Red.. For reversible reactions, i.e. where the elec-
trochemical reaction at the electrode surface is fast enough and this equilibrium can
be maintained, the potential difference between the anodic and the cathodic peak
maximum denoted as Δ𝐸𝑝 corresponds to 58/𝑛 mV. However, the separation can be
considerably larger for quasi-reversible systems when the change in potential per time,
referred to as scan rate 𝜐, is very fast and the electron transfer is too slow to reach
the electrochemical equilibrium.

The redox-active molecules to be studied can either be in solution or adsorbed
to the surface. For the latter case, the shape of voltammogramms can significantly
differ as diffusion rates are not limiting the electron transfer reaction. The scan rate
dependency of the peak current is an instructive quantity and enables determining
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whether the reactant is in solution or located at the electrode surface: while the
anodic and cathodic peak current 𝑖pa and 𝑖pc linearly depends on the scan rate 𝜐 for
surface-confined electron transfer processes174, it is proportional to 𝜐1/2 for a diffusion-
controlled situation.226 Within this work, these relationships could be applied in the
study of E. coli type II NADH:quinone oxidoreductase (see Section 13.5).
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4.1. Quantum Mechanics
The theoretical description of structures of molecular systems requires methods that
employ a quantum mechanical (QM) treatment, as already briefly discussed for the
interaction processes during IR absorption and Raman scattering (see Section 2.1).
These structural methods aim at calculating ground state properties of the mole-
cule that are mainly determined by its electronic properties since chemical bonding
is essentially an electronic interaction. Therefore, within the Born-Oppenheimer ap-
proximation,35 electrons and nuclei are treated separately, greatly simplifying the
QM approach as it only has to describe the electronic configuration for a set of nuclei
that is fixed in space. In principle, this is accomplished by numerically solving the
Schrödinger equation

�̂�Ψ = 𝐸Ψ (4.1)

with �̂� being the Hamiltonian operator

�̂� = − ℎ̄2

2𝑚

(︃
𝜕2

𝜕𝑥2 + 𝜕2

𝜕𝑦2 + 𝜕2

𝜕𝑧2

)︃
+ 𝑉 (4.2)

in order to obtain the 𝑁 -electron wave function Ψ of the molecular system. This is
possible e.g. by implementing the Hartree-Fock (HF) ab initio method where the wave
function Ψ is approximated by calculating the product of 𝑁 independent one-electron
wave functions.

Ψ = 𝜓a,𝛼(1)𝜓a,𝛽(2) . . . 𝜓z,𝛽(𝑁). (4.3)

with the electron spin 𝛼 or 𝛽. However, this methodology exhibits considerable draw-
backs, as it is very costly in terms of computational effort because it depends on three
spatial coordinates and the spin state for each of the 𝑁 electrons, and thus the com-
putational costs scale with 𝑁4.157 More severe, it neglects electron correlation effects
which leads to quite inaccurate results. Existing post-HF methods that account for
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this are also computationally demanding (up to 𝑁7, e.g. the Møller-Plesset fourth
order perturbation approach, MP4157) and therefore restricted to few electrons and
only small molecules.

In view of these limitations, during recent decades, a different methodology, namely
density functional theory, has gained considerable ground as an alternative approach
to the calculation of molecular structures as it provides less computational effort
(ca. 𝑁3) while taking into account electron exchange and correlation energies and –
especially for d-metal complexes– better agreement with experimental data. The basic
ideas and equations used in this approach are summarized in the following Sections
that are mainly based on references 9,63,126,144.

4.1.1. Density Functional Theory (DFT)

The fundamental aspect of DFT is the focus on the electron density 𝜌(r)* of a molecule
rather than its wave function (like in HF approaches) as the source of information
on properties of the system. As shown in the existence theorem of Hohenberg and
Kohn,124 the electronic energy 𝐸 of the ground state of a molecule is determined by
its electron density. This property in turn is a function of the spatial coordinate r,
giving a function-of-a-function which is a functional, written as 𝐸 [𝜌(r)]. Unlike the
wave function, the electron density of a molecule is a physical observable and can
be measured experimentally, e.g. by X-ray diffraction. The second Hohenberg-Kohn
variational theorem is also central to the idea of DFT and states that the lowest
electronic energy of the molecule always corresponds to the real electron density,124

and thus enables access to the latter by finding the minimum-energy configuration
with convergence procedures. This is achieved by employing the Kohn-Sham (KS)
self-consistent field (SCF) approach158 that introduces a fictitious reference system
with non-interacting electrons that has the same electron density and separates energy
terms for electron–electron interactions and non-classical electron–electron repulsion
(vide infra).

The major challenge now is to find proper expressions of the energy functional in
order to extract accurate energies from the derived electron density. The functional
𝐸[𝜌(r)] is constructed as the sum of different kinetic and potential energy contributions

𝐸[𝜌(r)] = 𝑇ni + 𝑉ne + 𝑉ee + Δ𝑇 + Δ𝑉ee (4.4)

*Note that variables representing a matrix or a vector are generally written upright and in bold
face. The vector r contains the spatial coordinates for all 𝑁 electrons
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where 𝑇ni is the kinetic energy of the non-interacting system, 𝑉ne and 𝑉ee are the
attractive nucleus–electron potential and the repulsive electron–electron potential, re-
spectively, Δ𝑇 is the correction of the kinetic energy for electron interaction effects and
Δ𝑉ee corrects the electron repulsion for non-classical, i.e. correlation and exchange,
contributions. Using atomic units and expressing these terms with KS molecular
orbitals (wave functions) 𝜒𝑖, Eq. (4.4) rewrites as

(4.5)
𝐸[𝜌(r)] =

𝑁∑︁
𝑖=1

(︃⟨
𝜒𝑖|−

1
2∇2

𝑖 |𝜒𝑖

⟩
−
⟨
𝜒𝑖|

𝑀∑︁
𝛼=1

𝑍𝛼

𝑟𝑖 − 𝑟𝛼

|𝜒𝑖

⟩)︃

+
𝑁∑︁

𝑖=1

⟨
𝜒𝑖|

1
2

∫︁ 𝜌(r′)
r𝑖 − r′𝑑r

′|𝜒𝑖

⟩
+ 𝐸xc [𝜌(r)]

for a system consisting of 𝑁 electrons and 𝑀 nuclei. ∇2 is the Laplacian operator,
the spatial coordinates of the electrons and nuclei are r𝑖 and r𝛼, respectively, and 𝑍𝛼

is the atomic number of nucleus 𝛼. The dummy variable r′ runs over all space and
the terms Δ𝑇 and Δ𝑉ee have been combined as the exchange-correlation energy 𝐸xc.
This energy is a functional as well and is typically expressed via the electron density
and an energy density 𝜀xc

𝐸xc =
∫︁
𝜌(r)𝜀xc𝑑r (4.6)

The development of adequate functionals for this exchange-correlation energy is criti-
cal for the accuracy of the DFT method in general and a large number of functionals
with varying contributions is available. Nowadays, mainly two groups of functionals
are commonly implemented, gradient-corrected functionals175 such as BLYP, BP86
and hybrid functionals,22 e.g. B3LYP, B3P86. For instance, the B3LYP functional
consists of several terms:

0.8 S + 0.72 B88 + 0.2 HF + 0.19 VWN(III) + 0.81 LYP (4.7)

with (from left to right) the Slater-Dirac-exchange term,65,256 the Becke-exchange
term, the Hartree-Fock-exchange term, the Vosko-Wilk-Nussair correlation,296 and
the Lee-Yang-Parr correlation.175 The B3LYP and BP86 functionals have also been
used throughout this work (Chapters 10, 11, and 13).

The molecular electron density is calculated from the set of molecular KS orbitals
according to

𝜌 =
𝑁∑︁

𝑖=1
⟨𝜒𝑖|𝜒𝑖⟩ (4.8)
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and each 𝜒𝑖 can be determined from the corresponding one-electron Schrödinger equa-
tion

ℎ̂
𝐾𝑆

𝑖 𝜒𝑖 = 𝜀𝑖𝜒𝑖 (4.9)

with the KS operator defined as

ℎ̂
𝐾𝑆

𝑖 = −1
2∇2

𝑖 −
𝑀∑︁

𝛼=1

𝑍𝛼

r𝑖 − r𝛼

+
∫︁ 𝜌(r′)

r𝑖 − r′𝑑r
′ + 𝛿𝐸xc

𝛿𝜌
. (4.10)

However, since Eq. (4.10) requires the electron density as an input, the whole KS pro-
cess is carried out as an iterative SCF procedure and an initial guess of the molecular
electron density is necessary. This initial electron density 𝜌𝑘=0 is computed from a
basis set of start orbitals for a given molecular geometry and used to obtain the KS
orbitals 𝜒𝑖 from solving the KS eigenvalue equations (Eqs. (4.9) and (4.10)). Eventu-
ally, a new electron density 𝜌𝑘=𝑘+1 is calculated from the KS orbitals using Eq. (4.8)
that can then be employed to determine a better set of molecular KS orbitals 𝜒𝑖. This
process is repeated until the electron density converges and – below a certain threshold
– equals the electron density of the preceding cycle (𝜌𝑘+1 ≈ 𝜌𝑘). With this minimum
electron density, the energy of the molecular system with given nuclear positions is
finally constructed (Eq. (4.5)).

4.1.2. Geometry optimization

Now that the electron density and the energy for a given molecular geometry can
be calculated in an iterative and self-consistent way, the geometry optimization with
DFT is addressed. The electronic energy 𝐸(x) of a system is a function of the spatial
arrangement x of the nuclei that represent a potential 𝑉ne acting on the electrons
and, as stated by the Hohenberg–Kohn theorems, the real energy of the system can
be determined by minimizing this electronic energy. Consequently, a systematic vari-
ation of the nuclear positions in order to find the lowest energy can be implemented.
Generally, 𝐸(x) is expressed as a multi-dimensional potential energy surface (PES)
and the basic steps of finding a minimum on this surface are:

1. Evaluate the PES at the current geometry x using the KS SCF electron density
and the first and second derivatives of the potential energy (i.e. the gradient g
and the Hessian matrix F)

2. Make a step towards the energy minimum by changing the geometry accordingly
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3. Perform various tests to ensure the geometry change approaches the (global)
energy minimum

These steps involve the use of a Newton-Rhapson algorithm with various expansions
to avoid the erroneous approach to local minima or saddle points. A more detailed
description can be found e.g. in Ref. 126.

4.1.3. Vibrational spectra calculation

For a given molecular geometry, the vibrational frequencies of its normal modes can
be determined via a normal mode analysis (NMA) scheme consisting of three steps:

1. Find adequate expressions for the kinetic and potential energy terms of atom
displacement (approximated by a harmonic oscillator, see Chapter 2)

2. Solve Newton’s equation of motion using these energy expressions

3. Set up a force constant matrix and determine the frequencies and (relative)
normal mode amplitudes by solving the set of eigenvalue equations

Regarding step (1), using mass-weighted cartesian coordinates, the kinetic energy
of the 𝑁 -atomic molecule is expressed as96

𝑇 = 1
2

3𝑁∑︁
𝑖=1

�̇�2
𝑖 (4.11)

and the potential energy is approximated as a purely quadratic term derived from a
Taylor series expansion96

𝑉 = 1
2

3𝑁∑︁
𝑖,𝑗=1

(︃
𝜕𝑉

𝜕𝑞𝑖𝜕𝑞𝑗

)︃
0

= 1
2

3𝑁∑︁
𝑖,𝑗=1

𝑓𝑚
𝑖𝑗 𝑞𝑖𝑞𝑗 (4.12)

with 𝑓𝑚
𝑖𝑗 being the mass-weighted force constants (the second partial derivatives of V

with respect to 𝑞𝑖 and 𝑞𝑗). Newton’s equations of motion can be written in terms of
these energies as

d
d𝑡
𝜕𝑇

𝜕�̇�𝑗

+ 𝜕𝑉

𝜕𝑞𝑗

= 0 (4.13)

and yields

�̈�𝑗 +
3𝑁∑︁
𝑖=1

𝑓𝑚
𝑖𝑗 𝑞𝑖 = 0. (4.14)
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Equation (4.14) represents a set of 3𝑁 linear second-order differential equations and
has a general solution of the form

𝑞𝑖 = 𝑎𝑖 cos
(︁√

𝜆𝑡+ 𝜙
)︁

(4.15)

that represents the harmonic motion in the direction of the 𝑖th mass-weighted Carte-
sian coordinate with amplitude 𝑎𝑖 and a vibrational frequency 𝜈 =

√
𝜆/2𝜋. Given this

solution, Eq. (4.14) is rewritten as

3𝑁∑︁
𝑖=1

𝑎𝑖

(︁
𝑓𝑚

𝑖𝑗 − 𝛿𝑖𝑗𝜆
)︁

= 0 (4.16)

with 𝛿𝑖𝑗 being the Kronecker delta, which is zero for all 𝑖 ̸= 𝑗 and equals unity for
𝑖 = 𝑗. This set of 3𝑁 linear equations for 𝑎𝑖 can be expressed in a more compact form
using matrix formalism

a (Fm − 𝜆I) = 0 (4.17)

where Fm is the Hessian matrix that contains the force constants 𝑓𝑚
𝑖𝑗 , I is the identity

matrix, and a is the vector of displacement amplitudes 𝑎𝑖. This equation has the
form of a typical eigenvalue equation with eigenvalues 𝜆 for each eigenvector a of the
square matrix Fm. For each normal mode 𝑘, the frequency 𝜈𝑘 =

√
𝜆𝑘/2𝜋 and the

corresponding atom displacements 𝑎𝑖,𝑘 can be obtained from the 3𝑁 · 3𝑁 determi-
nant (the secular equation) which has 3𝑁 − 6 (3𝑁 − 5 for linear molecules) non-zero
solutions† for 𝜆𝑘

det (Fm − 𝜆𝑘I) = 0 (4.18)

Once the individual 𝜆𝑘 values have been determined, the amplitudes 𝑎𝑖,𝑘 can be
determined using Eq. (4.17). However, only relative amplitudes can be obtained and
normalization via a factor214

𝑁𝑘 =

⎯⎸⎸⎸⎷(︃ 3𝑁∑︁
𝑖=1

𝑎2
𝑘,𝑖

)︃−1

(4.19)

is required. The amplitudes describe the character of a normal mode as they quantify
the displacement for each atom 𝑖 in each normal mode 𝑘. A very similar approach
using internal coordinates instead of Cartesian coordinates yields a quantitative and

†For nonlinear (linear) molecules, there are 6 (5) solutions that refer to translational and rotational
motion and thus need to be zero in the secular equation
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meaningful description for each normal mode in the form of a potential energy distri-
bution (PED) that comprises the relative contributions of each internal coordinate to
that normal mode.

Eventually, based on the selection rules for the molecular IR absorption and Ra-
man scattering processes (see Section 2.1), the normalized amplitudes are utilized to
calculate the vibrational intensities for the molecular system.

4.2. Molecular Mechanics
In this work, different biomolecular systems such as proteins are investigated by means
of computational methods. These systems typically contain large numbers of atoms
in the 103 to 106 range which is far beyond the limits (restricted by computational
power) of exact electronic structural methods such as HF or DFT. As a consequence,
several simplifications are made in order to enable the study of structural dynam-
ics of such large systems. Within a molecule, atoms are considered hard spheres
that are partially charged and interatomic bonds are described as mechanic springs.
Furthermore, the existence of electrons is neglected. The whole system can then be
described by Newtonian mechanics and its global energy function is termed a classical
force field. By characterization of the potential energy of a system, information on
e.g. stable conformations, protein aggregation or folding pathways is accessible. The
potential energy 𝑉 of a molecular system now depends on the spatial coordinates
{𝑟1, 𝑟2, . . . , 𝑟𝑀} of all 𝑀 nuclei of the system and is typically constructed of different
terms representing the bonding and non-bonding types of atomic interactions

𝑉 = 𝑉bonded + 𝑉non-bonded. (4.20)

The term 𝑉bonded contains elements for bond stretching, angle bending, bond rota-
tions (torsions), and out-of-plane movements (improper torsions), while 𝑉non-bonded

represents the sum of van-der-Waals (vdW) and electrostatic energies:

𝑉bonded = 𝑉stretch + 𝑉bend + 𝑉torsion + 𝑉improper (4.21)
𝑉non-bonded = 𝑉vdW + 𝑉elect (4.22)
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Figure 4.1.: Schematic representation of the motions and interactions within a molecule and their
associated potential curves. From top left to bottom right the depicted internal coordinates are:
bond stretching, angle bending, bond rotation (torsion or dihedral movement), out-of-plane move-
ment (improper torsion), van-der-Waals interactions, and electrostatic interactions. Stretchings,
bendings, and improper torsions are described by quadratic harmonic potential functions, dihedrals
are described by a periodic potential function, the non-bonding van-der-Waals and electrostatic in-
teractions follow a Lennard-Jones and a Coulomb potential function, respectively. Figure 4.1 was
created based on Ref. 144.

The individual terms given in Eqs. (4.23) and (4.24) are visualized in Figure 4.1 and
will be explained in more detail for the CHARMM force field186 that is most widely
used for the potential energy description in biomolecular systems.

𝑉bonded =
∑︁

bonds
𝐾𝑏(𝑏− 𝑏0)2

+
∑︁

angles
𝐾Θ(Θ − Θ0)2

+
∑︁

torsions
𝐾𝜉(1 + cos(𝑛𝜉 − 𝛿))

+
∑︁

improper
𝐾𝜙(𝜙− 𝜙0)2

(4.23)

𝑉non-bonded =
∑︁
vdW

𝜀𝑖𝑗

⎡⎣(︃𝑅min,𝑖𝑗

𝑟𝑖𝑗

)︃12

− 2
(︃
𝑅min,𝑖𝑗

𝑟𝑖𝑗

)︃6
⎤⎦

+
∑︁
elect

𝑞𝑖𝑞𝑗

4𝜋𝜂𝑠𝑖𝑗

(4.24)

For the interaction in pairs of bonded atoms the bond stretching is represented
according to Hooke’s law by a harmonic potential (first term in Eq. (4.23)) that
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depends on the deviation of the bond length 𝑏 from its equilibrium bond length 𝑏0.
The force constant 𝑘𝑏 defines shape of the potential well for the individual atom pairs.
Angle bendings between three atoms are described in a very analogeous way (second
term in Eq. (4.23)), with an equilibrium angle Θ0, the angle Θ and a force constant
𝑘Θ. For torsional motions, four atoms are involved, and a periodic potential function
(third term in Eq. (4.23)) takes into account the torsional angle 𝜉, the phase shift
𝛿, the force constant 𝑘𝜉, and the factor 𝑘 represents the multiplicity of the periodic
function (𝑘 = 1, 2, 3, . . .). Improper torsions, or out-of-plane bendings, also involve
four atoms and the angle between two trigonal planes (see Fig. 4.1) again follows a
harmonic potential function (fourth term in Eq. (4.23)) with the angle 𝜙 deviating
from the equilibrium position 𝜙0 and a force constant 𝑘𝜙.

Non-bonded interactions involve a vdW energy term (first term in Eq. (4.24)) de-
scribed by a Lennard-Jones potential for atoms 𝑖 and 𝑗 that are separated by more
than three bonds and found at a distance 𝑟𝑖𝑗. The term contains an attractive ()6 and
a repulsive ()12 part, and the Lennard-Jones parameters 𝑅min,𝑖𝑗 and 𝜀𝑖𝑗. The second
potential energy term included in non-bonded interactions takes into account that
equal and opposite charges repel and attract each other and has the form of a simple
Coulomb potential function with the partial charges 𝑞𝑖 and 𝑞𝑗 for the atoms 𝑖 and 𝑗

again found at a distance 𝑟𝑖𝑗 from each other. 𝜂 is the in vacuo dielectric constant,
often described as 𝜀0.

All those parameters need to be chosen carefully in order to obtain an adequate
potential energy function for the investigated system. Mostly, they can be obtained
from quantum mechanical calculations of small reference systems or from experiments
(this process is called force field parametrization), however, a major drawback is that
parameters which were obtained and optimized for one system cannot be transferred
to another molecular system (e.g. from molecules forming liquids to biomolecules)
but need to be re-evaluated or even re-parametrized.

4.3. The hybrid QM/MM approach
Large chemical systems with up to 106 atoms can be treated by the MM methodology
introduced in the preceding section, that principally allows for e.g. the characteri-
zation of large macromolecules and their conformational states. However, questions
that involve electronic properties, such as chemical reactions, molecular polarizability,
charge transfer processes or electronic excitation can only be adressed with ab initio
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or semiempirical electronic structural methods that are, mainly due to computational
effort, restricted to only 200 atoms‡. Warshel and Levitt305 were the first to introduce
a hybrid quantum mechanics/molecular mechanics (QM/MM) method in order to
overcome the system size limitation and treat large systems even under consideration
of electronic properties. The QM/MM scheme subdivides the whole system in two
parts, a small QM fragment and a large MM fragment. The QM fragment contains
the region of interest that should be treated as accurate as possible and thus is de-
scribed at the quantum mechanical level. The influcence of the remaining part of the
system on the QM part is considered at the molecular mechanics level. The influence
of the environment on specific parts of the system is particularly relevant for biomo-
lecules,246,247 where the active part (QM region) is surrounded by other residues and
a large number of solvent molecules. The QM/MM approach thus enables the com-
bination of the accuracy of a QM description under consideration of environmental
effects in a computationally controllable manner.

Generally, the overall energy of such a hybrid system can be constructed according
to an additive or a subtractive scheme. In the latter, the energy of the whole system
is calculated on the MM level and the energy of the QM part, also calculated on the
MM level, is subtracted in order to avoid double counting. The last term 𝐸QMpart

QM then
adds the energy of the QM part on the QM level. However, this approach requires
the MM parametrization of the QM region, which often comprises unusual bonding
situations or transition metal complexes and the availability of adequate parameters
is rather poor. Furthermore, the interface region between the QM and the MM part
is treated at a MM level which might lead to quite inaccurate results. Thus, instead
of the subtractive scheme, the additive scheme is commonly used and has also been
employed in this work. It consists of the energies for the MM part calculated on
the MM level and the QM part calculated on the QM level and an additional term
𝐸QM/MM that considers the coupling between the two regions:

𝐸total, sub = 𝐸all
MM − 𝐸QMpart

MM + 𝐸QMpart
QM (4.25)

𝐸total, add = 𝐸QMpart
QM + 𝐸MMpart

MM + 𝐸QM/MM (4.26)

‡the limit used to be around 100 atoms, but computational power has significantly improved over
the last few years and systems with more than 200 atoms have successfully been investigated with
QM methods.91
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The proper description of this interaction of the QM and MM region is crucial to the
QM/MM approach and involves bonded and non-bonded contributions

𝐸QM/MM = 𝐸bonded
QM + 𝐸vdW

QM + 𝐸elect
QM . (4.27)

Covalent interactions between the two regions are represented by the 𝐸bonded
QM term

that only exists in case the boundary between QM and MM regions cuts through one
ore more covalent bonds. To account for the interaction energy, mainly two approaches
are implemented. Within the frozen orbital scheme98,208,305, fixed hybrid orbitals simu-
lating bond saturation are placed at the border. The link atom scheme86,254 introduces
additional atoms, typically hydrogen, in order to saturate the broken bond(s) for the
QM part. The link atom is non-existent within the MM region, however, the forces
on it calculated during the QM step are distributed over the two atoms forming the
covalent bond across the boundary. In order to maintain the interatomic distance,
the chemical bond between the QM and MM atom is usually described by a harmonic
stretching potential function.

Dispersion interactions are considered in 𝐸vdW
QM at the MM level of theory and

usually have the form of Lennard-Jones potential as already described in Eq. (4.24). A
proper description of the vdW parameters for both the QM and MM part is necessary.

Electrostatic interactions between the QM and MM regions are described either
by electrostatic embedding, i.e. the QM part is embedded in and thus polarized by a
cloud of point charges of the surrounding MM part. This is realized as an additional
term in the QM hamiltonian. However, in this scheme the change in QM charges
caused by the MM charges does not, in turn, affect the charge distribution within
the MM region as polarizable non-standard force fields would be required. This more
advanced approach is termed polarizable embedding and nowadays several force fields
exist for this purpose.
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Experimental Details
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5. Spectroscopic and Electrochemical
Measurements

5.1. General Remarks
If not noted otherwise, potentials reported in this work always refer to the Ag/AgCl
3.0 M KCl reference electrode system that is shifted +210 mV compared to the Stan-
dard Hydrogen Electrode (SHE) system. As an example, a potential of +80 mV vs.
Ag/AgCl corresponds to +290 mV vs. SHE.

5.2. Surface-enhanced Infrared Absorption
Spectroscopy

The spectroelectrochemical cell Surface-enhanced infrared absorption (SEIRA)
spectroscopy was performed on a trapezoidal silicon (Si) prism of dimensions 2.5 cm
x 2.0 cm x 1.0 cm typically used for FTIR measurements in the attenuated total re-
flection (ATR) mode. It was covered with a nanostructured Au film (vide infra) and
mounted to a home-made glass cell as depicted in Figure 5.1. The double-walled
glass cell was connected to rubber tubes and temperature-controlled to 27 ∘C during
experiments (if not noted otherwise) using a water bath thermostat. From the top,
a gas tight septum was installed that integrated a Pt mesh and a Ag/AgCl (3.0 M
KCl) electrode (World Precision Instruments) as counter and reference electrode, re-
spectively. The cell was purged with Ar through gas in- and outlets to remove oxygen
during experiments.
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Figure 5.1.: Spectroelectrochemical cell used for SEIRA spectroscopy and Electrochemistry. See
text for a more detailed description.

Deposition and Cleaning of Au Films On top of the prism used for SEIRA spec-
troscopy a nanostructured gold film was deposited chemically following the protocol
of Miyake et al.194 The underlying chemical reactions are the oxidation of Si0 and the
reduction of Au3+ ions according to

Si0 (s) + 6 F− (aq) −−→ SiF6
2− + 4 e−

AuCl4− (aq) + 3 e− −−→ Au0 (s) + 4 Cl− (aq)

After polishing the Si prism surface with an aqueous alumina suspension (ca. 6 µm
grain size) it was rinsed with water and immersed in a 400 mg/ml NH4F solution for
120 s in order to remove the silicon oxide layer. It was then installed in a water bath
at 65 ∘C and covered with a gold plating solution for ca. 60 s to form a homogeneous
gold film. The plating solution was composed of three components: 2 % (w/w) HF,
0.1 M Na2S2O3, and 0.1 M NH4Cl in a 1:1:1 volume ratio. Eventually, the Au film was
rinsed with water and the prism was mounted to the spectroelectrochemical cell for
electrochemical surface cleaning.

To form a reproducible nanostructured Au surface the gold electrode was elec-
trochemically cleaned and roughened in a 0.1 M H2SO4 or 0.1 M HClO4 solution by
applying six oxidation-reduction cycles at a scan rate of 50 mV/s in a 0.2 V to 1.5 V
potential range. The surfaces obtained with different electrolytes were very similar
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according to voltammetric profiles and electroactive surfaces. For the last cycle, the
charge passed during reductive stripping of the Au oxide layer (see Fig. 5.2) was used
in order to determine the surface roughness factor, i.e. the ratio of real electroactive
surface area and geometric surface area. For SEIRA Au films the charge per geometric
area of 0.785 cm2 was compared to the value of 390 µC/cm2 for polycrystalline Au285

and resulted in roughness factors of 2.8 ± 0.3 (at least five individual measurements
were averaged) similar to the values of 3.0 ± 0.5 obtained for Au disk electrodes (see
Section 5.5).
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Figure 5.2.: Voltammogram for the surface cleaning process of a SEIRA Au film (see text for details),
shown is cycle 6 of 6. The area corresponding to the charge Q passed during electrode reduction at
ca. 900 mV is colored in light purple. It is used for determination of the real electroactive electrode
area.

Spectrometer SEIRA spectra were recorded using either a Tensor27 or IFS66v/s
FTIR spectrometer (Bruker). Both are equipped with a globar as source for IR
radiation, a Michelson interferometer, and a liquid N2-cooled HgCdTe photovoltaic
detector. Atmospheric water vapor and oxygen are removed from the beam path
to avoid interference. In the IFS66v/s model the sample compartment is constantly
flushed with Nitrogen while all other parts mentioned above operate under vacuum.
For the Tensor27 model no evacuation is available, all compartments are purged with
Nitrogen. For each spectrum 400 scans in the 1000 cm−1 to 4000 cm−1 range at a
spectral resolution of 4 cm−1 were summed.

5.3. Resonance Raman Spectroscopy in Solution
For Resonance Raman (RR) spectroscopy in solution a rotating cylindrical quartz
cuvette developed by Kiefer et al.150 was used. The ring-shaped sample compart-
ment had an inner diameter and height of 21.3 mm and 3.0 mm, respectively, with a
maximum volume of ca. 200 µl. The cell was rotated with frequencies around 10 Hz
in order to create a homogeneous thin film of sample solution on the wall of the
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sample compartment. In this way, the necessary amount of sample solution reduces
considerably and the constant motion of the sample through the laser light minimizes
photodegradation or photoreduction effects. A 20x objective (numerical aperture N.A.
0.35) was used to focus the laser beam onto the side wall of the sample chamber at
an incident angle of 90∘ with respect to the rotational axis and Raman scattered light
was collected in the 180∘ backscattering mode. The optimal focussing was achieved
by recording spectra with only 1 s or 2 s acquisition time and adjusting the distance
between objective and cell until maximum signal intensity of the sample was achieved.
Laser power was set to values in the 1 mW to 10 mW range.

As a calibration, the Raman spectrum of pure toluene was measured before each
set of measurements. The difference between actual and ideal peak position of the
high intensity band at 1004.0 cm−1 29,311 was used to shift all spectra measured during
the set of measurements,

𝜈𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 = 𝜈𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + Δ𝜈𝑡𝑜𝑙 (5.1)

with Δ𝜈𝑡𝑜𝑙 = (1004.0 − 𝜈𝑡𝑜𝑙,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑), in order to provide comparability of spectra and
band positions throughout different individual sets of experiments.

Spectrometer Raman spectroscopic data was recorded with a confocal setup consist-
ing of a LabRam spectrometer (Horiba Jobin Yvon, LabRam HR800 ) with connected
microscope unit (Olympus BX41 ) and 20x objective. As laser source a Kr+ or Ar+

ion laser (Coherent Innova 400 ) was used depending on the wavelength suitable for
the individual experiment. The spectrometer grating position was calibrated before
each experiment by adjusting the peak position of a Hg lamp emission line to exactly
435.83 nm.

5.4. Surface-Enhanced Resonance Raman
Spectroscopy

For surface-enhanced Raman spectroscopy measurements a home-built cell made of
polyoxymethylene was used. The volume was ca. 10 ml and it was equipped with
quartz windows for the incident and scattered light and gas in- and outlets. The
Ag ring electrode was mounted on a rotating shaft and then installed inside the cell
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to form a gas tight compartment. For spectroelectrochemical experiments a three-
electrode setup with a Ag/AgCl electrode, a Pt wire and the Ag ring serving as
reference, counter, and working electrode, respectively, was connected. Before and
during experiments the cell was purged with Ar to remove oxygen. The laser beam
was focused onto the ring electrode surface and scattered light was collected in a
180∘ backscattering setup. The Ag ring was rotated to avoid local sample heating
and photoreactions possibly caused by the incident laser light. As for resonance
Raman spectroscopy, the spectrometer was calibrated using a toluene spectrum (see
Section 5.3).

Preparation of the Ag electrode surface Raman spectroscopy of surface-immobi-
lized molecules was performed using Ag ring electrodes (dimensions: radius 3 mm,
height 2 mm to 3 mm) with modified surfaces. To exploit the surface enhancement
effect for drastically increased signal intensity (see Section 2), the formation of a
nanostructured metal surface is necessary which was carried out as described in the
following.

The ring electrode was polished with sand paper of decreasing grain size (30 µm,
9 µm and 5 µm) until mirror-like appearance and then cleaned in an ultrasonic bath
with water and EtOH for 5 min each. Subsequently, the surface was treated electro-
chemically in a three-electrodes setup using a 0.1 M KCl solution. A negative potential
of −2 V was applied for 40 s to form reactive hydrogen species from the aqueous so-
lution in order to cleanse the metal surface from organic impurities and adsorbed
oxygen.76 The electrode was rotated to remove the H2 layer from the electrode so-
lution interface. After purging the cell with Argon for at least 15 min to ensure an
oxygen-free environment, a specific procedure of oxidation and reduction steps listed
as steps 1-7 in Table 5.1 was applied to the electrode. Before cleaning it thoroughly
with H2O, the Ag electrode was kept at −500 mV for additional 300 s which was found
to considerably improve the signal enhancement and stability.249
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step 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 / V time t / s

0 −2.0 40
1 0.3 60
2 −0.3 60
3 0.3 20
4 −0.3 20
5 0.3 20
6 −0.3 30
7 −0.5 300

Table 5.1.: Details of the electro-
chemical Ag surface treatment to pro-
duce SER-active nanostructures. Dur-
ing step 0 the electrode was rotated.

Figure 5.3.: Applied potential (top) and result-
ing current (bottom) during the reduction oxida-
tion cycles as listed in Table 5.1

5.5. Electrochemistry
Cyclic Voltammetry was employed either in an electrochemistry-only setup with Au
disk electrodes, or in combination with SERR and SEIRA spectroscopy (spectroelec-
trochemistry). The latter used Ag ring electrodes and Au films on a silicon support,
respectively, and are described in detail in the Raman and SEIRA instrumentation
(Sections 5.2 and 5.4).

Au disk electrodes were utilized for studies on NDHII from E. coli (Section 13).
This setup allowed for a much quicker investigation compared to the spectroelectro-
chemical cell, e.g. faster redox equilibration, easier exchange of substrate in solution,
etc. A homemade electrochemical glass cell was equipped with the same reference
and counter electrodes of the SEIRA spectroelectrochemical cell but with a different
working electrode, a 2 mm diameter disk electrode (Chambria Scientific). For surface
cleaning, this electrode was immersed in Piranha solution (H2SO4 and H2O2 mixed in
a 3:1 (v/v) ratio) at room temperature for 5-10 min and, after rinsing with H2O, sub-
sequently polished with a 50 nm grain size alumina suspension (Buehler MasterPrep
Polishing Suspension) until visual inspection revealed a mirror-like surface appearance.
After the alumina was removed with an ultrasonic bath, the electrode was subjected
to the same electrochemical treatment in H2SO4 or HClO4 followed by SAM formation
as described for the SEIRA Au electrode (Section 5.2). Electrode roughness factors of
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3.0 ± 0.5 were obtained for the Au disk electrodes, averaging at least five independent
measurements.

5.6. Preparation

5.6.1. Self assembled monolayers

Since it was found that bare metal surfaces such as roughened silver exert forces on
adsorbed biomolecules that lead to (partial) structural alterations or even denatura-
tion,261 a variety of strategies was tested in order to circumvent these experimental
concerns. Among them, self-assembled monolayers formed from alkanethiols have es-
tablished as a simple and suitable way to achieve native structures of proteins and
enzymes that are adsorbed in close distance to the metal surface. The SAM molecules
form covalent sulfur-metal bonds and tightly packed, dense monolayers with approxi-
mately uniform orientation at the metal surface. Guided by the nature and the surface
properties of the individual protein, SAM molecules with different head groups can
be used to provide appropriate interactions such as hydrophobic, electrostatic, or co-
valent bond formation in order to ensure stable adsorption at the SAM-coated metal
electrode surface. This approach was extensively utilized within this thesis and the
corresponding details for all experiments are given in the following subsections of
this section. Representatives of different SAM immobilization strategies are given in
Figure 5.4.
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Figure 5.4.: Overview of alkanethiols with different functional head groups in 𝜔-position that are
suitable to immobilize proteins on metal surfaces. See text for details.

The Au/C6 –NH2/NDHII system. For all experiments with immobilized E. coli
NDHII, a SAM carrying an amine head group was formed on the pretreated Ag or
Au surface (see Sections 5.4 and 5.2). The nanostructured surface was immersed in a
1 mM solution of 6-aminohexane-1-thiol in EtOH/H2O in a 4:1 (v/v) ratio for 14-16 h
at 4 ∘C. At physiological pH around 7.0 used in the experiments, a fraction of ca. 10 %
of the amine head groups is protonated328 forming a positively charged ammonium
moiety suitable for electrostatic binding interaction.

A description of the spectroscopic monitoring of the protein adsorption process to
this monolayer is found in Figure 13.3 in Chapter 13.

The Au/MUA-MU/cytc system. Cytochrome c (cytc) comprises areas of positive
surface charge and thus can be immobilized via electrostatic interaction with neg-
atively charged SAM head groups, as exist in 11-mercaptoundecanoic acid (MUA).
However, it was found that the electron transfer rates from adsorbed cytc to the
electrode are drastically slowed down for SAM surfaces at high pH compared to the
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electron transfer rates measured in the same system at neutral pH. This was attributed
to the SAM carrying a large negative charge density at high pH.134 As a consequence,
in this work the negative charge density of MUA SAMs at neutral and moderately high
pH was diluted by using a mixture of MUA and uncharged 11-mercaptoundecan-1-ol
(MU) during SAM formation.

This was achieved by co-adsorption from a 1 mM MUA/1 mM MU ethanolic solution
covering the cleaned Au surface for ca. 18 h at 4 ∘C in the dark. After removing the
excess solution by gently rinsing with H2O, the SAM-coated electrode was subjected to
an aqueous 50 µM solution of cytochrome c containing 5 mM KPB and 10 mM NaClO4

with either pH 7.0 or pH 9.5, depending on the individual experiment. Adsorption
also occured at 4 ∘C.

Monitoring this adsorption process with SEIRA difference spectoscopy showed that
the absolute intensity and the amide I/amide II intensity ratio reached constant val-
ues within 1 h and thus stated a completed adsorption and orientation of the cytc
molecules (see e.g. Figure 7.5 in Chapter 7.2). However, the adsorption process was
continued for at least 2 h for all experiments in order to stay closer to the preparation
protocol of previous experiments (see caption of Figure 7.1).
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The pH Dependence of Cytochrome c
from S. cerevisiae - A Spectroscopic
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6. A brief Introduction to
Cytochromes

Cytochromes are proteins involved in several of the most important biological reac-
tions, such as aerobic respiration, oxidative stress regulation52,54, and cell apopto-
sis.143,217 Their function varies from electron carriers or signal transducers to enzymes
catalyzing substrate metabolization (e.g. cytochrome P450). Cytochromes carry one
or more hemes as a cofactor which consists of an iron core atom four-fold coordinated
by a porphyrin. Two further axial coordination sites can be either fully occupied (six
coordinated, 6c) by amino acid side chains of the surrounding protein (e.g. His, Lys,
Cys), by endogenous or exogenous small molecules (e.g. O2, CO, H2O), or can be
partially vacant (five coordinated, 5c). The Fe atom can reversibly switch between
the two redox states Fe2+ (ferrous form) and Fe3+ (ferric form). Furthermore, fol-
lowing the ligand field theory for an octaedrical coordination pattern, the iron atom
d-orbitals split into destabilized two-fold degenerate and stabilized three-fold degen-
erate orbitals with 𝑒𝑔 and 𝑡2𝑔 symmetry, respectively, leading to two different possible
electronic configurations for the heme iron atom. Depending on the energy difference
Δ𝑂 between the two sets of d-orbitals that is determined by the oxidation state of the
metal atom and the number and nature of the ligands, either high spin (HS) or low
spin (LS) states are formed. Hemes with a 5c or 6c ligation pattern involving weak
field ligands (resulting in a low Δ𝑂) typically form HS configurations while strong
field ligands lead to high Δ𝑂 favouring the formation of a LS Fe atom.

Different types of hemes can be incorporated in cytochromes, the most common ones
denoted as a-, b-, or c-type hemes. Structural differences are found at the C3, C8, and
C18 positions of the porphyrin as indicated in Figure 6.1. Heme a carries an isoprenoid
farnesyl substituent and a formyl group in C3 and C18 positions, respectively, for b-
as well as c-type hemes a vinyl and a methyl group are found at these positions.
While hemes of type a and b are attached to the protein matrix via non-covalent
interactions, the two vinyl groups of c-type hemes form covalent thioether bonds to
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cysteines located in a highly conserved CXXCH motif of the apocytochrome c. Non-
covalent binding can be realized by e.g. the ligation of the heme iron by an amino
acid side chain of the cytochrome and/or electrostatic and hydrophobic interactions.
Involvement of histidines as anchoring ligand is observed for the majority of b-type
hemes and, additionally to the covalent bonds, also for c-type hemes.

The respiratory chain of aerobic organisms involves different types of heme pro-
teins and consists of four large multisubunit protein complexes that create a trans-
membrane proton gradient which constitutes the driving force for ATP synthesis via
ATP synthase. Located at the inner mitochondrial (or bacterial) membrane, these
complexes are linked by the small electron carriers ubiquinone (UQ) and cytochrome
c (cytc) that can diffuse inside (UQ) or along (cytc) the lipid membrane. Cytochrome
c is a 13 kDa heme protein that accepts electrons from ubiquinol/cytochrome c oxi-
doreductase (also known as cytochrome bc1 complex or complex III) and then transfers
them to the terminal cytochrome c oxidase (complex IV) which eventually reduces
oxygen to water.

The catalytically active subunits of the multisubunit cytochrome bc1 complex are
two cytochromes b𝐿 and b𝐻 , one Rieske iron-sulfur protein harbouring a [2 Fe–2 S]
iron-sulfur cluster, and a cytochrome c1. Electron transfer (ET) occurs from ubiquinol
to the iron sulfur cluster in the Rieske protein subunit which undergoes an intramolec-
ular domain movement in order to reduce cytochrome c1.326 Finally, electrons are
passed to cytc that binds to the cytochrome c1 subunit.42,170

Cytochrome c oxidase (CcO) accepts electrons from cytc and is an integral mem-
brane protein harbouring two Cu metal centers Cua and Cub as well as two hemes
denoted as a and a3. The Cub atom and the heme a3 iron atom are located only
4 Å apart from each other139,286 and form the bimetallic active site where dioxygen
binding and reduction occurs. In order to reduce one molecule of O2 to water, four
electrons are necessary, delivered by four molecules of cytc. The ET pathway in CcO
leads from cytc via the Cua site to heme a and subsequently to the heme a3 –Cub bin-
uclear active site.308 During the same reaction cycle a total of eight protons is taken
up from the matrix side: four protons are consumed to reduce O2 to H2O and four
protons are translocated across the membrane contributing to the trans-membrane
proton gradient.57,308

The electron carrier cytochrome c is a small single heme protein with ca. 104 amino
acids and one of the most studied heme proteins due to its high availability, very good
solubility in water, and high stability. It is found in almost all organisms like bac-
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Figure 6.1.: Structures of the heme types a, b, and c. For the b-type the general heme atom
numbering is shown in grey. Structural differences at C3, C8, and C18 position of the porphyrin
are marked in red. Heme c is covalently attached to the protein matrix (CXXCH motif) via two
thioether bonds with the side chains of residues Cys14 and Cys17, indicated as wavy lines.

teria, fungi, plants, animals, and humans and can reversibly withstand a wide pH
and temperature range. However, the three-dimensional structure is determined by
very specific intramolecular interactions that partially undergo changes upon external
stimuli. Also the interaction of the incorporated heme group with the protein may be
altered, i.e. ligand replacements or changes in electrostatic and H-bonding interac-
tion with the heme pocket can occur. Structural changes were shown to be essential
for correct interaction of cytc with all of its physiological reaction partners, i.e. the
cytochrome 𝑏𝑐1 complex170, cytochrome c oxidase119,120, cytc peroxidase110, and also
the membrane lipid cardiolipin during pro-apoptotic activity.110,143 Since cytochrome
c was surprisingly discovered to be a key component in apoptosis initiation182 research
focussed on the functional diversity of this molecule132,217 and a tight interdependence
of specific function and molecular conformation became evident. In general, proteins
may alter parts of its tertiary and secondary structure due to changes in H-bonding
networks and upon interaction with small molecules, other proteins, surfaces, mem-
branes, or upon changes of environmental conditions such as pH, ionic strength or
temperature. For heme proteins, these changes can be studied extraordinarily well,
as the heme moiety is a suitable reporter group that is very sensitive to structural
changes in its environment. The iron core spin state (HS/LS), the oxidation state
(2+/3+), as well as the ligation pattern (5c/6c) can readily be accessed by means
of vibrational (Raman, Infrared) spectroscopy, electronic UV/vis spectroscopy, and
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electrochemistry and can provide detailed information about even small changes in
protein cofactor interactions and the actual protein structure.

In the following chapter the spectroscopic and electrochemical study of wild-type
and the protein variants M80A and M80A/T67H of S. cerevisiae (yeast) cytochrome c
under varying pH conditions between 2.0 and 9.5 is described. The work aims at con-
tributing to the comprehensive understanding of the structure-function relationship in
order to clarify the physiological relevance for a conformer that is formed at alkaline
pH. Second, it aims at determining the role played by specific residues Met80 and
Tyr67 for the stability of cytc conformations and their transition dynamics at neutral
and low pH, respectively. The detailed study of acid-induced unfolding of cytc as a
model protein contributes to the understanding of general principles of folding and
unfolding processes in proteins.
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7. Structural Investigation of
Cytochrome c at high pH

Cytochrome c exhibits a multi-step pH-dependent equilibrium of different conforma-
tional states which mainly includes changes in the ligation of the iron atom located
in the single heme moiety and its immediate environment.20,281 In solutions with
pH values between 9.0 and 11.0 an equilibrium of two alkaline species with a non-
native ligation pattern is known to form where the axial ligand Met80 is replaced
by nearby Lys73 or Lys79, respectively.5,73,75,85,235 The exact pK 𝑎 depends on the or-
ganism, for yeast cytc it is 8.5 ± 0.1.312 These conformations exhibit redox potentials
of ca. −440 mV for the Fe2+/Fe3+ redox reaction17,312, highly downshifted compared
to 60 mV for native cytc in solution71,134 and ca. (10 ± 30) mV adsorbed to coated
Ag192,193 or Au19,61,134,171,193 surfaces at pH 7.0 (depending on the detailed experi-
mental conditions and the organism). Upon further increase of the solution pH to
values above 11.0, the non-native axial ligand is replaced again by a hydroxyl anion
which, although usually being considered a weak field ligand, leads to the formation
of a LS heme species75,255, likely due to H-bonding with surrounding amino acid side
chains. Despite the long time the alkaline species has been known and studied, the
physiological relevance of this cytc conformer as well as the trigger event that initiates
its formation are not fully understood.312,325 However, as the primary function of cytc
is electron shuttling along a membrane, it is somewhat surprising that most studies
of this alkaline state are performed in solution and only very few studies investigate
cytc attached to a membrane or to biomimetic surfaces. The work described in this
chapter addresses the question if the alkaline form of cytc has any relevance regarding
the protein’s function as an electron carrier, i.e. if it can also be observed for cytc
that is associated to a membrane or membrane-like surface.

As described in Section 5.6.1, the protein immobilization on metal electrodes by
means of biomimetic self-assembling monolayer (SAM) interfaces is a particularly
suitable approach for mimicking a physiological membrane environment and preserv-
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ing the native conformation of cytc while it also enables the use of electrochemistry
and highly sensitive surface-enhanced Raman spectroscopy to study a wide range of
its structural and electron transfer properties. By using SAM molecules of different
chain lengths the distance between the redox active heme and the electrode can be
tuned as desired, e.g. in order to study (heterogeneous) electron transfer kinetics
of the protein.162,204 Due to specific protein-SAM interactions the orientation of the
cytc molecules is not random but roughly uniformly oriented with respect to the elec-
trode. However, dynamic reorientation of the adsorbed protein, e.g. as a reaction to
external electric fields, is possible and can even constitute the rate-limiting step for
heterogenous ET of immobilized cytc at short SAM chain lengths.162

Cytc has a surface patch of positively charged amino acid residues and can be immo-
bilized via electrostatic interaction at an electrode coated with SAM molecules bear-
ing a negatively charged COO– head group. Multiple lysine residues near the heme
crevice that are important for binding to its physiological reaction partners228,260,304

also contribute to the this electrostatic surface attachment.314 These are i.a. Lys8,
Lys13, Lys27, and the aforementioned solvent-exposed Lys73 and Lys79 that replace
Met80 in the alkaline species.

Figure 7.1 shows cyclovoltammetric data of cytc that was immobilized at a gold
wire electrode coated with a mixture of 11-mercaptoundecanoic acid (MUA) and 11-
mercaptoundecanol (MU) (M. Borsari, unpublished results). The voltammetric curves
show the redox peaks for cytc that was immobilized and studied at pH 7.0 or pH 9.5,
respectively. For reversible and quasi-reversible electrochemical processes of adsorbed
species, the midpoint potential 𝐸1/2 = (𝐸𝑝,𝑐 + 𝐸𝑝,𝑎)/2 equals the formal reduction
potential 𝐸∘′ that was found to be −20 mV at neutral pH, corresponding to a na-
tive conformation with a Met/His heme ligation pattern. At high pH, the apparent
midpoint potential 𝐸1/2,𝑎𝑝𝑝 is shifted ca. 400 mV to more negative potentials as it is
expected for formation of a cytc alkaline species. However, electrochemical meth-
ods are not able to provide any structural information for the molecule. Thus, in
order to complement electrochemical data with structural information collected si-
multaneously at the same electrode, surface-enhanced resonance Raman (SERR) and
surface-enhanced infrared absorption (SEIRA) spectroscopy have been employed.
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Figure 7.1.: Cyclic voltammogram of cytc on a Au electrode surface coated with MUA/MU, protein
was immobilized and studied at pH 7.0 (light trace) and pH 9.5 (bold trace), respectively (M. Borsari,
unpublished results). Data was recorded at 5 ∘C in an aqueous buffer with 5 mM NaClO4 and 10 mM
Na3PO4 as electrolytes, the scan rate was 50 mV/s.

7.1. Cytc on coated Ag electrodes
Cytc was immobilized on a SAM-coated Ag electrode surface at pH 7.0 and pH 9.5,
respectively. The corresponding SERR spectra at an applied potential of +50 mV are
shown in Figure 7.2, top panel. Except from subtle differences in absolute intensity
almost no spectral difference can be observed for cytc immobilized and studied at
neutral and at medium alkaline pH values.

The high frequency region 1350-1650 cm−1 comprises several bands of particular
interest as their frequency is directly correlated with the heme iron oxidation state
(𝜈4

*) as well as the spin state and the coordination pattern (𝜈3, 𝜈2, 𝜈10).218 The po-
sition of the 𝜈4 band at 1373.3 cm−1 is that of cytc in a native ("B1") ferric state
with Met/His ligation.215 Some ferrous cytc appears as a low-frequency shoulder at
1361 cm−1, indicating that not all cytc molecules are oxidized at a potential of +50 mV,

*Numbering of assigned vibrational modes follows the system established by Abe and Coworkers1

that was applied specifically to cytc by Hu et al.128
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in agreement with a yeast cytc redox potential closely below the applied potential.
A 6cLS heme configuration is also deduced from the positions of 𝜈3 and 𝜈2 bands
centered at 1505.7 and 1588.0 cm−1 215, however, the coordination pattern remains un-
clear. From the asymmetric band shape of these bands it can be seen that at least two
peaks overlap, likely representing a structural heterogeneity of the heme pocket of the
adsorbed cytc molecules. Thus, a component fitting analysis was employed† that uses
Lorentzian fits of individual RR spectra of pure 6cLS, 6cHS, and 5cHS heme states in
their oxidized and reduced form in order to determine the contribution of each state
to the experimental spectrum. Note that the peak intensities are not directly pro-
portional to the relative contribution of the corresponding species and proportionality
factors need to be included to convert Raman intensities to relative concentrations.122

Component spectra for the native and non-native states of yeast cytc were produced
previously74,75 and are available in our group. The SERR spectra of ferricytochrome
c at pH 7.0 and pH 9.5 together with the individual component fits are shown in
Fig. 7.3. Not only the B1 state but also a quite high contribution of a B2 low spin
form is observed. At first sight, this is in conflict with studies where on MUA-coated
Ag electrodes only the native B1 state is present204,299 but can be attributed to the
different molecular properties of cytc from different organisms. While horse heart
cytc (hhcytc) indeed retains its native conformation when adsorbed to longer COOH-
terminated SAMs, cytc from yeast (ycytc) exhibits a considerable population of the
B2 state in this situation as previously observed by Feng et al.83 The dipole moment
of ycytc is more than two-times larger compared to hhcytc (ca. 540 D and 180 D for
ycytc and hhcytc, respectively83) and causes stronger electrostatic interactions of the
protein with the charged carboxylic SAM head groups that eventually affect the heme
pocket structure and lead to the formation of B2. At high pH, a small amount of
a 5cHS species is necessary to provide a satisfying fit of the 𝜈3, and 𝜈2 bands while
no contribution is found in the spectrum measured at neutral pH. Interestingly, the
relative amounts of native and non-native oxidized cytc heme states at both pH 7.0
and pH 9.5 are nearly the same.

The low frequency region at 200−500 cm−1 includes bending vibrations of the heme
propionates and thioether bridges128 as well as stretchings of the Fe-Ligand bonds, e.g.
𝜈𝐹 𝑒−𝑁 or 𝜈𝐹 𝑒−𝑆. It is often referred to as fingerprint region and reflects characteristic
protein-heme interactions for each conformer.75 For ferric cytc it exhibits a complex

†A comprehensive and detailed description of this method can be found in ref. 74.
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pattern of multiple peaks at 346.2, 361.2, 381.9, 403.0, and 417.7 cm−1 that again is
nearly identical for the spectra at pH 7.0 and pH 9.5 (Fig. 7.2).

The high similarity of the SERR spectra in the high and low frequency regions and
the individual contributions of the B1 and B2 heme states indicate that the increase
in pH during both the immobilization and the measurement did not significantly
influence the transition equilibrium of cytc heme species under the present conditions.
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Figure 7.2.: SERR spectra of cytc attached to a SAM-coated Ag electrode at an applied potential of
+50 mV (A,B) and −450 mV (C,D). The protein was immobilized and studied in 5 mM potassium
phosphate (KPB) buffer with 10 mM NaClO4 at pH values of 7.0 (black line) and 9.5 (red line),
respectively. Marker band assignments are given as 𝜈4, 𝜈3, 𝜈2, and 𝜈10,1,129 bold labels indicate
peaks that were found only at pH 9.5. Experimental conditions were: 3x60 s accumulation time,
1 mW laser power with 413 nm excitation.
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Figure 7.3.: SERR spectra of immobilized cytc at an applied potential of +50 mV in the marker band
region. Cytc was immobilized and studied at pH 7.0 (A) and pH 9.5 (B), respectively. Component
spectra of individual heme states in yeast cytc that had been obtained from a series of RR experiments
previously74,75 (see text for details) were fitted to the experimental data. Experimental conditions
were the same as in Figure 7.2.
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When a reductive potential of −450 mV is applied to the electrode characteris-
tic spectral features of ferrous cytc are observed in the high frequency region (Fig-
ure 7.2, bottom panel). The 𝜈4, 𝜈3, and 𝜈2 marker bands at 1361 cm−1, 1492 cm−1

and 1590 cm−1 state a native 6cLS coordination and spin state for the reduced cytc.
At 1373.3 cm−1 a 𝜈4 shoulder of oxidized cytc is found that varies in intensity relative
to the ferrous 𝜈4 band at 1361.0 cm−1 for the measurements performed at pH 7.0 and
9.5. At alkaline pH, an increased amount of cytc remained oxidized upon application
of a reductive potential of −450 mV as it was already found before.192 This implies
that either an increased part of the cytc molecules on the surface is not electrochemi-
cally active at pH 9.5 and thus can not be reduced. Alternatively, the redox reaction
experienced a downshift in redox potential caused by the increase in pH which would
lead to a change in relative contributions of oxidized and reduced species present on
the surface at this specific applied potential.

In order to determine the redox potential(s) of the adsorbed cytc species, cyclic
voltammograms were recorded from the very same electrodes with cytc immobilized
and studied at pH 7.0 and 9.5, respectively. The upper limit of the potential range was
+150 mV due to the Ag/Ag+ redox reaction of the working electrode at more positive
potentials. The lower limit was set by the potential of the reductive SAM desorption
which strongly depends on the type of SAM, the metal, the pH, and the solvent used.
However, for various SAMs adsorbed on Au or Ag surfaces no reductive peak potentials
higher than ca. −700 mV are reported in literature11,135,176,273,303,310, thus applying po-
tentials as low as −500 mV was considered unproblematic. The electrochemical results
are shown in Figure 7.4. At pH 7.0 a distinct peak pair with an apparent midpoint
potential of 𝐸1/2,𝑎𝑝𝑝 = +35 mV and a peak separation of Δ𝐸 = 50 mV is ascribed to
the monoelectronic reduction and oxidation reaction of the Ag surface-immobilized
native cytc. The redox potential is fully in line with literature data83,171 and Δ𝐸 cor-
responds to the theoretical 58 mV/𝑛 with the number of transferred electrons 𝑛 being
close to 1 as expected for this reaction. When the same system was measured in a
solution with high pH 9.5, a different CV is recorded with an ill-defined peak pair with
𝐸1/2,𝑎𝑝𝑝 = −195 mV with the reductive peak being barely noticeable. The very same
observation is also made for protein incubation at pH 9.5 instead of 7.0. In all cases
no signals were detected below −300 mV (data not shown) and no indication of a peak
pair at potentials for native cytc was found at elevated pH. This is surprising, since the
results from SERR spectroscopy suggest that almost no structural alterations of the
heme site take place when the protein was immobilized and studied at the two differ-
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Figure 7.4.: Cyclic voltammograms for cytc attached to a Ag electrode coated with MUA/MU for
protein immobilization and measurement at pH 7.0 (B), immobilization and measurement at pH 9.5
(A), and immobilization at pH 7.0 and measurement at pH 9.5 (C). For visual clarity voltammograms
A and C are vertically shifted. Buffer solution was 10 mM phosphate buffer and the scan rate was
50 mV/s.

ent pH values while the disappearance of the electrochemical signal for native cytc at
high pH implies changes in orientation or structure of the protein molecules. Taking
into account the coexistence of more than one cytc species with different heme ligation
patterns on the Ag electrode at both pH values, at least two distinct electrochemical
signals are expected in the corresponding cyclovoltammograms. Possible B2 states
comprise a bis-His or a His/H2O ligation, both having much lower redox potentials of
ca. −340 mV and −300 mV compared to the native conformation.206,298 With a value
around −440 mV the downshift of the redox potential would be expected even larger
for a His/Lys ligation, as found in the alkaline state. The reason for the absence of
an electrochemical signal at lower potentials is not clear, a possible explanation could
be that the B2 species might be redox inactive under the given conditions. This is
not the case as shown by the 𝜈4 marker band in the SERR spectra that nearly com-
pletely shifts to a value characteristic for a ferrous heme state after a potential jump
to −450 mV.
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Although tempting, the signal around −200 mV can not be ascribed to the heme
redox reaction as is explained in the following. Electrode-bound monolayers carrying
a COOH head group can exhibit well-defined current peaks in cyclic voltammetry
that correspond to a protonation/deprotonation reaction of the acid group, with the
oxidation and reduction potentials as well as peak currents strongly depending on the
pH of the working solution and the metal surface the SAM is bound to. For SAMs
consisting of MUA values of 𝐸1/2,𝑎𝑝𝑝 =−180 and −300 mV at a pH of ca. 9.5 are
reported for Ag and Au electrode surfaces, respectively.47,307 In the same studies it
was found that basically no electrochemical signals of this reaction could be observed
at neutral pH. Also, in a previous work, Millo et al.192 observe a cyclovoltammetric
feature at 𝐸1/2,𝑎𝑝𝑝 = −200 mV studying bovine cytc on a MUA-covered Ag surface at
elevated pH of 9.0 that is also obtained even without protein being present on the
electrode. Taking into account these findings, the peak pair at −195 mV in Figure 7.4
is assigned to the potential-driven protonation/deprotonation event of the MUA/MU
SAM and not to the cytc redox reaction.

To further investigate the electroactivity on Au surfaces in order to either support
or disprove the results depicted in Fig. 7.1, cytc was also immobilized and studied on
MUA/MU-covered gold electrode surfaces using SEIRA spectroscopy.

7.2. Cytc on coated Au electrodes
The surface was prepared and coated as described in Sections 5.2 and 5.6.1. Cytc
adsorption was ensured by monitoring intensity changes of two strong bands at 1660
and 1549 cm−1 that are ascribed to the amide I and amide II protein vibrations (C––O
stretching and N–H bending vibrations of the protein backbone, respectively) with a
final intensity of ca. 10 mOD in the SEIRA difference spectrum (Figure 7.5). During
this adsorption of cytc, H2O molecules that are weakly bound to the SAM surface are
continuously replaced, seen from the broad and intense negative feature in the high
frequency region around 3400 cm−1 that is assigned to the H2O stretching vibration.
It is accompanied by a negative band from the H2O bending vibration at 1650 cm−1,
that overlaps with the positive amide I band. In order to study the effect of the pH of
the immobilization and working buffer solutions on the cytc conformation, the heme
state and the redox potential, cyclic voltammograms and SEIRA spectra at oxidizing
and reducing potentials of +50 mV and −350 mV, respectively, were recorded at each
step of the following procedure:
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7.2. Cytc on coated Au electrodes

∙ Immobilization of cytc at pH A,
∙ data acquisition with buffer solution at pH A,
∙ change buffer solution, data acquisition at pH B,
∙ change buffer solution, data acquisition at pH A.

with values for A and B being either 7.0 and 9.5, respectively, or the other way around.
The spectroscopic results for the immobilization pH 𝐴 = 7.0 are shown in Fig-

ure 7.6 (black line). At this pH, positive vibrational bands appear at 1692, 1662,
1627, 1597 and 1552 cm−1 upon changing the applied potential from +100 mV to
−350 mV. The 1692 and 1662 band positions correspond to the solution spectrum
of cytc and are known to vary in relative intensity depending on the type of SAM
that is used for immobilization.7 While the 1662 cm−1 peak has a very low intensity
on a COOH-terminated SAM, it has an intensity comparable to the 1692 cm−1 band
on OH-terminated monolayers. They are assigned to the ferrous form of cytc and
represent structural changes that accompany the redox transition. The 1692 band be-
longs to a type III 𝛽-turn segment8, the assignment of the 1662 cm−1 peak, however,
is ambiguous. It was assigned to a type II 𝛽-turn but might also have considerable
contributions of changes in 𝛼-helical segments that represent the majority (40-50 %)
of secondary structural elements in cytc.8,313,316 The peak at 1627 cm−1 was assigned
to the amide I vibration of a 𝛽-strand that directly interacts with the heme propi-
onates which are considerably displaced during the heme redox reaction. However,
the corresponding vibrational peak for the oxidized cytc expected around 1635 cm−1

is absent in Fig. 7.6. A peak at 1597 cm−1 was assigned to the heme vibrational mode
𝜈37

1,8 but seems too intense in the SEIRA difference spectrum obtained in this work
compared to the bands that originate from the protein. Only very low IR activity
can be expected for heme modes as most of them are Raman-active and, accord-
ing to the rule of mutual exclusion for centrosymmetric molecules, IR-inactive. The
non-zero activity is due to breaking of the porphyrin’s symmetry by substituents and
distortion in cytc. The slight positive shoulder at 1513 cm−1 in combination with the
negative feature at 1523 cm−1 might result from a Tyr ring vibration that changes
when the heme switches the redox state. More distinct but similar features at 1513
and 1519 cm−1 were observed before both in solution and for surface-immobilized cytc
and can be rationalized by e.g. the position of Tyr67 that is involved in an H-bonding
network and also directly interacts with heme-ligating Met80 sulfur atom and thus
should be strongly affected by the redox process.8,240,313
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Figure 7.5.: SEIRA difference spectra of cytc adsorbing to a MUA/MU-coated Au electrode. The
time course between 3 and 120 min is colored from black to red. Cytc backbone vibrations and the
bands from water bending and stretching are labelled as amide I, amide II and 𝛿(H2O), 𝜈(H2O),
respectively. Since cytc molecules adsorb to the surface, water molecules are removed leading to
negative peaks in the difference spectrum. Immobilization occured at 4 ∘C for 120 min.

Also negative peaks arise at 1679, 1646, 1568, and 1523 cm−1 upon switching the
potential to −350 mV. At 1679 cm−1 the counterpart of the type III 𝛽-turn amide I
vibration in ferric cytc at 1692 cm−1 is found that exhibits a quite large shift during
the redox process. It is explained with an increased sensitivity of the band position
to even small changes in dihedrals of the corresponding structural element.8,163 The
1568 cm−1 peak is assigned to the amide II vibration of the type III 𝛽-turn with its
counterpart for the ferrous cytc vibration found at 1553 cm−1.8

When the working solution is then changed to pH 9.5 and the potential jump
is repeated after ca. 10 min basically the same vibrational bands are found in the
corresponding difference spectrum (Figure 7.6, red line) showing that cytc undergoes
the same redox-linked structural changes at both pH values. This agrees with previous
findings that, unlike the pH of the protein incubation solution, the pH of the working
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7.2. Cytc on coated Au electrodes

Figure 7.6.: SEIRA difference spectrum for cytc adsorbed on MUA/MU-coated Au electrodes.
Immobilization occured at pH 7.0. Spectral changes upon an applied potential jump from +100 mV
to −350 mV are shown at a working pH of 7.0 (A) or pH 9.5 (B). Positive and negative bands belong
to the ferrous and ferric state, respectively. Changes in peak positions do not exceed 2 cm−1, thus
redox-linked structural changes in cytc are very similar at neutral and alkaline pH.

solution has only a minor effect on the protein redox properties (M. Borsari et al.
unpublished results). Frequency shifts of less than 2 cm−1 are found mainly in the 1550
to 1700 cm−1 region and are likely due to the fact that in the spectrum at alkaline
pH an overlap of the protein bands with a less intense but broad feature centered at
1650 cm−1 due to the moderate adsorption of H2O molecules to the electrode surface
exists. This is evident from a positive H2O stretching band at 3400 cm−1 (data not
shown) that is accompanied by a H2O peak at 1650 cm−1. This adsorption of water
molecules to the SAM surface is not associated with a concurrent desorption of cytc
molecules as the intensities of the vibrational bands belonging to the protein are
exactly the same after subsequently applying +50 mV and −350 mV each after ca.
10 min to induce protein reoxidation and re-reduction, respectively (data not shown).

Potential-dependent SEIRA spectra were acquired in the same way for immobi-
lization pH 𝐴 = 9.5 (Figure 7.7, red lines). Interestingly, the peak positions of the
redox-linked structural changes are very similar for both pH values and do not exceed
2 cm−1, except for three individual peaks at 1622 (Δ = 5 cm−1), 1563 (Δ = 5 cm−1),
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and 1555 cm−1 (Δ = 3 cm−1). The overall band patterns in the amide I and amide II
regions are the same, although small differences are found for band intensities. As the
frequencies are sensitive indicators for the structural changes of the heme pocket and
its immediate environment that take place during the redox reaction, it is concluded
that the potential-induced structural reorganization of the overall protein conforma-
tion and the heme pocket is highly similar at neutral and alkaline pH. The observed
cytc redox activity in the applied potential range was found to be fully reversible for
both cytc immobilized at pH 7.0 or at pH 9.5 (Figure 7.7).
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Figure 7.7.: SEIRA difference spectrum for cytc adsorbed on MUA/MU-coated Au electrodes.
Immobilization and spectroelectrochemical study both occured at pH 7.0 (black lines and labels)
or 9.5 (red lines and labels). Spectral changes upon an applied potential jump from +100 mV to
−350 mV (B,C; positive and negative bands belong to the ferrous and ferric state, respectively)
are very similar at both pH values and are fully reversible when the applied potential is returned
to +100 mV (A,D; peaks are now inverted). Peak positions that differ more than 2 cm−1 for the
different pH values are labelled in bold.
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In order to study the electron transfer properties of cytc immobilized on Au elec-
trodes under the given conditions, cyclic voltammetry was employed. Again the lower
limit of the potential range is restricted to ca. −500 mV due to the process of re-
ductive monolayer desorption at more negative potentials. The redox potential of
the Au metal electrode is around 1.0 V (see Fig. 5.2) and does not interfere when
applying potentials up to +500 mV. From a look at the results in Figure 7.8 it can
be seen, that after protein immobilization at pH 7.0 a well-defined peak pair ascribed
to the Fe2+/Fe3+ transition of native cytc is observed with a midpoint potential of
𝐸1/2 =+34 mV which is the same value obtained for cytc on Ag electrodes (vide supra).
The electrochemical signal converts to less defined current peaks with a greater peak
separation Δ𝐸 upon increasing the working pH to 9.5. When the pH is lowered back
to 7.0 the signal of the native cytc is restored. For cytc immobilized and studied at
pH 9.5, a broad peak pair similar to the one obtained at pH 9.5 after immobilization
at neutral pH is found (Fig. 7.8D and B, respectively). Lowering the solution pH to
7.0 increases the peak currents and decreases peak separation. Again, this behaviour
is reversible when switching between neutral and alkaline pH solutions. These findings
suggest that the pH the cytc experiences at the solution/SAM interface affects the
protein conformation and/or orientation in such a way that electron transfer becomes
less reversible (the peak separation increases) at higher pH. However, increasing the
pH either before or after the protein immobilization neither leads to significant struc-
tural changes as seen from potential-dependent SEIRA spectroscopic results nor does
it induce a significant shift of the midpoint potential as it would be expected for a
heme with a non-native ligation, stated by the cyclovoltammetric data. This can be
rationalized by the assumption that pH-induced reorientation of the protein molecules
with a mainly unaltered conformation around the heme pocket leads to a slightly less
favourable electron transfer pathway which is reflected by an increased peak separation
and less defined signals at alkaline pH. Note that the peak separation is larger for cytc
immobilized at pH 9.5 compared to the situation with immobilization at neutral pH
and subsequent raise to pH 9.5. This larger peak separation also was not fully restored
after switching to neutral pH and back. This might be due to a quite slow and thus
"‘incomplete"’ reorientation of cytc molecules within the time interval of ca. 10 min
after increasing the pH to 9.5 and before recording of cyclovoltammograms compared
to the 2 h incubation at this pH. A similar effect was also observed by Avila et al.10 A
reorientation of the cytc molecules with respect to the surface normal also agrees with
the differences in relative band intensities that were observed at pH 7.0 and pH 9.5,
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Figure 7.8.: Cyclic voltammograms for cytc adsorbed on MUA/MU-coated Au electrodes. Immo-
bilization occured at pH 7.0 (A-C) and 9.5 (D-F), respectively and measurements were performed
at pH 7.0 (A,C,E) and pH 9.5 (B,D,F), respectively. Scan rate was 50 mV/s, the buffer was 5 mM
KPB with 10 mM LiClO4. Peak labels are given in mV, individual curves are vertically shifted for
better visual clarity

respectively (see traces B and C in Figure 7.7). While vibrational motions along the
Au surface normal experience strong enhancement, vibrational modes that are parallel
to the surface are not enhanced and show much lower or even no IR intensities in the
SEIRA spectrum. Upon molecular reorientation each individual vibrational motion
changes the angle with respect to the surface normal and either increases or decreases
the contribution of motion along the surface normal and thus increases or decreases
surface enhancement for this individual mode which can eventually lead to changes
in relative intensities for different bands in the SEIRA spectrum. De Groot et al.108

also concluded a pH-dependent reorientation of surface-immobilized cytc molecules,
based on increasing peak separations with increasing solution pH values.

7.3. Conclusions
Wild type cytc was studied at neutral and alkaline pH by means of surface-enhanced
resonance Raman and infrared absorption spectroscopy and electrochemistry in order
to determine the relevance of the specific structural alkaline conformer(s) with re-
spect to the cytc electron transporter function along membranes. SERR spectroscopy
revealed a coexistence of cytc species with native B1 and non-native B2 6cLS heme
configurations when adsorbed to a MUA/MU-coated Ag electrode. The equilibrium
of these individual states was not affected by the pH of the solution that is used during
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protein immobilization and/or during the experiment. The protein secondary struc-
ture was found to alter in a very similar and reversible way upon potential-induced
reduction of the heme moiety at both neutral and medium alkaline pH, shown by
SEIRA difference spectroscopy. For cytc adsorbed on coated Au surfaces, the ob-
tained redox potential of ca. 40 mV corresponds to the native species and was not
dependent on the solution pH in the 7.0 to 9.5 range, however, an increased peak
separation suggests a less favourable ET pathway at alkaline pH, likely due to protein
reorientation. The situation was different on coated Ag electrodes where the signal
from native cytc found at neutral pH disappeared at elevated pH, accompanied by the
rise of a new peak pair at −195 mV that was assigned to the MUA monolayer on the
electrode. At the current stage the reason for this behaviour is not clear, however, the
lack of evidence for an alkaline species both on Au and Ag electrodes that resulted
from all methods employed in this work is in line with previous observations that no
indications for a His/Lys ligated cytc state were found when the protein was immobi-
lized to a surface.10,141,192 It seems that electrostatic interaction of the surface lysines
with the negatively charged SAM prohibits their involvement in heme iron coordina-
tion even under conditions that lead to formation of this state in solution. Moreover,
also the formation of the alkaline species in solution by raising the pH to 9.5 prior to
adsorption to the SAM surface did not lead to the observation of an alkaline species in
the adsorbed state, implying that electrostatic surface interaction might even induce
the reversion if a lysine ligation, at least under the specific conditions applied in this
work. As a consequence, an involvement of this specific conformational state of cytc,
whose physiological role is still a matter of speculation and debate, in the ET-related
structural dynamics is concluded to be very unlikely. Ying et al. suggest that the
alkaline transition of cytc might constitute an alternative conformational pathway
to prevent cytc entering its pro-apoptotic function.325 Indeed, the surface lysines are
also involved in cytc binding to the cardiolipin membrane upon cytc’s pro-apoptotic
initiation reaction that also includes a disruption of the inner H-bond network and
requires an increased peroxidase activity of cytc.203,325 The cytc peroxidase activity
of the alkaline species however is significantly lowered compared to the native state.
The unphysiological pK a of ca. 8.5 for the alkaline transition is very sensitive to the
H-bond network within the protein, García-Heredia et al. found that besides mutation
of Asn52 to Gly also phosphorylation of Tyr48 causes a downshift to ca. 7.0 and might
be a way to enable this transition and thus a distinct alternative to pro-apoptosis at
physiological conditions.99
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8. Structural Investigation of
Cytochrome c at low pH

The pH-dependent equilibrium of states for cytc mentioned in Section 7 comprises
additional states in the low pH range between 7 and 2 that differ in overall protein
conformation and, like the high-pH species, include axial ligand replacement(s) at the
heme site. Decreasing the pH induces disruption of the Fe–Met80 bond and leads
to an intermediate molten globule state (MG) characterized by a globular shape and
a slightly increased volume and subsequently to complete unfolding of the protein
around pH 2106,107,211,221. The heme states change from 6cLS B1 with His18/Met80
ligation to 6cHS His18/H2O for the MG and a 6cHS bis-aquo form with two H2O
molecules as axial heme ligands in the fully unfolded state.37 For wild type cytc this
happens in a single cooperative step with a pK a of ca 3.0. In this chapter, the role of
the specific residues Met80 and Tyr67 for the structural stability and the functional
dynamics of cytc is addressed. Since all pH-induced nonnative heme states feature a
Met80 detachment from the heme iron, a cytc variant where Met80 has been replaced
by a non-coordinating Ala residue (M80A) was studied in order to understand the
role of this residue regarding structural stability and pH-sensitivity. Tyr67 is a highly
conserved residue that forms a strong H-bond to the Met80 sulfur and in this way is
involved in fine tuning of the cytc redox potential.26 Furthermore, it is involved in
an H-bonding network with buried water molecules and stabilizes the heme pocket
structure by linking the two 𝜔 loops 71-85 and 40-57.20 Thus, two double variants with
M80A and either His or non-coordinating Ala as substitute for Tyr67 (M80A/Y67H
and M80A/Y67A, respectively) were studied in order to assess the importance of
Tyr67 interactions during pH-induced (un)folding dynamics in cytc.

The identity of the ligand that replaces the Met80 residue in yeast cytc M80A can
readily be addressed by UV/Vis and Raman spectroscopy. At neutral pH, the SERR
spectrum of ferric M80A adsorbed to a MUA/MU-coated silver electrode looks dif-
ferent compared to the spectrum of wild type yeast cytc (WT hereafter) under the
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Figure 8.1.: SERR spectra of wild type (top) and M80A (bottom) cytc adsorbed to a Ag electrode
coated with MUA/MU at an applied potential of +50 mV in the marker band region. Cytc was
immobilized and studied at pH 7.0 and 7.2 for the WT and M80A, respectively. Component spectra
of individual heme states derived from wild type cytc (see Section 7) were fitted to the experimental
data. While the wild type spectrum can be satisfactorily represented by the sum of individual
components, the M80A variant fit shows severe deviations from the experimental spectrum, especially
for 𝜈4 and 𝜈3. The contributions of B1 ox. and B1 red. were set equal to zero for the M80A fit as a
native ligation is not possible.
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Figure 8.2.: SERR spectra of M80A immobilized on a MUA/MU-coated Ag electrode at an applied
potential of −450 mV (A) and 0 mV (B) in the high frequency region. Excitation wavelength, laser
power and accumulation time were 413 nm, 1 mW, and 2x5 s, respectively. The buffer solution was
30 mM KPB at pH 7.2.

79



Structural Investigation of Cytochrome c at low pH

same conditions as shown for the high frequency region in Figure 8.1. Component
spectra of individual heme species with different spin and ligation states were used
to fit the M80A spectrum, as it was already performed for WT (see Section 7). Due
to the replacement of Met80, the formation of a native B1 state is not possible and
contributions from this component both in the oxidized and reduced state were set
equal to zero, leaving a set of three components, 6cLS reduced, 5cHS oxidized, and
5cHS reduced. While the WT spectrum at neutral pH could satisfactorily be repro-
duced (in this case including the B1 states), the fit of the M80A spectrum was very
poor and would require major adjustments of the B2 component spectra in order to
reproduce the marker band positions, especially 𝜈4 and 𝜈3 (Fig. 8.1, top and bottom,
respectively) which means that the prevailing state(s) for M80A at neutral pH is (are)
different from the B2 states found for the WT. However, although the nature of the
axial ligand(s) can not be determined, a dominating 6cLS species was inferred from
the corresponding intensities and peak positions compared to the experimental spec-
trum. Figure 8.2 shows the SERR spectrum of M80A at pH 7.2 at different potentials
facilitating either the oxidized species or the reduced state(s). The spectra recorded
at oxidizing conditions (0 mV) and at open circuit potential (+30 mV, not shown) are
identical, indicating that the protein is already fully oxidized upon immobilization.
According to literature215 at least one species of a 6cLS form can be observed in the
oxidized state. The bands at 1373.9, 1586.0 and 1636.5 cm−1 belong to a LS His/H2O
heme ligation pattern, while the 1502.1 cm−1 peak normally represents a native 6cLS
B1 state with the two axial ligands Met/His which can be excluded here. This band
most likely originates from a state with His/OH– as axial ligands as suggested by
Döpner et al.75 Remarkably, decreasing the pH from 7.2 to 5.0 does not change the
spectral features except for a slightly increased contribution of a high spin species
represented by a rising peak at 1568 cm−1 (data not shown). This effect was also
observed for M80A in solution using both Raman and UV-Vis data (vide infra). In
the reduced state (Fig. 8.2, upper spectrum), the high frequency region vibrational
modes are characteristically shifted. Only a minor amount of oxidized species can
be found in the spectrum as revealed by the small shoulder at 1373.9 cm−1, stating
a good electrical contact between the electrode and the enzyme. While the peaks at
1491.2 cm−1 and 1590.1 cm−1 are ascribed to a ferrous 6cLS state with H2O/His liga-
tion, a coexisting 5cHS species is indicated by the 𝜈4 marker band shift to 1356.1 cm−1

and the rise of a strong peak at 1467.1 cm−1. The low frequency of the ferrous 𝜈4, the
band pattern between 1370 cm−1 and 1500 cm−1 as well as the absence of a band with
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considerable intensity at ca. 1570 cm−1 correspond best to a 5cHS form involving a
His with increased electron donor capability, similar to the deprotonated histidinate
form. At neutral pH the anionic form is very unlikely to occur, due to a pK a ≥ 9
for imidazole deprotonation when coordinated to a heme iron core.127,274 However,
Oellerich et al.215 argue that stronger H-bonding of His18 upon small protein rear-
rangements still might lead to this effect. Casalini et al.58 suggest that M80A loses
the coordinating sixth ligand upon reduction which has been found for similar cy-
tochromes before185 and is also in good agreement with the spectroscopic results in
this work.

As for immobilized wild type cytc, cyclic voltammetry was utilized to study the re-
dox properties of M80A. The corresponding signal after immobilization on MUA/MU-
coated Ag electrodes at pH 7.2 is shown in Figure 8.3. Eap and Ecp are ascribed to the
one-electron oxidation and reduction of the protein cofactor, respectively, revealing an
apparent midpoint potential of 𝐸1/2,𝑎𝑝𝑝 = −365 mV which is in the range of those val-
ues obtained for the same enzyme on chemically modified gold electrodes at pH 7.0.58

This strong downshift might result from the substitution of the soft sulfur atom lig-
and in Met18 with a hard oxygen atom in a hydroxyde ion that causes a significant
stabilisation of the ferric heme. A second, less pronounced peak pair at −223 mV and
−238 mV can be detected in the cyclic voltammogram in Fig. 8.3 that was already
assigned to the potential dependent SAM protonation/deprotonation reaction (see
Fig. 7.4 in Section 7).
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Figure 8.3.: Cyclic voltammogram of the cytc variant M80A adsorbed to a Ag electrode coated
with MUA/MU at pH 7.2. a and b denote the oxidative and reductive signal of the MUA monolayer,
respectively. Measurement was performed in 100 mM KPB and scan rate was 50 mV/s.

8.1. Resonance Raman spectroscopy of cytc in solution
Resonance Raman spectra of M80A and M80A/Y67H in solution at neutral pH are
depicted in Figure 8.4. As expected upon reduction (by addition of dithionite (DT)),
the 𝜈4 marker band at 1373.6 cm−1 is shifted to 1356.2 cm−1 for the M80A single
variant indicating a 5cHS species. The M80A/Y67H double variant exhibits a less
pronounced band shift to 1360.2 cm−1. It might either be assigned to a 5cHS or a
6cLS species215, but taking into account the position of its 𝜈3 band at 1493.3 cm−1

which clearly states a 6cLS heme site configuration, a five-coordinated high spin form
can be excluded for the reduced species. This assignment is further supported by the
complete absence of the 5cHS 1465.8 cm−1 band in the M80A/Y67H spectrum that
is observed for ferrous M80A. Furthermore, an increased homogeneity of the heme
state for M80A/Y67H is illustrated by the much lower 𝜈4 band width (FWHM, full
width at half maximum) of 10.5 cm−1 compared to 17.2 cm−1 for M80A. The results
suggest that similar to WT cytc the M80A/Y67H preserves a 6cLS heme state upon
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reduction, while M80A forms an equilibrium of 6cLS and a highly dominating 5cHS
due to loss of the sixth axial hydroxy/aquo ligand.

Despite differing results for the ferrous protein states, a very similar overall structure
of the heme pocket for all three protein mutants under investigation seems likely as
the RR spectra for the protein in the oxidized state show the same characteristic
features and band positions are basically the same as observed in Figure 8.5. Also
relative intensities are very similar and change in a similar way upon a decrease of the
pH value. The corresponding data for each pH value depicted in the high frequency
region is listed in Table 8.1.

In the high frequency region 1300-1700 cm−1, the effect of a subsequently lowered
pH value on the ferric cytc can be observed by the strong changes of 𝜈3 and 𝜈2 and
a slight shift of the 𝜈4 marker band. Peaks at 1374.8, 1585.9, and 1636.9 cm−1 (top
spectrum, neutral pH) can clearly be assigned to a 6cLS species, which bears an H2O
as second axial ligand, in line with SERR data for M80A (vide supra). This is not
the case for the peak at 1501.7 cm−1. Its position varies about 3.0 cm−1 from the
value reported for the H2O/His ligation pattern but again fits well with a OH– /His
coordination. Also the weak band at 1469.9 cm−1 is both from the position and
the intensity ratio to the 𝜈4 marker band (0.07/1.00) indicative of a OH– /His liga-
tion pattern. These findings suggest the coexistence of two 6cLS species (H2O/His
and OH– /His) at neutral pH and are consistent with the expectations from previous
voltammetry experiments58 and NMR data15, stating an OH– ligand for this mutant.
At pH 7.2 no differences in peak positions and intensities are detectable for all three
protein variants. Thus, a mixture of two different 6cLS species with an axial ligation
of H2O/His and OH– /His respectively is assumed for M80A as well as the double
mutants M80A/Y67H and M80A/Y67A. Upon decreasing the pH about one unit to
6.2, additional 𝜈3 and 𝜈2 bands of considerable intensity emerge at 1476 cm−1 and
1569 cm−1 respectively for all variants while no changes are observed for the remain-
ing high frequency bands. This is due to a shift in the coexisting heme spin state
populations from 6cLS (H2O/His and OH– /His) to an increased amount of 6cHS
(H2O/His) with a 𝜈2 located at 1569.1 cm−1 215. Either the axial OH– ligand gets
protonated and forms the high spin H2O/His coordination or the change in pH causes
a spin state conversion for the low spin H2O/His ligation that is already present.
From the 𝜈3 position at 1476 cm−1 no direct heme ligand identification is possible as
all species reported in literature show a peak in this region but at higher wavenum-
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Figure 8.4.: RR spectra of ferrous (A) and ferric (B) cytc variants M80A (black line) and
M80A/Y67H (red line) in the marker band region at pH 7.2. Experimental conditions were 30 mM
KPB, 20 ∘C, with 413 nm excitation and 3 mW laser power on the sample. Reduction was facilitated
by addition of sodium dithionite to the protein solution.

bers. However, it is clearly characteristic for a high spin state. A subsequent change
in relative intensities for the aforementioned 𝜈3 and 𝜈2 bands assigned to 6cLS (de-
crease) and 5cHS/6cHS (increase) occurs especially for the 𝜈2 at 1569 cm−1 when the
pH is lowered to 3.7. Furthermore, the 𝜈4 marker band shifts about 3 cm−1 down to
1371 cm−1 which as well is assigned to either a 6cHS species with H2O/His or a 5cHS
with H2O axial ligation. Thus, a further increase of the prevailing high spin species
can be assumed for the protein variants studied. It is noted that M80A/Y67H exhibits
a slightly smaller amount of HS compared to M80A and M80A/Y67A, as observed
by the lower intensity of both 𝜈3 (1478 cm−1) and 𝜈2 (1569 cm−1). When the pH is
adjusted to 2.0, a considerable loss of signal intensity with a simultaneous shifting and
broadening of the 𝜈3 and 𝜈2 positions and peak shapes becomes visible for all three
variants. No indication for a 6cLS species except a small contribution at 1501 cm−1

(H2O/His) of the broadened 𝜈3 at 1486 cm−1 can be found. At the same time, the
upshifts of the 𝜈3 and especially 𝜈2 high spin bands are indicative for an increased
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amount of a 5cHS heme state with a H2O molecule as the only axial ligand (due to
detachment of the His18 ligand).

The low frequency region 300-450 cm−1 of the RR spectra measured at pH 7.2
shows a distinct peak pattern with two strong peaks at 344 cm−1 and 411 cm−1 and
two less intense bands at 380 cm−1 and 395 cm−1. Band positions are completely in
line with a hydroxide ligand in axial position of the heme iron as was found for WT
cytochrome c at alkaline pH values.75 However, in contrast to literature data a peak
at 361 cm−1 and a shoulder at 421 cm−1 are absent in the spectra obtained in this
work. No assignments can be made for the spectral shifts in the low frequency region
upon subsequently lowering the pH value to 2.0. An overall loss of intensity and peak
broadening are observed while a new peak appears around 489 cm−1.
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Table 8.1.: Assignment of the RR band positions and relative intensities (in parentheses, referring
to 𝜈4) for modes in the 1300 cm−1 to 1700 cm−1 high frequency region for ferric M80Ab. Raman shifts
are given in cm−1.

mode pH 7.2 pH 6.2 pH 3.8 pH 2.0 state species

𝜈4 1374.8 (1.00) 1374.8 (1.00) 6cLS H2O/His
1371.0 (1.00) 5cHS H2O or His

1371.9 (1.00) 6cHS H2O/H2O

𝜈3 1469.9 (0.07) 6cLS OH– /His
1477.3 (0.08) 1477.3 (0.19) HS

1486.7 (0.29) 6cHS H2O/His
1501.7 (0.15) 1501.7 (0.13) 1501.7 (0.17) 6cLS OH– /His

𝜈2 1567.7 (sha) 1567.7 (0.26) 1567.7 (0.48) 6cHS H2O/His
1572.4 (0.68) HS

1586.0 (0.40) 1587.5 (0.34) 1586.0 (0.38) 6cLS H2O/His

𝜈10 1636.9 (0.10) 1636.9 (0.09) 1636.9 (0.07) 6cLS H2O/His

ash - shoulder
bsee refs. 75,215
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8.1. Resonance Raman spectroscopy of cytc in solution

Figure 8.5.: RR spectra of ferric cytc variants M80A, M80A/Y67H, and M80A/Y67A in the fin-
gerprint and marker band regions at varying pH between 7.2 and 2.0. Experimental conditions were
30 mM KPB, 20 ∘C, with 413 nm excitation and 3 mW laser power on the sample. The pH of the
solution for each spectrum is indicated.
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8.2. Conclusions
Raman spectroscopy was utilized to characterize three cytochrome c variants, namely
M80A, M80A/Y67H, and M80A/Y67A, in neutral and low pH solutions. Around
pH 7, M80A and M80A/Y67H show very similar band patterns and spin state dis-
tributions with dominating 6cLS species in the ferric state while, interestingly, the
ferrous species exhibit very different spectral signatures. Unlike M80A that loses the
sixth ligand during the reduction process and forms 5cHS, ferrous M80A/Y67H com-
prises a six-coordinated low spin heme as found for WT cytc, with slight differences in
peak positions (compare Figures 7.2C and 8.4A). For human cytc M80A/Y67H, anal-
ysis of the Raman spectra in the low frequency region hints towards a bis-His heme
ligation in both the ferric and ferrous states60, with His67 as the second axial ligand.
For yeast M80A/Y67H investigated in this work this seems unlikely, comparison of the
band positions and relative intensities for yeast and human ferric M80A/Y67H shows
differences in the low frequency region overall band pattern and indicates an axial
heme ligation different from bis-His. In fact, between 300-450 cm−1 the M80A/Y67H
spectrum is quite similar to the one obtained for M80A. However, at the current stage
further studies to improve spectral quality and the application of a band fitting analy-
sis to the low frequency region are necessary in order to identify the axial heme ligand
in yeast M80A/Y67H.

The axial ligand replacing Met80 in ferric M80A was identified as OH– in an equi-
librium with H2O in the pH range 3 to 7. Lowering the pH shifts the equilibrium
towards the H2O/His species and also changes the spin state from LS to HS. The
same pH-dependent spin conversion is observed for the double mutants and suggests
high similarities in the structure of the distal heme pocket in M80A, M80A/Y67A,
and M80A/Y67H. This is interesting as mutations at M80 and/or T67 were shown
to exhibit quite different peroxidation activities: yeast M80A and T67H single mu-
tants show a highly increased activity compared to the wild type102,169,283 while the
M80A/Y67H double mutant has a wild type-like peroxidation rate60, which implies
differences in the heme pocket accessibility for exogenous molecules and shows the
complex interplay between multiple residues located within or near this heme pocket.

Although the 3-dimensional structure within the distal heme pocket is affected by
the mutation of highly conserved residues Met80 and Tyr67, as shown by the changing
peroxidation rates, the acid-induced unfolding pathway seems to be the same for all
three mutants studied in this work. This shows that the low-pH unfolding process
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8.2. Conclusions

does not involve an initial cleavage of the Fe–Met80 bond that would cause larger
rearrangements of the Ω loop (residues 71-85) but likely is triggered by rearrangements
in the H-bonding network involving Tyr67.20
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Part V.

Structure–Function Relationships in
Phytochromes
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9. Phytochromes - An Introduction

Phytochromes are light-sensing signal transducer proteins that contain an open-chain
tetrapyrrole (bilin) cofactor and constitute a large family with more than 150 mem-
bers231,233 present in a variety of organisms such as plants, bacteria, funghi, and
cyanobacteria.131,146,309 By means of photon-induced cofactor isomerization and sub-
sequent structural rearrangements of the protein that trigger a signal transduction
pathway, phytochromes provide a way to sense and respond to incident light on a cel-
lular level. The large family of these proteins covers most parts of the visible and even
ultraviolet spectral range and the individual members are involved in a manifold of
natural processes, such as flowering, shade avoidance and germination for plants53,165,
phototaxis and photosystem composition in bacteria,100,101,233 or sexual development
in fungi.33

Several events during the light-induced signal transduction are common to all phy-
tochromes and form a general reaction principle. Triggered by photons of a specific
wavelength, a thermally stable dark-adapted state converts to an active signaling state
via double bond E/Z (german: entgegen/zusammen) isomerization of the C15––C16
methine bridge (see Fig. 9.2) in the tetrapyrrole cofactor. This leads to subsequent
protein structural rearrangements that release mechanical tension and trigger signal
transduction pathways. The back reaction to the dark-adapted state occurs either
by absorption of light (with a different wavelength compared to the initial state)
or via a (slow) thermal relaxation pathway. For plant phytochromes, the first rep-
resentatives of the phytochrome family that were discovered in the 1950s36,53, this
dark-adapted state absorbs red light at 𝜆r,max = 660 nm while the light-induced state
has a distinct absorption maximum in the far red at 𝜆fr,max = 730 nm. Accordingly,
these parent states were generally referred to as Pr and Pfr, respectively, for all phy-
tochromes. A simplified scheme of the photocycle is shown in Figure 9.1. However,
since other phytochromes were discovered that absorb light with distinctly different
wavelengths, e.g. blue and green, these names are no longer valid for the whole fam-
ily of phytochromes and other designations following this Pr/Pfr nomenclature have
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Phytochromes - An Introduction

Figure 9.1.: The photocycle of canonical and prototypical phytochromes. A dark-adapted parent
state Pr is photoconverted to the signaling Pfr state via multiple intermediates. Back reaction to
the Pr state that terminates signal transduction occurs either by absorption of far red light or via a
thermal deactivation (dark reverse reaction). Figure was kindly provided by F. Velázquez Escobar,
ref. 293.

established, e.g. Pb/Pg or Pr/Pnr. A more detailed description of the nomencla-
ture and the structural alterations of the chromophore during the photocycle is given
below.

In general, according to their structural and spectroscopic properties, phytochromes
are divided into classes. While the canonical group contains all members that occur
in plants only, prototypical phytochromes are those that exhibit very similar spec-
troscopic properties compared to plant phytochromes but are found elsewhere. The
group of non-canonical phytochromes is characterized by a high structural similarity
compared to plant and prototypical phytochromes but with distinctly different spec-
troscopic properties. Within this group, bathy phytochromes that exist in bacteria are
the most prominent subgroup. Finally, a quite new class of phytochromes found in
cyanobacteria comprises a remarkably high diversity of spectroscopic and structural
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properties: cyanobacteriochromes. Additionally, different types of phytochromes that
are found in bacteria, e.g. prototypical Agp1 and bathy Agp2 in the soil bacterium
Agrobacterium fabrum*,145 are designated bacteriophytochromes.

Chromophore structure Various tetrapyrroles with different substituents and bind-
ing modes to the protein are found in the phytochromes of the individual classes, the
corresponding molecular structures are depicted in Figure 9.2. Plant phytochromes
exclusively bind phytochromobilin (PΦB),259 while cyanobacterial phytochromes as-
semble phycocyanobilin (PCB) as their native chromophore.131 Both PΦB and PCB
are derivatives of a biliverdin IX𝛼 (BV) which is the product of heme oxygenases
cleaving hemes at the 𝛼 position.280 Several ferredoxin-dependent oxidoreductases
promote the specific reduction of biliverdin to PCB, PΦB, and other phycobilins in
cyanobacteria, plants, and algae93,94 but lack for non-canonical bacterial and fungal
phytochromes. The latter proteins thus harbour an unmodified BV cofactor instead.27

Description of specific structural elements in tetrapyrrole cofactors of phytochromes
follow a simple nomenclature that is widely used throughout the scientific community
and also applied in this work. The pyrrole rings are designated A to D and conse-
quently, the three methine bridges that connect adjacent rings are referred to as AB,
BC, and CD. Each methine bridge consists of a C––C double bond and a C–C single
bond that can exist in a E or Z configuration and a syn or anti conformation, respec-
tively. Thus, the whole chromophore geometry can be described in a short way by
just giving the conformation and configuration of the individual methine bridges, e.g.
ZZEssa corresponds to a chromophore with a Z,syn AB bridge, a Z,syn BC bridge and
a E,anti CD bridge†. The photoinduced E/Z isomerization of the C15––C16 double
bond occurs at the CD bridge, leading to the rotation of ring D.

Protein structure Phytochromes contain a light-sensing input module and a sig-
naling output module, both with varying domain constitutions depending on the or-
ganism (see Figure 9.3 for an overview). The photosensory core is constituted by
a PAS domain, a GAF domain, and a PHY domain (also commonly referred to as
P2, P3, P4 domains), the former two being tightly interconnected by an unusual
stabilizing knot structure.300 Phytochromes binding BV as their native chromophore

*A. fabrum is also known as A. tumefaciens.173

†Although this notation describes both a double bond configuration and a single bond conformation,
it is often referred to as a "ZZZssa conformation" or "ZZZssa configuration". A correct term would
rather be e.g. "ZZZssa geometry"
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Figure 9.2.: Linear tetrapyrroles that are assembled as native chromophores in various phy-
tochromes. Binding to the protein occurs via the sulfur atom of a cysteine residue that binds to
the vinyl group of ring A. Right panel: phytochromobilin (PΦB) and phycocyanobilin (PCB) car-
rying a vinyl or an ethyl group as ring D substituent, respectively, bind to cys via the 3′ atom. As
a consequence, ring A carries two chiral centers at atoms 2 and 3 and no endo- or exocyclic C––C
double bond. Left panel: The biliverdin (BV) chromophore is attached at the 3′′ atom instead. The
cofactor can either bind in a PΦB-like (labelled BV(PΦB)) or a BV-like (labelled BV(BV)) way,
resulting in an exocyclic C––C double bond and a stereocenter at atom 2 or an endocyclic C––C
double bond, respectively. Unlike for PΦB and PCB, the fully conjugated electronic 𝜋-system is
preserved. The three methine bridges of the structures shown here are in a ZZEssa configuration
(see text for details). Figure adapted from ref. 293.

utilize a single conserved cysteine located N-terminal to the PAS domain and the
knot,166,168 PΦB- and PCB-binding phytochromes from plant or cyanobacteria how-
ever have a conserved Cys in the GAF domain for covalent attachment.112,231 Within
the C-terminal output module, most phytochromes comprise a histidine kinase (HK)
or histidine kinase-related domain (HKRD) facilitating ATP-dependent phosphoryla-
tion of cognate transducers.27,145 Together with the GAF domain178,276, the HKRD
further plays a crucial role in protein homodimerization that is observed for most phy-
tochromes and seems to be a prerequisite for signal transduction,12,50,167,275,276 similar
to sensor histidine kinases.306 For plant phytochromes the signal output mechanism
seems to be substantially different and involves two additional PAS domains adjacent
to the HKRD and a N-terminal sequence with high serine and threonine content,
designated S/T (or P1) domain. Other additional domains are found for several phy-
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Figure 9.3.: The photosensory input module and the signal ouput module of phytochromes and
related proteins are constituted by specific domains, mainly PAS, GAF, PHY, and HKRD. The
N- to C-terminal arrangement of these domains is shown for several representatives of the different
phytochrome classes, such as canonical plant (phyA), prototypical (Agp1, Cph1), bathy (Pap1), and
cyanobacteriochromes (Cph2, SypB, ApxJ, TpxJ). The coloring of the GAF domains that carry a
chromophore indicates the light absorption maxima of the corresponding dark and activated parent
states, respectively. This Figure was kindly provided by F. Velázquez Escobar, ref. 293.

tochromes, e.g. multiple GAF domains replacing PAS/GAF/PHY in cyanobacterial
Cph2.195 The diverse spectroscopical properties of cyanobacteriochrome proteins can
be related to the diversity that is also found in chromophore attachment and domain
architecture. TpxJ from Thermosynechococcus elongatus has unusual blue and green
absorbing dark-adapted and signaling states, respectively, and covalently binds a phy-
coviolobilin (PVB) chromophore via two instead of one conserved cysteine residues
located in the GAF domain.133,287 ApxJ contains three tetrapyrrole cofactors bound
to each of the three additional GAF domains and exhibits red and green absorbing
dark and photoactivated states, respectively.123,292
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For canonical and prototypical phytochromes the dark-adapted state is the Pr state
that photoconverts to the active semi-stable Pfr form. Bathy phytochromes however
comprise an inverse photocycle with a thermally stable Pfr parent state.145,279

While detailed structural characterizations were achieved for the stable dark-adapted
states in plant, prototypical (Pr)48,49,81,301,321 as well as bathy (Pfr)25,317–319 phy-
tochromes at cryogenic and ambient temperatures77, crystallization of an active state
is more difficult due to the intrinsic lability of this conformation. As a consequence,
at the time of this investigation, no crystal structure of a prototypical or canonical
phytochrome in its signaling Pfr state was available and most information on this
state were concluded mainly from spectroscopic studies. Up to now, only one struc-
ture of a signaling Pfr state of prototypical Dph1 from Deinococcus radiodurans has
been reported.50,275 The new insights and implications obtained from this structure
and from spectroscopic results within this work are included in the description of the
photocycle details in Section 11.
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10. The Chromophore Structure in
the Pfr State of Bathy and
Prototypical Phytochromes

In order to shed light on the molecular origins of the different thermal stabilities of
the Pfr states of prototypical and bathy phytochromes, a combined approach of the-
oretical calculations and experimental spectroscopy was employed. By means of a
hybrid molecular mechanical/quantum mechanical (QM/MM) method, the distinct
chromophore geometry under consideration of interactions with the protein matrix
can be calculated. Comparing the calculated Raman and Infrared spectra to exper-
imental data enables to draw conclusions on the structure of the cofactor inside the
phytochrome. A description of the fundamental principles of this theoretical approach
can be found in Chapter 4 while the application of the procedure is briefly described
in the following.

Crystal structures of proteins give access to detailed three-dimensional (3D) struc-
tural information, but can not localize protons and hydrogens and neglect dynamic
processes that might be highly relevant for the function of these biomolecules. Thus,
a molecular dynamics simulation was performed based on the crystal structure of the
photosensory domain of bathy bacteriophytochrome from Pseudomonas aeruginosa
(Pap1) in its Pfr dark state317 as a starting geometry, solvated in a water box. From
the simulation run, 50 snapshots where extracted after the system was equilibrated,
i.e. the overall root mean square deviation (rmsd) of the C𝛼 atoms of the protein
was constant within a certain range. The snapshots of the protein structure within
the water box contain slightly different atomic positions for all atoms and represent
structural fluctuations over time, thus introducing dynamics into the system. Each
snapshot was then subjected to a geometry optimization and a subsequent frequency
calculation in order to obtain vibrational spectra of energy-minimized chromophore
structures. The BV molecule and tightly interacting residues, such as Asp194 which
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forms a strong H-bond to the ring D nitrogen and a H2O molecule located close to the
ring A and ring C nitrogen atoms (the pyrrole water), were treated quantum mechan-
ically while the surrounding protein environment, within a certain radius, was treated
molecular mechanically. This hybrid QM/MM treatment allows an accurate descrip-
tion of the chromophore but also considers the influence of the embedding protein
charges on the electron distribution of the BV.

Statistical analysis of the resulting set of 50 molecular structures with their cor-
responding spectroscopic information allows the investigation of possible correlations
between structural (bond lengths, bond angles, bond dihedrals, H-bond distances) and
vibrational spectroscopic (mode frequencies, band intensities) properties. Moreover,
this approach demonstrates to what extent the frequencies of individual modes can
be expected to fluctuate due to dynamic structural changes.
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The Chromophore Structure in the Pfr State of Bathy and Prototypical Phytochromes

Because recombinant bacterial phytochromes are easily accessible, which in turn
facilitates structural and spectroscopic studies, they are widely used as model sys-
tems for phytochromes from plants. A survey of phytochrome-encoding genes re-
vealed, however, that canonical phytochromes, carrying phycocyanobilin (PCB) as
chromophore, are present mainly in cyanobacteria, whereas other prokaryotic organ-
isms carry biliverdin (BV) as the chromophore (see Figure 9.2). While being attached
to the protein through a different binding site, BV adopts nearly the same conforma-
tion in the binding pocket and undergoes an identical photochemistry with a C15––C16
double bond photoisomerization.81,130,317,318 These BV-harboring bacteriochromes can
further be grouped into prototypical and bathy phytochromes in which the thermo-
dynamically stable states are Pr and Pfr, respectively.145,238

This different stability of the parent states is most probably the reason why three-
dimensional structures so far have been mainly obtained for the Pr state of prototypi-
cal phytochromes and the Pfr state of bathy phytochromes.81,145,236,238,301,317,318,322

Although the gross chromophore structures in the respective parent states are likely
to be similar in prototypical and bathy phytochromes, it appears to be premature to
consider the available three-dimensional structures of the Pr states of the prototypical
phytochrome and the yet only available three-dimensional structure of the Pfr state of
bathy phytochrome from Pseudomonas aeruginosa (Pap1 ) as representative structures
for the respective parent states in both classes of phytochromes.130 First, the sequence
homology between bathy and prototypical phytochromes is rather poor. In the case of
phytochrome Agp1 (UniProtKB accession number Q7CY45) and Agp2 (UniProtKB
accession number Q8UDG1) from Agrobacterium fabrum, a sequence identity of only
35 % and positive matches of 53 % were predicted using the sequence BLAST protein
alignment tool.4,168 Thus, the functionally important structural changes of the pro-
tein that activate or deactivate the associated catalytic module can hardly be assessed
from a comparative structural analysis of the Pr and Pfr states of prototypical and
bathy phytochromes. Second, the three-dimensional models suggest significant differ-
ences between prototypical and bathy photosensors, i.e. the mode of chromophore
attachment to the protein.301,317,318 However, these differences per se do not reveal
the molecular origin for the different thermodynamic stability and reaction channels
of the parent states in prototypical and bathy phytochromes. Such an understanding
is in turn essential for elucidating the strategy of how nature utilizes either red or
far-red light to trigger physiological processes.
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10.1. Protein sample preparation and methodological details

In this work, this issue was addressed focusing on the comparative analysis of the
Pfr states of bathy and prototypical phytochromes. Starting with the crystallographic
structure of the Pfr state of the bathy phytochrome from Pap1,317 molecular dynam-
ics (MD) simulations combined with calculations using molecular mechanical-quantum
mechanical (QM/MM) hybrid methods were carried out to achieve a structural refine-
ment for the chromophore binding pocket, guided by a comparison of the calculated
and the experimental resonance Raman (RR) spectra of the tetrapyrrole cofactor.201

Specifically, it was studied whether the results of the present approach were consis-
tent with the original assignment of the bilin structure to a ZZEssa configuration,317 a
plausible assignment albeit not unambiguously backed by the rather disperse electron
density data, which in principle would also be compatible with a ZZZssa geometry
from protein crystallography.317 Similarly, the proposed chromophore binding via thiol
addition to the exocyclic vinyl group of ring A was checked. This tetrapyrrole-protein
linkage is in contrast to prototypical bacteriophytochromes in which BV attachment
is accompanied by the formation of an exocyclic double bond and the saturation of
ring A.301,320 The combined theoretical-experimental analysis of the Pfr state of Pap1
allows for a “calibration” of the RR spectroscopic method that was then employed to
investigate the chromophore structures in the Pfr states of various prototypical BV-
binding phytochromes for which no three-dimensional structural data were available.
It was demonstrated that, unlike to the highly homogeneous chromophore confor-
mation in bathy phytochromes, the bilin cofactors in the Pfr states of prototypical
phytochromes displayed a substantial structural heterogeneity that primarily referred
to the methine bridges between rings A and B (A-B) and C and D (C-D).270 The
molecular origin of this heterogeneity and the implications for the lower thermody-
namic stability of the Pfr state are discussed.

10.1. Protein sample preparation and methodological
details

Expression of the proteins, purification, and the assembly of the holoproteins was
described previously.4,136,223,279 In addition to the wild-type (WT) A. fabrum phyto-
chrome 1 (Agp1 ), two further engineered variants from the same phytochrome were
investigated as follows: the C20A site-directed mutant (Agp1C20A) and a truncated
variant lacking the first 18 N-terminal amino acids (Agp1Δ18).38 In both mutants,
the chromophore is bound in a noncovalent manner to the protein. Cyanobacterial
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phytochrome CphB (Calothrix PCC7601) was expressed and purified as described
previously.250 In all cases, protein variants lacking the histidine kinase module were
used. Previous comparative studies of Agp1 revealed identical RR spectra for proteins
including and lacking the kinase module.39,271

Buffer solutions used for the RR experiments included 50 mM Tris/HCl, 300 mM
NaCl, 5 mM EDTA in H2O (D2O) at a pH (pD) of 7.8. Protein samples were concen-
trated via Microcon filters up to a value corresponding to an optical density of ~50 at
280 nm.

Synthesis of isotopically labeled biliverdin Unlabeled BV was synthesized from
bilirubin by reaction with 2,3-dichloro-5,6-dicyano-benzoquinone in dimethyl sulfox-
ide (97 %). Obtained BV was esterified by reaction with sulfuric acid in methanol
(17 h, −5 ∘C, 67 %). BV-dimethyl ester was then cleaved at the central C10 position
according to Ref. 187. This reaction yields four products, each half of BV (“right”
and “left”), and their respective thiobarbituric acid adducts; these adducts contain
the carbon atom, originally located at position 10. Both the right and the left halves
were isolated from this reaction mixture. The left half, representing the former A-B
ring part of BV, was formylated with o-trimethyl [13C]formate (ambient temperature,
5 min, 65 %). Then the formylated left half was condensed with the right half (ethyl
acetate, 0 ∘C, POCl3, 15 min, addition of methanol, further stirring for 30 min, 32 %,
13C NMR: 10-13C, 115.0 ppm). [13C]BV-dimethyl ester was saponified following the
procedure described by Lindner et al.:181 H2O, CF3COOH, 1:1, Dowex ion exchange
resin, 44 h, ambient temperature; 77 %, 13C NMR: 10-13C, 115.9 ppm.

Resonance Raman and IR spectroscopy RR measurements were performed using
a Bruker Fourier transform Raman spectrometer RFS 100/S with 1064 nm excitation
(Nd-YAG cw laser, line width 1 cm−1), equipped with a nitrogen-cooled cryostat from
Resultec (Linkam).207,271 All spectra were recorded at −140 ∘C unless noted other-
wise. The laser power at the sample was kept at 780 mW. To identify potential laser-
induced damage of the phytochrome samples, RR spectra before and after a series of
measurements were compared. In no case changes between these control spectra were
determined. For each spectrum, the accumulation time was 1 h. Protein and buffer
Raman bands were subtracted on the basis of a Raman spectrum of apophytochrome.
Photoconversion from Pfr to Pr (Pr to Pfr) state was achieved by a 10 s (2 min) sample
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illumination at 20 ∘C with 785 nm light (660 nm) using a light-emitting diode, corre-
sponding to a photon fluence of ~2 × 1022 (4 × 1022) photons/m2. The raw spectra
of the Pfr and Pr obtained in this way included minor contributions from the Pr and
Pfr state, respectively. These contributions were removed by mutual subtraction of
the experimental spectra from each other, using the characteristic marker bands of
Pr and Pfr as a reference. The pure spectra were further analyzed by a band fitting
procedure assuming Lorentzian band shapes.

For IR spectroscopic measurements, the protein samples were dissolved in 50 mM
Tris, 300 mM NaCl, 5 mM EDTA in H2O (D2O) at pH (pD) 7.8 and concentrated via
Microcon filters. The concentration of the samples was between 50 and 150 mg ml−1

as determined by the intensity of the UV-visible absorbance at 280 nm. The protein
was placed between two BaF2 windows (15 mm diameter) with a 3 µm-thick poly-
tetrafluoroethylene spacer and equilibrated at 20 ∘C. IR spectra were recorded in a
Bruker IFS66v/s spectrometer equipped with a liquid nitrogen cooled HgCdTe detec-
tor (J15D series, EG&G Judson). Spectra were recorded 2 min prior to illumination
and 30 s after the illumination, and subsequently the difference spectra were calculated
by subtracting the initial state spectra from the illuminated state spectra. Illumina-
tion of the sample was performed as in the Raman experiments.

Molecular dynamics simulations The initial set of coordinates for the MD simula-
tions were extracted from the crystallographic structure of the photosensory domain
of Pap1 in the Pfr state (Protein Data Bank code 3C2W).317 The secondary struc-
ture of residues 376-485 in the peptide chain, which are missing in the original Protein
Data Bank submission, were predicted by PSIPRED45,142 as an unordered loop. Ac-
cordingly, their three-dimensional coordinates were generated using CHARMM(32b2)
software43, followed by energy minimization and a short 5 ns MD simulation for struc-
tural equilibration. Assignment of protons to titratable groups was done on the basis
of visual inspection of the local environment of the charged amino acids and histidine
residues. In particular, His247 and His277 in the chromophore binding pocket were
protonated at their N𝜖 positions. The protein was then solvated in a hexagonal box
of 58 687 TIP3P water molecules and charge neutralized with NaCl. After a series
of energy minimization and equilibration steps, restraint-free simulations were per-
formed under periodic boundary conditions for 6 ns in the isothermal- isobaric (NTP)
ensemble at 300 K. For this, a combination of the Langevin-Piston Nose-Hoover82,190

method was used with reduced Langevin damping factors (from 5.0 to 1.0). All MD
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Figure 10.1.: Optimized structure of the chromophore binding pocket of the Pfr state of Pap1
according to the QM/MM model of lowest energy (QM/MMmin model). Hydrogen bonds between
ring D and Asp194 as well as between rings A and C and a water molecule located close to the
chromophore center (denoted as pyrrole water) are shown as dashed lines in black.

simulations were performed keeping the BV cofactor molecule fixed due to missing
force field parameters.

The MD simulations were performed using the NAMD (version 2.6) software219 in
combination with the CHARMM all atom force field.186 For the treatment of non-
bonded interactions in the system, the particle-mesh-Ewald method64 was employed
for electrostatics, whereas a cutoff of 12 Å in combination with a switching function
was used for van-der-Waals interactions.

Quantum Mechanical/Molecular Mechanical calculations 50 snapshots were ex-
tracted from the last 100 ps of the MD simulation, in intervals of 2 ps. For each
snapshot, the geometry of the chromophore-binding site, including the chromophore
and all residues within a radius of 15 Å from the C10 atom of the BV cofactor (active
region), was optimized using a hybrid QM/MM approach (see Section 4.3) combining
the B3LYP density functional23 with the CHARMM27 force field186 implemented in
the modular program package Chemshell251. The 6-31g* basis set was used to describe
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the QM region. Two different QM/MM partition schemes were considered. The first
one was defined with a relatively small QM region of only 81 atoms, including the
BV cofactor and the Cys12 side chain, whereas the second partition scheme with 96
atoms was constructed by extending the QM region to include Asp194 and the water
molecule located in the tetrapyrrole cavity (pyrrole water) (Figure 10.1). These two
partitions will be referred to as the QM81/MM and QM96/MM models, respectively.
The lowest QM/MM energy of the QM96/MM model was computed for the snapshot
extracted after 5920 ps of the MD simulation. This optimized structure is denoted as
QM/MMmin. Furthermore, the covalent bond cuts at the QM/MM borders at the
Cys12 side chain (QM81/MM and QM96/MM models) and at the Asp194 backbone
(only for the QM96/MM model) were saturated with hydrogen link atoms.

The average Raman spectrum of the protein-bound BV chromophore was calcu-
lated by summing up the Raman spectra computed at a QM/MM level for each of
the snapshots following published protocols.198–201 It has been demonstrated for other
phytochromes that calculated (off-resonance) Raman intensities are a good approx-
imation for Raman spectra measured under rigorous resonance and pre-resonance
excitation.89,121

Homology model for the bathy phytochrome from A. fabrum Homology mod-
eling of the photosensory module of A. fabrum phytochrome 2 (Agp2 ) (6-499 amino
acids) was performed by using SWISS-MODEL243 with the crystal structure of the
Agp2 homolog46 from Pap1 317 as a template with a sequence identity of 36.3 %. In
a subsequent step, energy minimization and structural idealization were performed
by the program REFMAC5.44 Structure validation was performed with the pro-
grams PROCHECK172 and WHAT_CHECK.125 To obtain an appropriate compara-
tive model of the chromophore binding pocket from the Agp2 photosensory module,
in a final step the model of Agp2 was separately superimposed with the crystal struc-
ture of the Pap1 (Protein Data Bank code entry 3C2W, see Ref. 317), and the amino
acids around the chromophore were manually rebuilt with the program COOT.78 All
structure superpositions of the backbone 𝛼-carbon traces were performed using the
CCP4 program LSQKAB.44
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Table 10.1.: Selected structural parameters of the Pap1 -BV chromophore and its vicinity. Column
labels QM96/MM and QM81/MM refer to all snapshots of the corresponding model as defined on
page 106. Bond lengths are given in Å and angles in degrees. Coordinates are defined according to
the numbering for BV in Figure 9.2. Abbreviations used are Avg.: Average, Max.: Maximum, Min.:
Minimum, S.D.: Standard Deviation.

QM96/MM QM81/MM

X-ray
QM/

MMmin Avg. Max. Min. S.D. Avg. S.D.

A-B methine bridge
C(4)–C(5) 1.528 1.371 1.371 1.374 1.367 0.002 1.370 0.002
C(5)–C(6) 1.536 1.432 1.433 1.439 1.427 0.003 1.433 0.001
C(4)–C(5)–C(6) 116.4 127.3 127.2 128.7 125.4 0.7 127.5 0.8
N(A)–C(4)–C(5)–C(6) 17.0 8.0 8.5 11.4 6.0 1.3 8.0 1.1
C(4)–C(5)–C(6)–N(B) 5.7 14.5 16.5 20.6 9.4 1.8 15.5 1.7

B-C methine bridge
C(9)–C(10) 1.398 1.400 1.400 1.407 1.392 0.003 1.400 0.003
C(10)–C(11) 1.393 1.398 1.396 1.400 1.387 0.003 1.393 0.003
C(9)–C(10)–C(11) 118.31 130.9 129.9 131.5 128.6 0.7 128.8 0.6
N(B)–C(9)–C(10)–C(11) -0.6 -6.7 -6.1 -3.6 -8.8 1.1 -6.9 1.2
C(9)–C(10)–C(11)–N(C) -8.2 -5.3 -4.9 -2.9 -7.0 0.8 -5.3 0.7

C-D methine bridge
C(14)–C(15) 1.535 1.434 1.434 1.439 1.427 0.002 1.430 0.003
C(15)–C(16) 1.535 1.372 1.369 1.373 1.365 0.002 1.371 0.002
C(14)–C(15)–C(16) 119.1 128.6 127.3 128.9 125.4 0.9 126.9 0.9
N(C)–C(14)–C(15)–C(16) -150.3 -155.4 -152.7 -148.2 -158.8 2.2 -155.6 1.6
C(14)–C(15)–C(16)–N(D) -150.7 -160.0 -159.8 -155.4 -163.2 1.6 -157.9 1.5

BV - H2O
N(A) OH2 2.952 2.899 3.074 2.813 0.061 2.806 0.020
N(C) OH2 2.900 2.863 3.056 2.807 0.042 2.799 0.022

BV - protein matrix
N(B)–O(Asp194) 3.05 2.858 2.940 3.155 2.819 0.074 2.911 0.170
N(D)–OD(Asp194) 3.00 2.831 2.873 3.077 2.774 0.068 2.635 0.030
O(D) OG(Ser459) 4.13 3.395 3.400 3.597 3.212 0.116 3.382 0.125
O(D) NE(Gln188) 3.40 3.329 3.253 3.776 2.860 0.301 3.372 0.318
O1(ppsC) OH(Tyr163) 2.91 2.666 2.666 2.789 2.596 0.035 2.664 0.033
O1(ppsC) OH(Ser275) 2.53 2.717 2.707 2.751 2.673 0.022 2.704 0.027
O1(ppsB) (Arg209) 2.61 2.691 2.696 2.755 2.657 0.020 2.692 0.019
O2(ppsB) NE(Arg209) 3.32 2.702 2.754 3.006 2.702 0.048 2.741 0.034
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10.2. Results and discussion

Figure 10.2.: Evolution of the root-mean-square deviation for the C𝛼 atoms of Pap1 during the
6 ns MD simulation.

10.2. Results and discussion
Structure of the biliverdin binding pocket in Pap1 During the MD simulation,
the protein approaches a stable structure after a few nanoseconds as shown by the
root-mean-square deviations (rmsd) of the carbon backbone atoms with respect to the
crystal structure (Figure 10.2). The relatively large rmsd values of ~2.7 Å primarily
result from conformational changes at loop and coil regions. Additional changes of
the protein secondary structure were not observed, but a slightly increased radius of
gyration (28.9 Å) compared with the crystal structure (27.9 Å) was noted.

For all snapshots, converged BV structures under preservation of the initial con-
figuration/conformation of the methine bridges were obtained (Figure 10.1). The
structural differences between the QM96/MM and QM81/MM model were very small
and did not exceed 0.003 Å for bond lengths and 2∘ for bond and dihedral angles.
Only the distances between the ring D and B NH groups and Asp194 are increased
when this residue is included in the QM region (QM96/MM; Table 10.1). The QM
description of the BV cofactor afforded the expected bond length alternation pattern
for the methine bridges with the C4––C5 and C15––C16 double bonds (1.37 Å) and the
C5–C6 and C14–C15 single bonds (1.43 Å), whereas the electronic conjugation was
fully pronounced at the central B-C methine bridge, as reflected by the nearly equal
C–C bond lengths of ~1.40 Å. Calculated bond angles for the three methine bridges
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were higher by ~10∘ with respect to the crystallographic values, although quite similar
torsional angles were predicted. Structural differences of the BV cofactor optimized
for the various snapshot models were very small with standard deviations of less than
0.003 Å, 1 and 2∘ for the bond lengths, bond angles, and dihedral angles of the methine
bridges, respectively. In particular, variations of the dihedral angles at the A-B and
C-D methine bridge were half the value predicted previously for phycocyanobilin in
plant phytochrome phyA199 and phycoviolobilin in phycoerythrocyanin,198 pointing
to a more tightly packed chromophore binding pocket in the Pfr state of Pap1.

The NH group at ring B forms a stable hydrogen bond to the carbonyl group of
Asp194, as already observed in other phytochrome structures. Unique for the Pfr
state of Pap1, however, is the strong hydrogen bond between the carboxylic group of
this residue and the NH group on ring D. Interestingly, the QM treatment of Asp194
(QM96/MM) leads to an elongation of the N(D) O(Asp194 side chain) distance by
~0.2 Å compared with the QM81/MM model. This bond seems to be an important
factor to stabilize the ZZEssa configuration of the BV cofactor. In fact, a D194A
mutation impairs the complete photoconversion of the photoreceptor.317

In addition to Asp194, Ser459 and Gln188 also have been suggested to contribute to
the chromophore stabilization via interaction with the carbonyl function of ring D.317

In fact, the present calculations predict average distances of 3.4 Å (O(D) O(Ser459))
and 3.25 Å (O(D) NE(Gln188)), which are smaller than the crystallographic data of
4.1 and 3.4 Å, respectively. Mutations of these two residues also lead to irregularities
(S459A) or delay (Q188L) in the photocycle.317

Both the NH groups of rings A and C form strong hydrogen bonds to the pyrrole
water located in the tetrapyrrole cavity, as indicated by the short distances of 2.90
and 2.86 Å, respectively. In contrast to previous studies on phyA,199 the interactions
of this water molecule are preserved during the entire MD simulation. Rotation of the
pyrrole water is hindered by the strong hydrogen bond formed with His247.

The positions of both BV propionic side chains hardly change within the 50 snap-
shots. In the case of the ring C propionic chain, hydrogen bonds with His277, Tyr163,
and Ser275 immobilize the carboxylic group. Particularly steady and strong are the
interactions with Ser275 and Tyr163, as reflected by the short average distances of
2.70 and 2.66 Å for O(Ser275) O2(ppsC) and O(Tyr163) O1(ppsC), respectively.
Correspondingly, the mobility of the ring B propionic side chain is hindered by
the two strong hydrogen bonds with Arg209. For these interactions, the average
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N(Arg209) O1(ppsB) and NE(Arg209) O2(ppsB) distances are 2.70 and 2.75 Å,
respectively (Table 10.1).

Resonance Raman spectra of Pap1 The experimental RR spectrum of Pap1 in the
Pfr state is characterized by two strong peaks located at 1599 cm−1 and at 811 cm−1

(Figures 10.3, left and right panels). Although the first peak constitutes a well-known
marker band for the tetrapyrrole backbone conformation, the high intensity of the sec-
ond peak is characteristic for tetrapyrrole chromophores in the Pfr state. In addition,
the presence of the band at 1549 cm−1, which is sensitive to H/D exchange, is indica-
tive of a protonated tetrapyrrole, as already demonstrated by previous spectroscopic
studies on phytochromes.154,202

The Raman spectrum computed for the BV chromophore bound to Pap1 using
the large QM96/MM model is in very good overall agreement with the experimental
spectrum. An intense Raman band is predicted at ~1601 cm−1, resulting from the su-
perposition of two peaks, calculated on average at 1602 and 1600 cm−1 (Table 10.2).
This finding is in line with the experimental data because the 1599 cm−1 band is
actually composed of two band components at 1603 and 1598 cm−1 (see below) (Ta-
ble 10.2). Analogous to other phytochromes, these two modes are assigned to C––C
stretching vibrations at the A-B and C-D methine bridges, with the C––C(A-B) at
a higher frequency than the C––C(C-D). Minor structural variations at the methine
bridges observed among snapshots (Table 10.1) give rise to frequency shifts for these
two modes of more than 20 cm−1 (Table 10.3).

The NH in-plane (ip) deformation mode of rings C and B (𝜈56) is predicted at
1548 cm−1 with a significant Raman intensity, again in very good agreement with
the experimental peak detected at almost the same position. In addition, the NH ip
deformation coordinate of ring B also contributes to several modes in the frequency
region at ~1300 cm−1. Deuteration of the NH groups leads to three main spectral
changes. The N-H bending at 1549 cm−1 disappears, and its counterpart re-appears
at 1062 cm−1. The band at 1316 cm−1, located in a crowded spectral region, loses
intensity, and a new peak at 1377 cm−1 appears in the spectrum of the deuterated
species. As shown in Figure 10.3 (A-F), these isotopic spectral changes are well
reproduced by the calculations.

Most remarkably, the standard deviation for 𝜈56 (N-H ip B and C) frequency is only
4 cm−1 (Table 10.3), which is much lower than that predicted for phyA (9 cm−1),199

reflecting the positional and rotational stability of the pyrrole water and the Asp194
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10.2. Results and discussion

Table 10.3.: Calculated and experimental vibrational frequencies (𝜈 in cm−1) of Pap1 -BV using
the QM96/MM and QM81/MM models. Average frequencies and corresponding standard deviation
were computed out of a 50-snapshots ensemble. The abbreviations used are: Avg.: average, S.D.:
standard deviation, Min.: minimum, Exp.: experimental, sh: shoulder, vs: very strong intensity, m:
medium intensity.

QM96/MM QM81/MM

Mode no. Character Exp. Min. Avg. Range S.D. Avg.

50 C––C (vinyl) 1613 (sh) 1629 1632.2 13.9 3.2 1631.1
52 C––C (A-B) 1603 (vs) 1602 1602.3 19.8 5.0 1600.6
53 C––C (C-D) 1598 (vs) 1592 1599.7 21.0 5.1 1603.9
54 C––C (B-C) 1585 (sh) 1574 1577.0 20.8 4.1 1577.7
56 NH ip (C, B) 1549 (m) 1548 1547.8 16.9 3.9 1548.5

165 HOOP (C-D) 811 (vs) 819 821.8 39.2 7.6 842.4

in the chromophore cavity. The NH in-plane deformation coordinates of rings A and
D are distributed over several normal modes around 1370 and 1440 cm−1, respec-
tively, which are in most cases predicted with low Raman intensity. Hence, a direct
assignment of an experimental RR peak to these vibrational modes is not possible.

The lower frequency region is dominated by a very intense band at 811 cm−1. In
accordance with previous vibrational assignments for other phytochromes, the present
calculations predict an intense band in this region that is due to the hydrogen out-
of-plane (HOOP) vibration of the C-D methine bridge. The average vibrational fre-
quency calculated for this mode is higher by 10 cm−1 than the experimental value. If
Asp194 is excluded from the QM region (model QM81/MM), the discrepancy with re-
spect to the experimental position increases to 30 cm−1 (Table 10.3). Unlike the high
frequency region, for which the QM81/MM model also affords satisfactory results,
the quantum mechanical treatment of the BV–Asp194 and BV–H2O interactions is
essential for reproducing the HOOP modes in an adequate manner. In this last model,
for only one snapshot structure a HOOP frequency below 810 cm−1 was predicted; 42
snapshots exhibit HOOP frequencies between 810 and 830 cm−1 and seven of them
with HOOP frequencies slightly above 830 cm−1. Furthermore, for the QM96/MM
model the frequency variations are correlated with the C15––C16 torsional angle (see
below), and a relationship between the HOOP frequency and any structural parameter
could not be identified for the QM81/MM model.

A second experimental peak of considerable intensity in the low frequency region is
located at 651 cm−1 close to a smaller peak at 671 cm−1. From the calculated potential
energy distribution the former band was assigned to a mode consisting mainly of
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Figure 10.3.: Experimental RR and calculated Raman spectra of the Pfr state of Pap1 in H2O
(black) and D2O (red) in the 600-1200 cm−1 low frequency region (left) and the 1200-1750 cm−1

high frequency region (right). (A, D) experimental RR spectrum, (B, E) sum of the QM96/MM-
calculated Raman spectra obtained from various snapshots of the MD simulations, (C, F) calculated
Raman spectrum for the QM/MMmin model.

ring D bending vibrations with only minor contributions from the thioether bridge
C–S stretching, although the latter peak includes various coordinates such as ring C
bending and a relatively high contribution from the C–S stretching.

Correlation between spectral and structural parameters Although the average
QM/MM spectra calculated from 50 snapshots match the experimental data very
well in most regions, the individual spectra show dispersion in frequencies that may
be associated with particular structural changes. A quantitative analysis is possible by
Pearson’s method,227 which allows evaluating cross-correlations for mode frequencies
and structural parameters as discussed in the following for the QM96/MM model.

Particularly for the structural changes of the BV cofactor occurring at the methine
bridges, moderate or strong correlation of the C–C dihedral angle with the C––C bond
length of 0.59 for B-C and −0.80 for C-D, respectively, were computed. This can
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Table 10.4.: Pearson correlation coefficients r for selected structural and vibrational parameters of
the Pap1 -BV chromophore calculated for the QM96/MM model. Only values above 0.50 are reported.
Structural parameter entries consisting of two, three, and four atoms represent the bond length, the
bond angle, and the dihedral angle of the corresponding atoms, respectively. The abbreviations used
are: str : stretching, ip: in-plane.

Vibrational coordinate

Structural parameter
C––C str

A-B
C––C str

B-C
C––C str

C-D
N–H ip

A
N–H ip

B, C
HOOP

C-D

A-B methine bridge
C(5)–C(6)–N(B) 0.64 0.57 0.64
C(5)–C(6) −0.86 −0.58
B-C methine bridge
N(B)–C(9)–C(10) 0.64 0.61 0.57 0.61
C(9)–C(10)–C(11) 0.55
C(9)–C(10) 0.50
C(10)–C(11) −0.66
C-D methine bridge
N(C)–C(14)–C(15)–C(15) 0.59
C(14)–C(15)–C(16)–N(D) −0.65
C(15)–C(16) 0.89

readily be rationalized because the torsional motion has an impact on the electronic
structure of the conjugated C––C bonds of the methine bridges that affects the orbital
overlap and thus the methine bridge bond length. As a consequence, the frequencies
of the C––C stretching modes of the methine bridges are not only inversely correlated
with the respective bond lengths. The frequency of the C-D stretching, for example,
is further correlated with the dihedral angle of the C-D bridge (0.59), whereas that of
the A-B stretching displays a strong correlation with the C5–C(B)–N(B) bond angle
(0.64) (Table 10.4).

Also, the frequency of the prominent C-D methine bridge HOOP mode is signif-
icantly correlated with a structural parameter, the C15––C16 torsional angle (0.65),
such that deviations from co-planarity between rings C and D cause increasing fre-
quencies. Only a moderate correlation exists for the C14–C15 dihedral angle (0.45).
Furthermore, a high positive correlation of the N-H ip (B and C) and C––C stretching
frequencies was evaluated for both the A-B and B-C methine bridge (0.75 and 0.57),
although at least a weak positive correlation exists for the C-D bridge (0.24). These
findings are consistent with the coupling of the two vibrational modes as derived from
the computed potential energy distribution and also with the experimental shifts of the
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A-B, B-C, and C-D C––C marker bands upon H/D exchange of the pyrrole nitrogens
(see Figure 10.3, D-F).

Model for Pap1 with a 2(R),3(E)-PΦB chromophore Previous crystallographic
studies on the Pr state of prototypical BV-binding phytochromes301,320 have shown
that the tetrapyrrole is covalently bound to the Cys via a thioether linkage with the
terminal C32 carbon of the vinyl group of ring A, thereby leading to an exocyclic C––C
double bond and a chiral center at the C2 carbon. Correspondingly, the bound chro-
mophore exhibits the ligation adduct of a 2(R),3(E)-PΦB-type structure (Figure 9.2).
Instead, the crystallographic analysis of the bathy phytochrome Pap1 provides no in-
dication for a chiral center at the C2 carbon317 but indicates a BV-type chromophore
configuration with an intra-ring double bond, although the limited resolution of the
electron density map at the chromophore-binding site leaves some uncertainties. Thus,
this conclusion was checked by extending the calculations to a new structural model
that was generated by exchanging the BV chromophore of the crystal structure-based
QM96/MM models with a 32-linked 2(R),3(E)-PΦB. The methyl group at ring A was
oriented toward Ile246 and Leu9 to avoid steric clashes with the protein environment,
in particular with Ser193. The new geometries were reoptimized following the same
procedure as described above for the QM96/MM models. To distinguish them from
the original models, they will be referred to as QM96-PΦB/MM.

In fact, comparison between the QM96/MM and QM96-PΦB/MM model suggests
that the structural differences at this linkage site and its immediate environment are
minor and most likely not detectable at 2.9 Å resolution, especially by the limited
information of the electron density from the chromophore in Pap1.317 The rmsd be-
tween the two minimum energy structures yielded only 0.3 Å. The largest structural
differences compared with the original model are predicted for C32 and at the methyl
group on C2 which are displaced by 1.45 and 1.03 Å, respectively, as a consequence
of hybridization change at C31 and C2. The concomitant changes in the electron dis-
tribution in ring A induce a significant swap of the C2–C3–C31 –C32 dihedral angle
from −63 to 3∘ (Figure 10.4).

As a consequence, the main effect in the calculated Raman spectrum refers to
the A-B stretching mode, which undergoes a significant 11 cm−1 downshift such that
it appears as a separate peak on the low frequency side of the largely unchanged
C-D stretching mode (Table 10.2 and Figure 10.5). The downshift is even more
pronounced in the spectra calculated for the minimum energy configurations of the
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Figure 10.4.: Superposition of the minimum energy structure of Pap1 bonded to a BV-type chro-
mophore in the ZZEssa conformation (orange) and (A) the structure of Pap1 bonded to a 2(R),3(E)-
PΦB chromophore (cyan) and (B) the structure of Pap1 with BV in a ZZZssa conformation (cyan).

models. Further spectral differences originating from the PΦB-type constitution of
the chromophore include the broad feature at 1370 cm−1 and the peak at 717 cm−1

(Figure 10.5), which are due to a deformation and stretching of the C–S bond, respec-
tively, and the two weak bands at 1645 and 1197 cm−1 resulting from the stretching of
the exocyclic C––C bond and the C–C and C–N single bond stretchings, respectively.
Due to the rather significant spectral deviation related to the A-B methine bridge
stretching of the QM96-PΦB/MM model from the experimental spectrum, the idea
of a PΦB-type chromophore has to be discarded which thus supports the conclusions
drawn by Yang et al.317 that the tetrapyrrole is bound under preservation of the ring
A C––C double bound, i.e. a BV-type chromophore as used in the QM96/MM model.
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Figure 10.5.: (A) calculated Raman spectrum of the Pfr state of Pap1 with a BV-type chromophore
binding in the ZZEssa configuration (sum of snapshots, as in Figure 10.3 and 5), (B) experimental
RR spectrum of the Pfr state of Pap1, (C) calculated Raman spectrum of the Pfr state of Pap1 with
PΦB-type chromophore binding in the ZZEssa configuration (sum of snapshots), (D) calculated
Raman spectrum of the Pfr state of Pap1 with a BV-type chromophore binding in the ZZZssa
configuration (single snapshot). The left panel displays the overview spectra, highlighting the most
structure-sensitive spectral regions. The right panel is an expanded view of the C––C stretching
region.
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Model for Pap1 with BV in ZZZssa configuration/conformation The second
consequence of the limited resolution of the electron density at the BV-binding site
of Pap1 refers to the determination of the configuration of the C-D methine bridge.
Although the electron density would also be compatible with a Za configuration at
this position, Yang et al.317 decided for the more plausible Ea configuration, based
on the hydrogen bonding network between ring D and the protein environment. This
conclusion was backed by further crystallographic studies.318,322 To examine the con-
sequences of the ZZZssa cofactor configuration on the Raman spectra, a structural
model for Pap1 with a BV in 15Za configuration (Pap1 -15Za) was generated, using
the optimized QM96/MM structure as a starting point and rotating the C––C double
bond of the C-D methine bridge clockwise to ~140∘ thus avoiding sterical clashes with
the protein environment. The system was allowed to relax following the QM/MM
protocol described in Section 10.1.

As shown in Figure 10.4, the main differences of the optimized structure with respect
to the starting geometry are noted for the C-D methine bridge of the BV cofactor,
characterized by torsional angles of −162.1 and 9.6∘ for the C––C and C–C bonds,
respectively. Except for the slightly rotated side chain of Gln188 and the movement
of the Asp194 side chain closer to the chromophore, the positions of the remaining
residues in the vicinity of ring D are hardly affected. In the Pap1 -15Za structure,
however, the hydrogen bonds between ring D and the Tyr250, Ser459, Gln188, and
Asp194 no longer exist. Instead, the NH and CO groups of ring D interact with
water molecules. These structural differences lead to distinct changes in the calcu-
lated Raman spectrum that deviate substantially from the experimental spectrum
(Figure 10.5). The C––C stretching of the C-D methine bridge is calculated to be
at 1621 cm−1, upshifted by 20 cm−1 with respect to the experimental band. Further-
more, the sharp peaks at 1296 and at 811 cm−1 in the experimental spectrum, assigned
to the NH ip deformation mode at ring B and to the HOOP on the C-D methine
bridge, respectively, are not reproduced by the Pap1 -15Za model, in contrast to the
good overall agreement provided by the calculated spectrum of the Pap1 -15Ea model.
Consequently, the present spectroscopic analysis confirms the ZZEssa chromophore
configuration proposed by Yang et al..317

Structural similarities between Pap1 and Agp2 Agp2 is a bathy phytochrome
from A. fabrum. The RR spectra of the Pfr states of Agp2 and Pap1 are nearly
identical with respect to the frequencies and relative intensities and the isotopic shifts
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Figure 10.6.: Experimental RR spectra of the Pfr states of (A) Pap1 and (B) Agp2 in H2O (black)
and D2O (red).

upon H/D exchange (Figure 10.6). This striking spectral agreement indicates that
the structures of the chromophore binding pockets are very similar. In fact, whereas
the overall sequence homology between the photosensory modules (~513 amino acids)
of Agp2 and Pap1 shows around 37 % identity and 56 % similarity (EMBOSS-Align;
EMBL-EBI), nearly all amino acids in the chromophore binding pocket are conserved
with the exception of Phe187, Phe192, and Ala276 in Agp2 compared with Tyr185,
Tyr190, and Ser275 in Pap1. Thus, a basic homology model of Agp2 displays only
minor differences compared with the Pap1 template (Figure 10.7).

Pfr states in bathy and prototypical phytochromes The RR spectra of Pfr states
of prototypical phytochromes display distinct differences compared with those of bathy
phytochromes, specifically in the region of the C––C stretching and the HOOP modes
of the methine bridges (Figure 10.8). This is shown for the prototypical phytochrome
from A. fabrum, Agp1 (Figure 10.8C), two Agp1 mutants (Figure 10.8D and E),
and the cyanobacterial BV-binding phytochrome CphB (Figure 10.8F). All spectra
show the characteristic features of the Pfr state, i.e. intense RR bands at ~1600
and 800 cm−1. However, in the spectra of prototypical phytochromes, these bands do
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Figure 10.7.: Homology model for the Pfr state of Agp2. Bold letters refer to Agp2 -specific amino
acids compared with Pap1.

not exhibit symmetric band profiles. The prominent C––C stretching band displays
pronounced shoulders on the high frequency side of between ~1605 and 1630 cm−1,
concomitant to a broadening and increased asymmetry of the band shape for all bands
in this region as compared with the relatively sharp 1599 cm−1 peak of the bathy
phytochromes Agp2 and Pap1. In the HOOP region, a similar broadening and peak
shape asymmetry were observed, and in CphB even a clearly detectable second peak
was observed, although not as pronounced as for the C––C stretching modes. These
changes were accompanied by an increased RR activity for the modes in the region
between 840 and 860 cm−1, where for bathy phytochromes Raman bands can hardly
be detected at all. It is therefore tempting to assume that the spectral heterogeneities
in the Pfr spectra of prototypical phytochromes reflect a structural heterogeneity of
the chromophore binding pocket. To examine this hypothesis, the C––C stretching
and HOOP regions of WT Agp1 were investigated in more detail.

First, in order to identify the nature of the vibrational modes in the C––C stretch-
ing region, Agp1 reconstituted with a BV chromophore with a 13C/12C substitution
at the B-C methine bridge was used. This substitution affects the modes, including
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the B-C stretching coordinates that according to the calculations for Pap1 predom-
inantly contribute to the weakly Raman-active mode 𝜈54 (Table10.2). As this mode
is expected to exhibit a high IR intensity, the RR spectroscopic measurements were
complemented by IR difference spectroscopy. Such IR difference spectra reflecting the
spectral changes associated with the Pr to Pfr transition are shown in Figure 10.10A
for Agp1, including the nonlabeled and 13C-labeled BV chromophore. The spectral
features in the shaded area of Figure 10.10 are primarily due to difference bands of
the protein and the chromophore in the Pr state, but the positive bands between 1550
and 1620 cm−1 can be attributed mainly to chromophore bands of the Pfr state. Here,
the most pronounced isotopic shift is observed for the peak at 1582 cm−1, which upon
13C labeling is downshifted to 1561 cm−1. These bands can hardly be detected in
the RR (Figure 10.10C) and the “Pfr minus Pr” RR difference spectra. However, the
RR (difference) spectra indicate a substantial loss of intensity on the high frequency
shoulder (~1615 cm−1) of the prominent 1600 cm−1 peak upon 13C labeling indicating
the involvement of the B-C stretching coordinates to the RR-active mode(s) in this
region. Thus, the isotopic shifts point to two different modes with a substantial B-C
stretching character. The present data for Pap1 and previous experimental results
for other phytochromes as well as QM/MM and QM calculations302 (Table 10.2) have
shown that the B-C stretching coordinates may be either largely localized in one mode
(𝜈54 of Pap1 ) or distributed over two modes via coupling with the A-B stretching co-
ordinates. In the latter case, one expects a lower frequency IR-active and a higher
frequency Raman-active mode, both of them sensitive to 13C labeling at position C10,
which nicely agrees with the present observations for Agp1.

On the basis of these results, the RR spectra of Pap1 and Agp2 were subjected
to a band fitting analysis, using a minimum number of bands to achieve a satisfac-
tory simulation of the experimental spectra with physically meaningful widths of the
individual band components (Figure 10.9). The results agree very well with the calcu-
lations for Pap1 inasmuch as all of the predicted Raman-active modes of the cofactor
can be correlated with counterparts in the experimental spectra with a good match
in frequencies and intensities (Table 10.2).

The corresponding analysis of the RR spectrum of Agp1 requires more bands for an
acceptable fit than Agp2 (and Pap1 ) (Figure 10.9). To correlate these bands with the
expected normal modes in this region, it has to be taken into account that in Agp1,
like in bacteriophytochrome 1 from Deinococcus radiodurans,301 the BV chromophore
binds to the Cys side chain via a PΦB-type configuration such that no mode involving
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the ring A C––C stretching (𝜈51 in Agp2 ) exists. The corresponding stretching mode of
the exocyclic double bond is predicted to be above 1640 cm−1 with very low RR activ-
ity. It might contribute to the very weak band at 1633 cm−1, although the assignment
to the C––C stretching of the vinyl substituent of ring D seems to be more plausible in
view of its coupling to the delocalized 𝜋-electron system of the chromophore. The re-
maining six bands between 1560 and 1620 cm−1 then have to be related to four normal
modes. A plausible assignment for these bands is guided by the isotopic shifts due to
13C labeling of the B-C methine bridge, the IR difference spectra (Figure 10.10.), and
the predicted Raman activities (vide supra) (Table 10.2). Accordingly, the weak band
pair at 1586 cm−1 (−6 cm−1) and 1577 cm−1 (−11 cm−1) is assigned to the weakly
Raman-active mode 𝜈54 (according to the notation for Agp2 ), whereas the medium
intense band pair at 1611 cm−1 (−3 cm−1) and 1620 cm−1 (−2 cm−1) is attributed to
the Raman-active mode 𝜈54. Then the prominent band at 1600 cm−1, which does not
display an isotopic shift, is assigned to the mode 𝜈53 (C-D stretching). The same
assignment may hold for the weak band component at 1595 cm−1, which is required
for a satisfactory fit although its frequency (and isotopic shift) is associated with a
considerable uncertainty.

In the same way, the HOOP region was analyzed (Figure 10.11). Although in
the bathy phytochromes Pap1 and Agp2 the prominent peak at ~810 cm−1 can be
well described by a single Lorentzian band shape, in Agp1 two band components are
required for a satisfactory fit. These two bands are insensitive to 13C labeling at the
B-C methine bridge and thus confirm the assignment to the C-D HOOP mode.
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Figure 10.8.: Experimental RR spectra of the Pfr states (in H2O) in the C––C stretching (right)
and HOOP region (left) of (A) Pap1, (B) Agp2, (C) Agp1, (D) Agp1 -Δ18, (E) Agp1 -C20A, and
(F) CphB.
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Figure 10.9.: RR spectra in the C––C stretching region of (A) Agp2, (B) Agp1 reconstituted
with the unlabeled chromophore, and (C) Agp1 reconstituted with the chromophore 13C-labeled at
position C10. The spectra were measured from protein solutions in H2O. The dotted lines ( ) refer
to fitted Lorentzian line shapes. Band components originating from modes of similar character are
highlighted by different colors.
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Figure 10.10.: Experimental IR and RR spectra of Agp1 in H2O. (A) IR difference spectra “Pfr
minus Pr”; (B) RR difference spectra “Pfr minus Pr”; and (C) RR of the Pfr state. Black lines and
numbers refer to Agp1 reconstituted with the unlabeled chromophore, and red lines and numbers
refer to the chromophore 13C-labeled at position C10; the shaded area indicates Pr and protein
difference bands.
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Structural basis for the differences between bathy and prototypical phytochromes
The analysis of both spectral regions demonstrates the splitting of modes localized

at the C-D and A-B methine bridges, indicating at least two sub-states that differ with
respect to conformational details in these regions of the tetrapyrrole. To identify the
underlying structural parameters, the results of the correlation analysis for Pap1 were
adopted (see above and Table 10.4). Accordingly, it is concluded that the splitting of
A-B stretching mode reflects differences in the C5–C(B)–N(B) bond angle and the
C(A)––C5 bond length. Both mode components are significantly higher in frequency
than the corresponding mode in Pap1, pointing to an increase of the bond angle
associated with a shortening of the bond length in Agp1. Correspondingly, the splitting
of the C-D stretching mode may be related to a subtle change of either the respective
C––C bond length or, more likely, of the dihedral angle of the C-D methine bridge.
The latter conclusion is supported by the analysis of the HOOP modes that include a
prominent band at essentially the same position as in Pap1 and a second one at lower
frequencies reflecting an increased C15––C16 torsional angle. The structural changes of
the C-D moiety may also be the origin for the increased RR activity for bands between
840 and 855 cm−1 in Agp1, which are tentatively attributed to modes including the
C–C and C–N stretching coordinates of ring D, according to the calculations for
Pap1.

Also the two mutants of Agp1, Agp1 -Δ18 and Agp1 -C20A, display a similar hetero-
geneity of the HOOP mode as the WT protein, an even more pronounced RR activity
in the 840-855 cm−1 region, and an increased broadening of the C-D stretching at
1598 cm−1, pointing to qualitatively similar structural differences at the C-D methine
bridge (Figure 10.8D and E). However, the A-B stretching region is dominated by the
high frequency component at 1619 cm−1, whereas the 1611 cm−1 band component can
hardly be detected. Accordingly, one may conclude that in the two sub-states of both
Agp1 -Δ18 and Agp1-C20A, the conformation of the A-B methine bridge is essentially
the same, and structural heterogeneity is largely restricted to the C-D methine bridge.
In fact, the mutations in Agp1-Δ18 and Agp1 -C20A that refer to the chromophore
binding site prohibit a covalent attachment of the tetrapyrrole to the protein38 and
thus may remove steric constraints from the A-B dipyrrolic unit such that the A-B me-
thine bridge adopts only one conformation with a more relaxed geometry. Conversely,
the specific cofactor-protein interactions associated with the structural heterogeneity
of the C-D dipyrrolic unit do not seem to be affected by these mutations. These find-
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ings suggest that the structural changes at the A-B and C-D methine bridges may be
independent of each other.

The Pfr state of CphB reveals a distinct splitting of the HOOP modes with an even
slightly higher RR intensity of the low frequency component at 799 cm−1 compared
with the 805 cm−1 band, pointing to nearly equal populations of sub-states differing
with respect to the C-D methine bridge conformation. This conclusion is consistent
with the two similarly strong band components at 1599 and 1607 cm−1, which are
readily assigned to C-D methine bridge stretchings in view of their high RR intensities.
The overall very broad and asymmetric peak envelope suggests the involvement of
more than one A-B stretching mode of the high frequency side, although their positions
cannot be determined precisely. Qualitatively similar spectral heterogeneities, albeit
to a different extent for the CD and AB modes, are observed in the RR spectra of the
Pfr states of the prototypical BV-binding phytochromes from D. radiodurans 302 and
Aspergillus nidulans.40

Conformational equilibria of the Pfr states in prototypical phytochromes and
dark reversion The present results indicate that the Pfr states of prototypical phy-
tochromes possess a heterogeneous chromophore structure with at least two sub-states
that are protonated at all four pyrrole nitrogens but differ with respect to the confor-
mations of the C-D and A-B methine bridges. This structural heterogeneity is in sharp
contrast to the Pfr state of bathy phytochromes, which exhibits a well-defined homo-
geneous chromophore structure. It is therefore tempting to relate this difference to the
different thermal stability of the Pfr state of bathy and prototypical phytochromes.
A plausible interpretation is based on a conformational equilibrium involving a highly
stable sub-state and a “reactive” sub-state that represents the starting point for the
thermal reaction pathway to the Pr state. Whereas in bathy phytochromes the non-
reactive sub-state prevails, in prototypical phytochromes the reactive and nonreactive
sub-states coexist in comparable amounts. In an attempt to explore the parameters
controlling this equilibrium, the RR spectra of the Pfr state of Agp1 as a function of
the temperature and the pH were measured. Changing the pH from 6.0 to 9.0 had es-
sentially no effect on the RR spectra implying that there are no (de-)protonable groups
in this pH range that influence the chromophore structure (data not shown). Anal-
ysis of the temperature-dependent spectra is more complicated because the intrinsic
temperature dependence of frequencies and band widths superimposes with a temper-
ature dependent shift of the conformational equilibrium. Nevertheless, increasing the
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temperature from −140 to 20 ∘C leads to a remarkable decrease of the high frequency
shoulder at 1619 cm−1 in the methine bridge stretching region, paralleled by intensity
changes of the HOOP modes. These spectral changes may be interpreted in terms
of a re-distribution among the sub-states (Figure 10.12). For a quantitative analysis,
the HOOP region is more appropriate because only two overlapping bands are in-
volved. The spectra reveal a steady increase of the low frequency HOOP component
(803-800 cm−1) at the expense of the high frequency component (811-809 cm−1) upon
increasing the temperature from −140 to 20 ∘C (Figure 10.11). Assuming the same
RR cross-sections for the HOOP modes of the two components, the intensity ratio de-
termined by a band fitting analysis can be set equal to the concentration ratio 𝐾 of the
two sub-states. The van’t Hoff plot, restricted to the measurements between −40 and
20 ∘C, affords a reaction enthalpy of Δ𝐻𝑅 = 6.7 kJ/mol (Figure 10.13). The small re-
action enthalpy suggests that the two sub-states differ only by subtle structural details
such as a difference in the C-D methine bridge torsional angle and minor modifications
in the A-B methine bridge geometry as concluded from the frequency-structure corre-
lations discussed above (Table 10.4). Also, the Pr state of prototypical phytochromes
evidently includes a heterogeneous chromophore structure as inferred from a previous
RR study of Agp1 and bacteriophytochrome 1 from D. radiodurans.269 However, for
the Pr state of Agp1, the temperature-dependent variations in the RR spectra are
much smaller than for the Pfr state with a change in the intensity ratio of conjugate
bands of less than 10 % in a temperature range from 20 to −140 ∘C (data not shown).
Moreover, structural heterogeneity in phytochromes appears to be a quite general phe-
nomenon as it has been suggested both for the Pr states of cyanobacterial and plant
phytochromes as well as for cyanobacteriochromes, based on NMR spectroscopy and
the analysis of the respective photoconversion processes.59,95,151,242,263,265,322 However,
in none of the cases can the heterogeneity be related to the efficiency of thermal Z/E
isomerization (dark reversion).

In this context it is interesting to refer to NMR studies of the prototypical cyanobac-
terial phytochrome Cph1.265 These authors have shown a less ordered chromophore
pocket in the Pr state, whereas in the Pfr state the chromophore gives rise to well
defined resonances with no indication for heterogeneities. Even if the Pfr states of
prototypical BV- and phycocyanobilin- binding proteins can be directly compared,
these findings are not in contradiction with the present results taking into account
the different time scales of NMR and RR experiments. It is very likely that the small
geometry changes of the A-B and C-D methine bridges associated with the transition
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between the two Pfr sub-states of Agp1 (and prototypical phytochromes in general)
occur on the (sub-)nanosecond time scale such that NMR signals of the two sub-states
coalesce, although the separate RR bands remain unchanged. Following these argu-
ments, it appears to be rather unlikely that the two sub-states of the Pfr state of Agp1
refer to chromophores with 𝛼- and 𝛽-facial disposition of ring D.232,264 The intercon-
version between these orientations would require a rotation around the C-D methine
bridge, associated with a significant activation energy and thus not compatible with
transitions rates on the (sub-)nanosecond time scale.

The most striking difference in the protein-cofactor interactions may be associated
with the highly conserved Asp194 (Pap1 ), which in bathy phytochromes forms a
strong hydrogen bond between the carboxylate side chain and the N–H group of ring
D.317 The crystal structures of prototypical phytochromes show that this side chain
does not directly interact with the pyrrole N–H groups but points away from the
cofactor.81 Given that this residue does not rotate upon formation of the respective Pfr
state, an important factor fixing the ring D position and thus stabilizing a specific C-D
methine bridge conformation is missing in prototypical phytochromes. It is therefore
suggested that the lack of this structural motif in prototypical phytochromes allows
the tetrapyrrole to switch between two Pfr sub-states, including one sub-state that is
associated with a lower activation barrier for the thermal ZZE→ZZZ isomerization
for back-reaction to the Pr state.
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Figure 10.11.: Temperature dependence of the RR spectra of the Pfr state of full-length Agp1.
Residual Pr contribution of the Pfr state was manually subtracted using the raw Pr spectrum at
each temperature. Subsequently, a minimum set of Lorentzian functions was fitted to the spectra.
For the sake of clarity, only the two curves describing the HOOP modes are shown ( ). Only
restricted variations of the frequencies and bands widths (≤ 1 cm−1) were allowed in the global fit.
The sum of the individual Lorentzians is essentially indistinguishable from the experimental spectrum
( ). In an alternative approach, the fitting procedure was applied to the raw spectra by including
band components originating from the Pr state determined before. Both fitting procedures afforded
a very similar temperature dependence of the intensity ratio of the two HOOP modes, although there
was a systematic underestimation of the lower frequency component in the latter approach (~20 %).
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Figure 10.12.: RR spectra (1064 nm excitation) of the Pfr state of full-length Agp1 measured at
(A) −140 ∘C and (B) 20 ∘C.

Figure 10.13.: Plot of the logarithm of the equilibrium constant K for the conformational equilib-
rium in the Pfr state of Agp1 against 1/T. The equilibrium constant is defined by the intensity ratio
of the low frequency (800 cm−1) to the high frequency (809 cm−1) band component of the promi-
nent peak in the HOOP region. The intensities were determined by band fitting as described in
Figure 10.11.
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11. Mechanistic Details of the
Phytochrome Photocycle

Despite extensive research on the structure and function of phytochromes for more
than 50 years, mechanistic details of the signal-transducing photocycle are yet unclear.
How exactly is the chromophore isomerization linked to the large scale structural
alterations of the protein that eventually lead to activation of the signal output module
(i.e. the intramolecular signal relay)? What is the driving force and the structural
basis of the thermal back reaction to the dark state? For a better understanding of
their relevance, a brief description of the events during the Pr→Pfr and the Pfr→Pr
transition is given in the following. Residue numbering refers to the structure of Agp1
if not noted otherwise. An overview of the parent and intermediate states including
related protonation events is found in Figure 9.1.

11.1. The photocycle of prototypical phytochromes
Prototypical and canonical phytochromes adapt a Pr dark state with a cationic
("protonated") tetrapyrrole chromophore in ZZZssa geometry. In the first step, the
Pr→Lumi-R transition, a photoinduced double bond isomerization at the CD me-
thine bridge takes place creating a ZZEssa bilin structure. In this state, the cofactor
is highly constrained due to the surrounding protein structure that did not respond
to the spatial rearrangement of the chromophore yet and causes sterical clashes.

Formation of the Meta-R𝑎 state involves small changes in the bilin structure mainly
at the AB and CD bridges and partial relaxation of the protein cavity. It was spec-
ulated that Meta-R𝑎 formation might facilitate the chromophore deprotonation that
takes place during transition to the subsequent intermediate by reducing the distance
of the corresponding tetrapyrrole moieties to a negatively charged residue that could
act as proton acceptor.293
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During Meta-Ra to Meta-Rc transition either ring B or ring C is deprotonated
producing a neutral chromophore as readily concluded from the loss of the Raman
active vibrational band assigned to the combined N-H in plane bending of those pyrrole
rings153,154. The highly conserved Asp197 near rings C and D was found to be involved
in the transient deprotonation, likely acting as proton release group to the external
medium.271 The final step to the signaling Pfr state comprises a reprotonation of the
inner pyrrole rings. Again, Asp197 appears crucial for this step, a D197A variant
gets stuck in a deprotonated Meta-Rc-like state.271,302 FTIR-spectroscopic as well as
crystallographic studies revealed specific changes in the secondary structure during
Pr to Pfr transition that could be assigned to a 𝛽-sheet-to-𝛼-helix conversion within
the conserved "tongue" motif located in the PHY domain.210,272,275 This conversion
causes a contraction that leads to large displacements of the HKRD output module
and thus might be the way of intramolecular signal relay from the sensor module to
the signaling module.

The photoinduced back reaction of the signaling Pfr state involves two intermedi-
ate states Lumi-F and Meta-F. Due to the intrinsic lability of the Pfr state the study
of these intermediates is technically more difficult, thus, considerably less studies on
these states exist. The first intermediate contains a ZZZssa tetrapyrrole after Z/E
isomerization, analogous to the Lumi-R state, with tensed chromophore geometry
due to the protein environment still optimized for harboring the Ea form of the CD
bridge.191 Considerable rearrangements occur during the Lumi-F to Meta-F transi-
tion,234,265 however no indications for a transient chromophore deprotonation exist,
unlike for the corresponding Meta-R𝑐 product during the forward reaction. NMR
data for prototypical phytochrome Cph1 showed that only now the strong H-bond of
ring D with Asp207 (Asp197 in Agp1 ) found in the Pfr state is disrupted234 and the
chromophore adopts a more relaxed conformation.191

Interestingly, a significant structural heterogeneity of the chromophore geometry for
prototypical Pr and Pfr states50,213,237,291 as well as the intermediate states269,293 exists,
i.e. two sub-states with slight albeit distinct differences mostly localized in the AB
and CD bridges. This observation does not apply to the group of bathy phytochromes
that have an inverted photocycle with a Pfr dark and a Pr signaling state145,317 and
that exhibit a highly homogenous chromophore geometry (see Chapter 10). The
spectroscopic characterization of the bathy phytochrome photocycle is described in
the following Chapter.
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11.2. The Pfr to Pr transition of bathy phytochromes
Spectroscopic techniques are widely used to study phytochromes and access informa-
tion on distinct changes in the chromophore geometry as well as protein structure
during their photoinduced reaction cycle. Here, a combined theoretical and experi-
mental* approach using resonance Raman spectroscopy was employed to investigate
the photocycle of bathy phytochrome Agp2, especially the BV conformation in both
the stable parent states as well as transient intermediate states during Pfr to Pr con-
version. The latter can readily be trapped at cryogenic temperatures.

The top resonance Raman spectrum in Figure 11.1 corresponds to the Pfr dark
state of Agp2 in H2O buffer solution. The prominent peak found at 1599 cm−1 is
assigned to two overlapping C––C stretching vibrations of the CD and AB bridges at
1598 cm−1 and 1603 cm−1, respectively. The high intensity of the band at 811 cm−1

belonging mainly to the C–H out-of-plane (HOOP) vibration at the CD bridge is
characteristic of a chromophore in the Pfr state. A cationic (protonated) BV form
is reflected by a peak at 1549 cm−1, assigned to the coupled N–H in plane vibration
of rings B and C (NHip(B,C)). Upon buffer exchange to a D2O medium the RR
spectrum of Agp2 exhibited significant peak shifts compared to the dark state in
aqueous medium, indicating fast exchange of protons for deuterons at the chromophore
moiety. The C––C stretching peak shifted by 3 cm−1 to 1596 cm−1 and the NHip(B,C)
band downshifted about 500 cm−1 to 1062 cm−1, clearly indicating H/D exchange
at these rings. Note that the sensitivity of C––C vibrations to H/D exchange at
the pyrrole nitrogens is due to moderate coupling of NHip modes to the AB and
CD bridge stretching modes. Surprisingly, additional band shifts are produced upon
illumination of the sample with far red light, i.e. after the protein runs through
a complete photocycle Pfr→Pr→Pfr. Particularly, the C––C stretching peak was
further downshifted to 1590 cm−1. Thus, exchange at the N–H groups probably was
not completed after incubation in D2O solution in the dark and structural changes
occurring during the photocycle were necessary for a full exchange.

In order to reveal whether ring A or ring D remains in a protonated state, Raman
spectra were calculated for different deuteration patterns of the four pyrrole nitrogens
of the BV chromophore, i.e. ring A to C deuterated and ring D protonated (ABC ),
ring A protonated and ring B to D deuterated (BCD), and all rings A to D deuterated
(ABCD). For this, the QM/MM optimized BV cofactor geometry in the Pfr state for

*The experimental data presented in this Chapter was recorded and kindly provided by F. Velázquez
Escobar, see refs. 290,293.
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Figure 11.1.: Experimental (Agp2, black) and calculated (Pap1, red) Raman spectra of the BV chro-
mophore for different deuteration states of the tetrapyrrole nitrogen atoms. Left panel: sequential
H/D exchange from fully protonated to fully deuterated. Right panel: Reverse D/H exchange from
deuterated to protonated. Both reactions involve partially protonated and deuterated chromophore
species (middle spectra, see text for details). Frequencies given in black refer to the peak maxima
found in the experimental spectra. Red spectra represent the average of 50 energy-minimized chro-
mophore geometries, solid and dashed lines show the averaged frequency of the CD and AB bridge
C––C vibrations corresponding to the different protonation/deuteration patterns depicted next to
each spectrum.

Pap1 (see Chapter 10) was used for vibrational analysis considering isotopic H/D
labeling. The Agp2 and Pap1 Pfr states have been shown to comprise highly similar
chromophore structures and protein interactions as inferred from their almost identical
resonance Raman spectra.237 This observation justifies comparison of spectroscopic
data obtained from Agp2 to calculated data using the Pap1 structure. For each
deuteration pattern, 50 individual Raman spectra from slightly different optimized
cofactor geometries were calculated and averaged.

Comparing theoretical and experimental data, the calculated spectrum for a non-
deuterated chromophore provides an accurate description of the RR spectrum in H2O
(Figure 11.1, left panel, top). The main focus lies on the high frequency marker band
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11.2. The Pfr to Pr transition of bathy phytochromes

region which includes vibrational modes whose frequencies are particularly sensitive to
H/D exchange. Here, the C––C stretching and NHip vibrational modes are predicted
at the very same frequencies, also the crowded spectral region 1250-1500 cm−1 shows
very good agreement. The Raman spectrum of Agp2 in D2O buffer kept in the dark
(Figure 11.1, left panel, middle) is compared to the spectra of partially deuterated
chromophores ABC and BCD. In case of a protonated ring A NH group (BCD), the
most intense C––C stretching of the CD methine bridge is considerably downshifted
from 1599 cm−1 to 1588 cm−1 with a high frequency shoulder at 1599 cm−1 from the
AB stretching mode. This band pattern does not correspond to the experimental
spectrum where the band envelope of the CD and AB stretching modes shifts only
moderately by 3 cm−1 to 1596 cm−1, retaining its original band shape. The situa-
tion is different for the spectrum calculated for a ABC deuteration pattern, where
the intense C––C stretching mode at 1599 cm−1 is insensitive to the H/D exchange
while the AB stretching mode is predicted at 1590 cm−1 as a low frequency shoulder,
resulting in a band at 1596 cm−1 with similar shape compared to the experimental
spectrum. Finally, after triggering a complete photocycle in D2O buffer solution, the
peak positions in the experimental spectrum further shifted to lower wavenumbers and
completely agree with the calculated spectrum for a fully deuterated pattern ABCD
(Figure 11.1, left panel, bottom).

The RR spectra corresponding to the steps of the reverse exchange procedure from
D2O to H2O buffer medium are shown in the right panel of Fig. 11.1. When the fully
deuterated holoprotein is subjected to aqueous buffer in the dark, distinct changes
in the peak positions and peak widths (FWHH) are observable, namely the marker
band peak with highest intensity shifts by only one wavenumber from 1589 cm−1 to
1590 cm−1 and the FWHH reduces significantly from 20 to 15 cm−1, while a second
peak appears at 1606 cm−1 (black trace, right panel, middle). Again, calculated Ra-
man spectra averaged from 50 geometries for two different chromophore protonation
patterns with either ring A or ring D deuterated and all three remaining rings proto-
nated are compared to the experimental data. For the case where ring A still carries
a deuteron, the AB and CD stretching modes are moderately (3 cm−1) and strongly
(11 cm−1) upshifted, respectively, leading to a slightly asymmetric band envelope with
a maximum intensity at 1598 cm−1. This is 8 cm−1 too high compared to the exper-
imental spectrum. In contrast, when ring D nitrogen remains deuterated, the highly
asymmetric band envelope as well as the position of the maximum peak intensity at
1590 cm−1 nicely agree with the Raman data obtained from Agp2.
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From these findings it was concluded that during the H→D (D→H) exchange ring
D retains its proton (deuteron) while rings A, B, and C are readily deprotonated to
bind deuterons (protons). Examination of the crystal structure of Pap1 in its Pfr
state317 reveals an unusual strong H-bond between the ring D NH group and the
carboxylate side chain of the highly conserved Asp194 (196 in Agp2 ) while the NH
groups of rings A, B, and C show only weak H-bond interactions with the pyrrole H2O
molecule and the Asp194 backbone carbonyl (see Figure 10.1). Disruption of this H-
bond seems to be required in order to facilitate H/D exchange at the ring D NH
group, as it is occurring after E/Z isomerization during the Pfr to Pr transition. This
strong H-bond to the carbonyl side chain is exclusively found in bathy phytochromes
and is also speculated to be the origin of the structural chromophore homogeneity
of bathy phytochromes. The Pfr state of prototypical and canonical phytochromes
comprises two substates that differ in the AB and CD methine bridge distortions
while in bathy phytochromes the chromophore is fixed in a single geometry. This is
also interesting regarding the thermal stability of the Pfr state. It might be that one
of the prototypical Pfr substates is "non-reactive" while the other exhibits a lowered
activation-barrier for thermal back reversion to the Pr dark state. Consequently,
only the non-reactive substate is adapted in bathy phytochromes due to the strong
interaction of the ring D NH group with the Asp side chain that fixes the CD methine
bridge geometry and ultimately leads to a stable dark-adapted Pfr state.
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The NADH:Quinone Oxidoreductase
from E. coli
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12. Introduction

Compared to the eukaryotic respiratory chain (see Chapter 6 for a detailed descrip-
tion), for prokaryotes the corresponding ET process that couples proton pumping to
ATP synthesis is more complex and can even involve different pathways, depending
upon specific environmental conditions, e.g. nutrient availability111. A variety of or-
ganic molecules such as NADH, hydroquinones, sugars, and hydrocarbons in general
(for organotrophs), but also inorganic compounds like ammonia, methane, and sulfur
(for lithotrophs) can serve as physiological reductants and provide electrons at differ-
ent stages of the chain. The NADH:quinone oxidoreductase (also named NADH de-
hydrogenase or complex I) found in both, prokaryotes and eukaryotes, constitutes the
main entry point by transferring electrons from reduced NADH to quinones that are
located in the membrane-embedded quinone pool. Simultaneously, for each molecule
of NADH that is processed the enzyme transports four protons across the membrane
and thus contributes to generate the driving force for ATP production. Complex I is
constituted of up to 44 different protein subunits and contains a hydrophilic peripheral
domain and a large hydrophobic membrane-incorporated domain. The former domain
comprises the NADH binding site and all redox-active cofactors, i.e. one FMN and
up to seven Fe/S clusters that form the pathway for electron transfer from NADH to
the quinone.

Many bacteria utilize alternative enzymes to complex I in order to facilitate electron
supply to the quinone pool and to maintain the NADH/NAD+ ratio. The E. coli type
II NADH dehydrogenase (EcNDHII) catalyzes the same electron transfer reaction but
is a single subunit protein with one FAD cofactor and no Fe/S clusters148. Further-
more, it does not contribute to the proton gradient across the membrane. However,
this enzyme was found to effectively substitute complex I electron transfer function in
cells that are highly deficient of this protein149,248 and gained interest for treatment of
complex I-related neurodegenerative disorders like Parkinson’s disease.188 In addition,
NDHII is the only enzyme with NADH:quinone oxidoreductase activity expressed in
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many pathogenic organisms and for that, it has been proposed as a possible new drug
target for the rational design of antibiotics.28,72,323

Over the last years, a wealth of data has been collected on the characterization of
NDHII, including the crystal structures of the proteins from yeast and from three bac-
teria. All these data stimulated several debates on the number and location of the sub-
strates binding sites and on the type of the involved catalytic mechanism84,115,138,244.
The structural analysis of NDHII from Saccharomyces cerevisiae by Iwata and co-
workers showed overlapping binding sites for NADH and quinone, whereas in the crys-
tal structure obtained by Feng et al. separated binding sites are observed.84,138 In the
case of the catalytic mechanism various kinetic studies favored a sequential substrate
binding (“ping-pong”) mechanism80,289 but spectroscopic and fast kinetic analyses
suggested a mechanism involving a ternary complex (enzyme-NADH-quinone).244,322

The study on EcNDHII presented in the following chapter used an approach that
provides structural information about the interaction of the individual substrates with
the protein. The enzyme was immobilized on a biocompatible coated gold (Au) elec-
trode which mimics physiological reaction conditions of the membrane-associated en-
zyme more closely than solution studies. Using a nanostructured Au surface allows
employing SEIRA spectroscopy in order to probe solely the molecular species in close
proximity to the surface. Operating in the difference mode, the spectra selectively
reflect the structural changes induced by specific reaction steps. The spectroscopic
work was complemented by electrochemical experiments, fluorescence spectroscopy
studies and quantum chemical calculations in order to provide new insights into the
catalytic mechanism of EcNDHII.
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13. Spectroelectrochemical Studies
on the Reaction Mechanism of
NDHII

Major parts of this research were originally published in

Salewski, J.; Batista, A. P.; Sena, F. V.; Millo, D.; Zebger, I.; Pereira, M. M.; Hilde-
brandt, P.; Substrate-Protein Interactions of Type II NADH:Quinone Oxidoreductase
from Escherichia coli; Biochemistry (2016), 55:2722-2734.
Copyright: American Chemical Society

Author contributions
J. Salewski: created the protein sample, performed experiments (SEIRA, CV,

UV/Vis) and QM calculations, analyzed the data, wrote the paper
A.P. Batista: performed experiments (SEIRA, CV), analyzed the data, wrote

the paper
F.V. Sena: optimized protein expression, created the protein sample, charac-

terized the protein sample (Fluorescence, UV/Vis)
D. Millo: guided electrochemical experiments (CV)
I. Zebger: guided IR spectroscopic research
M.M. Pereira: guided protein expression and characterization, wrote parts of the

paper
P. Hildebrandt: guided the project and research strategy, wrote parts of the paper

143
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13.1. Biochemical characterization and Fluorescence
Spectroscopy

Please note that, apart from expression and purification of the enzyme and the kinetic
analysis, experimental work and data presented in this section (13.1) was performed
and kindly provided by collaboration partners from the group of M. M. Pereira, In-
stituto de Tecnologia Química e Biológica (ITQB) in Oeiras, Portugal.

NDHII from E. coli was expressed and purified from the membranes and presented
an absorption spectrum typical of a flavoprotein, exhibiting bands with maxima at
375 and 450 nm (data not shown). Full EcNDHII reduction by NADH is character-
ized by the loss of absorption in this region. The flavin cofactor, identified as FAD by
high-performance liquid chromatography analysis, is noncovalently bound as it could
be removed by acidic precipitation or thermal denaturation. The presence of other
cofactors such as quinones was not observed. One FAD molecule was present per
protein. EcNDHII maintains its FAD up to 60 ∘C as monitored by thermal denatura-
tion assays. The reduction potential of FAD, determined by UV-visible spectroscopic
titration, was determined to be (−220 ± 10) mV (vs. SHE), which is in the range typ-
ical for flavin cofactors177 (Figure 13.1A). The enzyme revealed a maximal velocity
(Vmax) of (8.1 ± 0.4) and (17.5 ± 1.5) µmol NADH min−1 (mg protein)−1 for DUQ or
DDB, respectively.

EcNDHII has two tryptophan residues, W272 located at the re side of FAD and
W47 present at the si side close to its isoalloxazine ring of FAD (data not shown). The
fluorescence emission spectrum of EcNDHII, obtained with excitation at 280 nm, ex-
hibits the characteristic features of a tryptophan fluorescence spectrum with a broad
maximum around 320-330 nm. The flavin fluorescence emission spectrum, measured
with excitation at 450 nm, displays maximal intensity at 530 nm. Fluorescence emis-
sion spectra of EcNDHII in the presence of each substrate (NAD+, DDB, and DUQ)
were recorded. As shown in Figure 13.1B-C, the intensity in the region of the tryp-
tophan fluorescence changed significantly and differently upon addition of each sub-
strate. These changes are more pronounced in the case of quinone than in the case of
NAD+. These findings may be rationalized by different interactions of the two sub-
strates with same binding site or, most likely, by the existence of two distinct substrate
binding sites for NADH and quinone. A maximal decrease of 75 % was obtained when
EcNDHII was titrated with DUQ or DDB (Figure 13.1E-F), whereas for NAD+, the
maximum was 45 % (Figure 13.1D). The titration experiments afforded dissociation
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constants (KD) of 18.9, 6.1, and 8.7 µM for NAD+, DUQ, and DDB, respectively,
indicating similar affinity of both quinones for EcNDHII. The flavin fluorescence did
not change significantly in the presence of each substrate, implying that substrate
binding does not induce protein conformational changes in the immediate vicinity of
the flavin cofactor.
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Figure 13.1.: (A) Redox titration curve for EcNDHII. The data were obtained at 445 nm, which
corresponds to the maximal absorption of FAD. EcNDHII reduction is represented by filled circles
and oxidation by empty circles. The solid line was obtained by fitting a two-electron Nernst function
to the data. (B-C) Fluorescence spectra of EcNDHII with excitation at 280 nm, in the absence ( )
and presence of 100 µM NAD+ ( ) and/or 100 µM DDB ( ). (D-F) Change in the fluorescence
at 330 nm with excitation at 280 nm of EcNDHII by sequential addition of NAD+, DUQ, and DDB,
respectively.
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13.2. Protein adsorption
Lots of studies have been carried out for this enzyme that are described and analysed
in numerous publications, involving techniques like UV/Vis absorption, fluorescence
absorption and emission, vibrational spectroscopy, as well as X-ray scattering. In all
studies, the protein was either packed in crystals or in a buffer solution, with or with-
out detergent and/or lipids. In this work for the first time EcNDHII was investigated
in a surface-immobilized state, i.e. attached to a Au metal surface which was coated
with self-assembling monolayers that are widely used to effectively mimic the natural
lipid membrane solution interface. This has two advantages over studies in solution.
First, the environment of the protein better resembles the physiological conditions
compared to protein in buffered solution or solubilized with detergent. Findings ob-
tained for this system should better correspond to the mechanistic and functional
details relevant in nature. The strong impact of small changes in conditions can,
for example, be demonstrated by the finding that Ndi1 (NDHII from S. cerevisiae)
as isolated exhibits a strongly varying amount of protein-bound quinone molecules
ranging from none to stoichiometric depending on the detergent molecule used for
protein extraction from the membranes.315 Another example is the change in type of
reaction mechanism reported for complex I when using different substrates. Using hy-
drophilic instead of hydrophobic quinones changes the mechanism to a ping-pong-like
reaction152 while use of positively charged (non-natural) electron acceptor molecules
determines a pathway via ternary substrate-enzyme-substrate complexes.30 Second,
the method of protein immobilization provides the option to exchange the solution in
the protein environment, e.g. wash with buffer and in this way offer and also remove
possible substrate molecules, without removing the protein. Various immobilization
strategies using SAMs are commonly used for proteins (see Section 5.6.1). To select
an appropriate method, the surface properties of EcNDHII were studied. NDHII is
supposed to bind to the phospholipid bilayer via two C-terminal amphiphatic helices,
i.e. a high amount of hydrophilic and hydrophobic residues located in each helix that
can interact with the phospholipid membrane hydrophobic inner and hydrophilic outer
parts, respectively87,294. The interaction is mainly electrostatic due to the presence of
charges within the phospholipid head groups.

Calculations for EcNDHII using the homology model published by Schmid and
Gerloff241 with PDB2PQR* 69,70 and the Adaptive Poisson-Boltzmann Solver13 (APBS,

*user-defined parameters were: CHARMM force field; protonation state assignment for all residues
with PROPKA216,262 at pH 7.0
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only default parameters) revealed a strong overall dipole moment of 1562 Debye and a
surface potential map, shown in Figure 13.2. Considerable negatively charged patches
are formed by residues T249-I264 and close to the FAD by A277-D283. Since 48 amino
acid residues at the C-terminus were missing in the model structure used, here the
c-terminal residues were K359-R381 which form a beta sheet. This structural element
together with the adjacent alpha helix consisting of R329-M348 build a large domain
of mainly positive charge. When rotated 180∘ around the dipole moment axis (data
not shown) the surface region with positive charge is expanded by residues G13-K26
(alpha helix) and F76-G81, K34-R40 (parallel beta sheet). Close to the FAD two
short alpha helical elements (K47-T53 and G61-L65) exhibit strong negative surface
charge. However, the two c-terminal alpha helices not included in this calculation are
located close to this area and should at least partially shield it from the solvent.

Based on these enzyme properties an electrostatic interaction was chosen for surface
immobilization using amino-terminated SAMs which are partially protonated and
form the positively charged ammonium at neutral pH.328 Although the phospholipid
head groups that interact with the protein in vivo contain mainly negative charges,
strong adsorption of the protein under preservation of its native conformation to
this type of SAM justified the use of positive instead of negative surface charge.
Accordingly, the protein is expected to orient in a way which enables the negatively
charged protein domains to interact with the SAM-coated electrode surface as depicted
in Figure 13.2 leaving both the dinucleotide binding site and the region of the putative
quinone binding site accessible for substrates approaching from the bulk.

The choice of this type of immobilization was supported when the first crystal
structure of a type II NADH dehydrogenase was published84,138 and the full length
EcNDHII structure was modeled using the published data as templates. The overall
rmsd between the truncated model and the corresponding residues in the full length
model was 5.15 Å, mainly caused by a reoriented loop region and two long alpha
helices (ASN142-ALA162 and ALA179-GLY202) slightly moved towards the adjacent
two c-terminal helices in the full length structure (data not shown). The atom charges,
dipole moment, and surface potentials were calculated and evaluated also for the full-
length structure and it was found that the additional two C-terminal alpha helices
did not have a significant influence on the direction and strength of the overall dipole
moment (orange arrow in Fig. 13.2, tilted approx. 10∘ and slightly increased by 70 D
to 1632 D, with respect to gray arrow). The domains of negative and positive surface
potential were less clearly defined (data not shown) but the same as described above for
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the truncated model. Thus, the conclusions favoring an electrostatic immobilization
remain reasonable.
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Figure 13.2.: Calculated dipole moment (A) and surface charge distribution (B) of EcNDHII based
on the structural homology model for E.coli 241 (PDB code: 1OKZ) and the crystallographic structure
of S. cerevisiae Ndi1 published by Feng and co-workers (PDB code: 4G73).84 Since the homology
model lacks the c-terminal amphipathic helices, the full-length EcNDHII structure was modeled onto
the structure of Ndi1. Gray and orange arrows represent the direction and strength of the dipole
moment of the EcNDHII molecule without and with the c-terminal helices (shown in black, cartoon
representation), respectively. The protein surface charge refers to the homology model with colors
blue and red corresponding to positive and negative charge. The resulting orientation of the protein
towards the Au electrode surface coated with a positively charged SAM used throughout this work
is shown. Light green arrow shows the position of the quinone binding site. The FAD cofactor and
a bound NADH molecule are shown in yellow and red stick representation, respectively.
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13.3. SEIRA spectroscopy
All SEIRA experiments were performed in the difference mode, i.e. spectra show
changes in absorption from one step to another. To follow the electrostatic adsorption
process of EcNDHII on the SAM-coated Au surface, the spectrum of the SAM-coated
Au prior to enzyme addition was recorded and used as the reference. The difference
spectra induced by protein addition to the buffer thus display the positive amide I and
amide II bands of the protein at 1660 and 1550 cm−1, respectively (Figure 13.3A). The
absorbance at these positions increases by time in a nearly mono-exponential behavior
reaching a plateau after ca. 45 min that corresponds to the maximum surface coverage.
No changes in the amide I/amide II intensity ratio and thus no reorientation of the
immobilized protein occurred over time (Figure 13.3B). There were also no spectral
changes when removing the excess of protein by washing several times with fresh
buffer, indicating a firmly bound enzyme.

The NADH-DUQ substrate pair Figure 13.4A, trace a, shows a SEIRA difference
spectrum of surface-immobilized EcNDHII in 20 mM TRIS-HCl pH 7.5 at open circuit.
The absorption spectrum before addition of NADH to the buffer solution in the cell
(final concentration was 400 µM) was subtracted from the spectrum after addition
to show the spectral changes induced by the substrate. The positive signals are
characteristic of NADH as demonstrated by comparison with the solution IR spectrum
and literature data (Table 13.1). Compared to the solution spectrum slight frequency
shifts of 1 to 4 cm−1 for most of the bands are noted pointing to specific intermolecular
interactions of the bound NADH. Only the bands at 1656 and 1537 cm−1 show larger
deviations which may be due to the overlap to positive and negative signals of the
amide I and amide II modes of the protein, respectively. In fact, small changes of these
modes have been previously observed upon binding of NADH to transhydrogenase.137

When the excess of NADH was removed from the spectroelectrochemical cell after
it had been washed with fresh buffer solution, ca. 60 % of its signal was lost. This
raises the question of whether the molecule is weakly bound to the protein or loosely
attached to the SAM. In a control experiment with NADH in the absence of enzyme
(Figure 13.4B, trace b), a difference spectrum that was very similar to the spectrum
in the presence of the immobilized enzyme was obtained. Only minor (≤2 cm−1)
frequency shifts for a few modes are noted between the two spectra (Figures 4A and
5B). Thus, the two spectra do not allow for an unambiguous conclusion about the
binding mode of NADH (EcNDHII vs. SAM). Although the IR spectra of NADH and
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Figure 13.3.: EcNDHII adsorption to the SAM-coated Au film followed by SEIRA difference spec-
troscopy (A) and the corresponding time course of amide I and amide II band intensities (B). The
adsorption process follows nearly mono-exponential kinetics and after approx. 45 min the maximum
intensity is reached. No EcNDHII reorientation on the surface occurs with time as shown by the
amide I to amide II ratio rapidly stabilizing at a constant value slightly above 1.0 (inset panel B).

NAD+ are similar, an oxidation of NADH upon binding to the immobilized EcNDHII
can be ruled out since three features are different in the IR spectra of NADH and
NAD+. In solution137,209 as well as in the SEIRA spectra (Figure 13.4B), the bands at
1689 and 1542 cm−1 of NADH are replaced by bands at 1697 and 1511 cm−1 for NAD+,
respectively, and the small peak at 1183 cm−1 of NADH is absent in the spectrum of
NAD+. Thus, in the SEIRA difference spectrum the bands at 1690 and 1537 cm−1 are
distinctly closer to those of NADH than NAD+. This observation implies that NADH
remains in the reduced state upon binding to the immobilized enzyme or to the SAM.

When DUQ was used as the electron acceptor and added to the buffer solution in
the cell, distinct positive signals were observed in the 1800-1000 cm−1 region of the
corresponding difference spectrum using the spectrum of the enzyme treated with
NADH as the reference. These bands are readily attributed to the modes of the
oxidized DUQ (Figure 13.4A, trace b, and Table 13.2). Peaks located at 1663, 1652,
and 1611 cm−1 are assigned to C––O and C––C stretching modes of the quinone ring,
while two bands at 1269 and 1205 cm−1 involve the bending coordinates of the DUQ
methoxy side chains.14,51,164 Peaks at 1457, 1436, and 1382 cm−1 are assigned to CH2

and CH3 bending modes of the decyl chain and 5-methyl group.116 The spectrum
was not affected by washing with fresh buffer. Furthermore, in a control experiment
with DUQ in the absence of immobilized EcNDHII, none of the typical quinone bands
were detected (data not shown). These findings demonstrate that the positive SEIRA
signals in Figure 13.4A, trace b, result from DUQ tightly bound to the immobilized
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Table 13.1.: Assignments of IR Bands of NADH measured in the presence and absence of EcNDHII.

without NDHII / cm−1 with NDHII / cm−1 in solution/ cm−1 modea moiety

1076 1075 1075b O–P–O pyrophosphate
1114 1114 1114b

1183 1183 1183b

1219 1221 1228c / 1236b 𝜈(P––O) pyrophosphate
1248 1250 1252c / 1236b

1303 1303 1304b

1337 1337 1336b

1421 1423 1421b 𝜈(C–N) nicotinamide
1480 1480 1481b adenine ring
1542 1537 1546b

1580 1580 1580b

1606 1606 1606b adenine ring
1654 1654 1649bc 𝛿(NH2) adenine ring
1689 1689 1688b 𝜈(C––O) 3-carboxamide

a𝜈: stretching, 𝛿: bending.
bTaken from ref. 137
cTaken from ref. 118

EcNDHII. Remarkably, no peaks were observed in the SEIRA difference spectrum
that could be related to the release or oxidation of the remaining 40 % bound NADH
or the reduction of the protein-bound DUQ. The same SEIRA difference spectrum for
DUQ binding was also obtained without adding NADH to EcNDHII as the first step,
using the NADH-free EcNDHII spectrum as the reference (Figure 13.5B, trace a).

Following binding of DUQ to EcNDHII, NADH was added to the buffer solution
in the cell (400 µM) and SEIRA spectra were recorded (Figure 13.4A, trace c). All
bands of the oxidized DUQ are now observed as negative signals whereas new bands at
1493, 1468, 1431, 1389, 1116, 1094, and 1053 cm−1 appear as positive signals. Among
them, the distinct four bands in the 1500-1350 cm−1 region can readily be related to
C–C stretching modes of the reduced quinone molecule (Table 13.2).116,229 None of
these peaks is observed for NADH and DUQ in the absence of immobilized EcNDHII,
indicating that the reduction of DUQ is catalyzed by the enzyme and thus both
substrates are bound to EcNDHII during the electron transfer process. However, in
contrast to the first addition of NADH (Figure 13.4A, trace a), no bands from NADH
are found in this step, pointing to a transient binding and the release of NAD+ from
the enzyme after oxidation. Interestingly, when the samples were washed with fresh
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Table 13.2.: Assignment of IR bands of the protein-bound DUQ.

peak position / cm−1 in solution / cm−1 modea moiety

oxidized

1027 1030b

1065 1065b

1100 1102b

1158 1167b

1205 1210b 𝛿(OCH3) methoxy groups
1269 1264b 𝛿(OCH3) methoxy groups
1379 1379b 𝛿(CH2)/𝛿(CH3) alkyl groups
1436 1433b/1436c 𝛿(CH2)/𝛿(CH3) alkyl groups
1458 1454c/1473b

1611 1610d/1614b 𝜈(C––C) quinone
1652 1649b/1650d 𝜈(C––O) quinone
1663 1659b 𝜈(C––O) quinone

reduced

1051 𝜔(CH2)e/𝜔(CH3)e alkyl groups
1094 𝜔(CH2)e alkyl groups

+𝛿(C–C–C)e quinol
1117 𝛿(C–C–C)e quinol ring
1389 1388c 𝛿(OCH3)e methoxy groups
1431 1432c

1468 1470c 𝛿(C–C–C)e quinol ring
1493 1490c +𝜈(C–OH)/𝜈(C–O– )e quinol ring

a𝜈: stretching, 𝛿: bending, 𝜔: twisting or wagging
bDecyl Q0, taken from ref. 51
cUQ2, taken from ref. 116
dUQ10, taken from ref. 21
eThis work

154



13.3. SEIRA spectroscopy

buffer, the characteristic bands of reduced DUQ were observed as negative signals.
This difference spectrum (Figure 13.4A, trace d) is a mirror image of the difference
spectrum induced by the addition of NADH and demonstrates the re-oxidation of
protein-bound quinol, possibly due to the introduction of traces of oxygen dissolved
in the fresh buffer solution that could not be removed via argon purging.

DUQ substrate molecules are fully redox active but stuck in the binding site, which
might be an effect of protein immobilization. This interpretation is in fact supported
by the observation that for a minority of experiments a different orientation of the
immobilized enzyme, as indicated by a distinctly lower amide I:amide II intensity
ratio (0.98 vs. 1.26), allowed the removal of the bound quinol by washing with buffer
solution, as reflected by the disappearance of all positive bands in Figure 13.4A, trace
c. This finding suggests that even if EcNDHII-SAM interactions promote a strong and
stable binding, they do not provide a unique preferential orientation of the enzyme
with respect to the electrode surface (see below).

After DUQ was bound to EcNDHII, the steps of (i) washing the cell with fresh
buffer, and (ii) adding NADH could be repeated several times, inducing the very
same spectral changes as described above. Note that this reproducibility refers to the
behavior of the two enzyme orientations showing either quinol reoxidation or quinol
release in the last step.

When instead of NADH the oxidized dinucleotide NAD+ was added to the protein,
the first spectrum measured after 3 min (Figure 13.5A, trace a) is reminiscent to
that of the NADH-enzyme complex in Figure 13.4A, trace a. A closer inspection,
however, reveals a broad band at 1235 cm−1 and in addition, two clearly detectable
bands at 1510 cm−1 and 1700 cm−1 instead of the NADH bands at 1537 cm−1 and
1690 cm−1, respectively. Nearly the same difference spectrum is obtained for NAD+ in
the absence of enzyme (Figure 13.4B, trace a), peak positions are shifted by 1-3 cm−1.
This finding not only indicates that NAD+ retains the oxidation state but also but also
confirms, a posteriori, the assignment of the positive signals in Figure 13.4A, trace a
to NADH. In contrast to NADH, the signals in the difference spectrum shown in trace
a of Figure 13.5A vary with time leading to broad and poorly resolved features after
60 min. Interestingly, the same temporal variation is observed for spectra of NAD+

without EcNDHII. These findings might point to the fact that, similar to NADH, (a
fraction of) the oxidized dinucleotide is attached to the SAM-coated Au surface rather
than to the protein when it is added as the first step after enzyme immobilization.
The decrease in peak intensity might be due to a repelling interaction of the positive
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charges of the nicotinamide moiety and the amine head groups, respectively. However,
the subsequent addition of DUQ leads to essentially the same spectrum as observed
after binding DUQ to EcNDHII with or without pretreatment with NADH (traces b
in Figures 13.4A and 13.5A, trace a in Figure 13.5B). If in the subsequent step NAD+

is added instead of NADH, no further spectral changes are observed (Figure 13.5A,
trace c) and it requires the addition of NADH to the immobilized complex to reduce
the bound DUQ as reflected by the positive and negative signals of its reduced and
oxidized form, respectively. Note that this spectrum (Figure 13.5A, trace d) agrees
very well with the corresponding spectrum (Figure 13.4A, trace c) obtained directly
upon NADH addition.

The reduction of the protein-bound DUQ can also occur via electrons supplied by
the Au electrode, instead of NADH. The SEIRA difference spectra (Figure 13.5B) were
recorded under the same conditions as those in Figure 13.4A except that now the elec-
trode potential is used as a variable. Starting point is the spectrum of DUQ bound to
the EcNDHII-NADH complex at open circuit (Figure 13.5B, trace a) displaying the
characteristic signals of the oxidized DUQ. Upon application of an electrode potential
of −300 mV, DUQ is reduced as indicated by the four positive bands between 1500 and
1350 cm−1 and the positive two-banded signal at ca. 1100 cm−1 on one hand, and the
negative bands of the oxidized DUQ on the other (Figure 13.5B, trace b). No signals
were observed at potentials of −100 or −200 mV (data not shown). Electrochemical
reduction is fully reversible, i.e. switching the potential back to open circuit affords
the mirror image of this spectrum (Figure 13.5B, trace c). This can readily be ratio-
nalized in view of an open circuit potential of −110 mV which is above the reduction
potential of ca. −200 mV for protein-bound DUQ as extracted from the CV data (see
Section 13.5). Thus, electrochemical reduction and chemical reduction via NADH are
equivalent as demonstrated by the spectrum in Figure 13.5B, trace d that is obtained
after addition of NADH to the electrochemically re-oxidized enzyme-bound DUQ.

Finally, it is referred to the band at 1743 cm−1 that is observed as negative and
positive difference signal both upon electrochemical and chemical reduction and oxi-
dation of the protein-bound DUQ. The position of this band is indicative for a C––O
stretching of a protonated carboxyl side chain or an ester function. Thus, at first
sight, it is tempting to assign this band to a glutamate or aspartate side chain of the
enzyme18 and the alternating sign of the signal to a protonation and deprotonation
of this residue coupled to the catalytic process. In fact, amino acid residues of this
type are found in the active site of NDHII.84,115,138,244 An alternative interpretation is
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based on the observation of a band at this position in potential-dependent difference
spectra of lipid bilayers on electrodes, reflecting reorientations of the C––O ester func-
tion in response to the potential.160 Additionally, the rise and shift of a very similar
peak around 1740 cm−1 were reported for potential- and pH-dependent IR experi-
ments on complex I after the addition of polar lipids to the sample.117 Furthermore,
the vibrational pattern of CH2/CH3 stretching modes in the 2800-3000 cm−1 region,
which are characteristic of lipids, and the C––O stretching at 1743 cm−1 were observed
already during the adsorption of the enzyme with varying intensities among different
enzyme preparations. Thus, this band may be assigned to the C––O stretching modes
of protein-bound lipids. The variations of this band as indicated by positive and neg-
ative signals in the difference spectra may then reflect reorientations of the lipids or
the lipid-protein complex under oxidative and reductive conditions.327 Hellwig et al.
observed a band at the same position for potential-dependent FTIR difference spectra
of quinone in the absence of protein.116 The authors assigned this band to the C––O
stretching of the ester function of sucrose monolaurate, present in the buffer solution.

The NADH-DDB substrate pair The SEIRA spectroscopic analysis of the NADH-
DDB substrate pair displays a different picture. When DDB (200 µM), instead of
DUQ, was added to the protein, irreproducible and poorly structured spectral changes
were obtained (Figure 13.5A), although electron acceptor activity of DDB can be de-
duced from steady-state kinetics and CV measurements (vide infra). The lack of any
distinct difference signals suggests much weaker binding affinities of the immobilized
enzyme for the oxidized and reduced DDB and faster cycling through the different
states of the catalytic process such that no appreciable and stable (spectroscopically
detectable) concentrations of the bound substrate and product or any other inter-
mediate could be obtained. This interpretation is in line with the CV data (see
Section 13.5). The only feature common to the spectra of the EcNDHII-NADH-DUQ
complex is the weak signal at 1743 cm−1.
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Figure 13.4.: (A): SEIRA difference spectra of the immobilized EcNDHII after successive addition
of (a) 400 µM NADH, (b) 200 µM DUQ, (c) again 400 µM NADH and (d) after washing the cell with
buffer to remove excess NADH from the solution. The intensity scale of trace A is reduced by a factor
of 2. The washing step was conducted after each substrate addition but in most cases (see the text
for details) had no effect on the substrate-induced spectra. The assignment of the bands is discussed
in the text and shown in Tables 13.1 and 13.2. (B): SEIRA difference spectra of (a) NAD+ and (b)
NADH in 20 mM Tris-HCl buffer (pH 7.5), after addition to the buffer solution (400 µM) in contact
with the SAM-coated electrode (open circuit). The intensity scale of trace a is reduced by a factor of
3. Asterisks mark vibrational peaks that indicate the redox state of the dinucleotide. The spectrum
for NADH remained unchanged for at least 2 h, while spectrum b transformed to a broad featureless
spectrum within 60 min, likely because of the loose attachment and release of the molecule to the
surface. All experiments were conducted in the presence of a 20 mM Tris-HCl buffer at pH 7.5, and
the cell was purged with argon during all experiments to prevent the presence of oxygen.
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Figure 13.5.: SEIRA difference spectra of (A): the immobilized EcNDHII after successive addition
of (a) 400 µM NAD+, measured 3 min (gray) and 60 min (black) after addition, (b) 200 µM DUQ , (c)
again 400 µM NAD+, and (d) 400 µM NADH. After each step, the cell was washed with buffer. (B):
immobilized EcNDHII after subsequent addition of NADH and DUQ as described in the legend of
panel A in Figure 13.4, (a) at open circuit potential (ca. −120 mV), (b) after switching to a potential
of −300 mV, (c) after switching back to the open circuit potential, and (d) after subsequent addition
of 400 µM NADH. The assignments of the bands are discussed in the text and listed in Tables 13.1
and 13.2. All experiments were conducted in the presence of a 20 mM TRIS-HCl buffer (pH 7.5),
and the cell was purged with argon during all experiments to prevent the presence of oxygen.
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Figure 13.6.: SEIRA difference spectrum of surface-immobilized EcNDHII (A) upon addition
of DDB (200 µM) subsequent to an incubation with NADH. Besides the strong negative band at
1652 cm−1 assigned to the H2O bending and a weak positive band at 1743 cm−1 only poorly resolved
broad features are observed. (B) surface-immobilized EcNDHII upon addition of DUQ (200 µM)
with (b) and without (a) NADH treatment prior to the quinone addition. Very similar peaks as-
signed to oxidized DUQ are observed for both cases. Experimental conditions were as indicated in
Figure 13.4
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13.4. Quantum mechanical calculations of substrate
vibrational spectra

In order to identify the protonation state of the reduced quinone substrate, DFT
calculations using Gaussian0997 were performed to access vibrational spectroscopic
properties of the fully reduced DUQ molecule. After geometry optimization of the
individual molecule a frequency calculation yields vibrational frequencies and IR inten-
sities (see Section 4 for details) that enables linking molecular structural information
with experimental spectroscopic data. A bp86 functional and a 6-31g* basis set were
applied on all atoms, in combination with a polarizable continuum model (PCM).
Although the relative permittivity (dielectric constant, 𝜖𝑟) strongly varies within a
protein and is often reported to be in the range of 6-50,179,220 the relative permittivity
of water (𝜖𝑟(H2O) = 78.36) was used to mimic quinone binding site of the enzyme,
due to the fact that it is highly solvent-exposed.

The IR spectra of DUQ were calculated for all four possible protonation states,
i.e. fully protonated (O1-H/O4-H), partially protonated at position 1 or 4 (O1-H/O4
or O1/O4-H, respectively), and fully deprotonated (O1/O4). For the oxidized DUQ,
the calculated spectrum shows a good agreement for most prominent bands in the
experimental spectrum (Figure 13.7A), implying that the calculated IR intensities
provide a satisfactory description for the SEIRA (difference) intensities. Thus, the
use of the calculated frequencies and IR intensities for determining the specific proto-
nation pattern of the reduced DUQ formed during the enzymatic process is justified
(Figure 13.7B). In fact, among the four calculated spectra (traces a,b,d,e) that of the
partially protonated quinol with the proton in 1-position provides the best description
of the SEIRA difference spectrum obtained after addition of NADH to the enzyme-
bound DUQ (trace c). Specifically, the experimental bands in the region between
1500-1350 cm−1 are nicely reproduced by the calculated modes of O1-H/O4 which
involve bending coordinates of the ring carbon atoms and the two methoxy groups as
well as small contributions of the C–OH or C–O– stretchings. A good match is also
found for the region of the ring bending modes which give rise to a more complex band
pattern between 1130 and 1040 cm−1 in the experimental SEIRA spectrum, involv-
ing at least four overlapping bands. These bands can as well be correlated with the
calculated modes of the O1-protonated species with frequency deviations of less than
15 cm−1. The only discrepancy refers to the C–OH bending mode that is calculated
at 1204 cm−1. However, the lack of such a band in the experimental SEIRA difference
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Figure 13.7.: (A): Spectral features of oxidized DUQ calculated (a) and experimental (b). The
spectrum in b was multiplied by (−1) for better comparison with the negative oxidized DUQ difference
signals in a. Experimental conditions were as indicated in Figure 13.4A. (B): Comparison of the
experimental NADH-induced SEIRA difference spectrum of EcNDHII with DUQ bound (trace c; see
also Figures 13.4A, trace c, and 13.5A, trace d) with the calculated IR spectra of the reduced DUQ
with different protonation patterns at positions 1 and 4, protonated at both oxygens (O1-H/O4-H,
trace e), protonated at only one oxygen (O1/O4-H, trace d, and O1-H/O4, trace b), and without
protonation (O1/O4, trace a) as depicted in the structural formula on the right side. R is the decyl
substituent.

spectra may be due to the interference with the negative signal at 1205 cm−1 that re-
flects the depletion of the oxidized DUQ. Interestingly, the redox-linked FTIR spectra
of UQ2 at a similar pH reported by Hellwig et al.116 are very similar to the SEIRA-
spectroscopic data presented here. On the other hand, the calculated spectra of the
other (de)protonated states of the reduced DUQ, which all display one or two strong
bands in the region between 1200 and 1250 cm−1 as well, differ significantly from the
experimental SEIRA spectra specifically in the region between 1300 and 1500 cm−1.
Thus, it is concluded that the two-electron reduction of DUQ in EcNDHII is accom-
panied by the transfer of one proton. Possibly, the incomplete charge compensation
of the reduced DUQ destabilizes the interaction with the protein such that it is easily
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released to the solution phase. Here, it will readily take up a second proton taking
into account a pK a of ca. 10.7 for the first deprotonation step.327

13.5. Cyclic voltammetry
CV experiments with DUQ and DDB at SAM-coated electrodes in the absence of
EcNDHII, display an apparent half-wave potential E1/2,𝑎𝑝𝑝 of 120 mV and 80 mV, re-
spectively (Figure 13.8, blue traces). These values are close to 𝐸1/2 = 100 mV reported
for ubiquinone at pH 7 in protic polar solvent.222 The peak separation in the CV trace
of DUQ was found to be 420 mV. These data and the overall CV shape are consis-
tent with those reported by Quan et al. for quinones in buffered solutions.222 In the
presence of the immobilized EcNDHII, the midpoint potential shifted to 90 mV and
the peak separation decreased down to 140 mV (Figure 13.8A, black trace). The CV
did not display a contribution from the characteristic redox peak pair of SAM-bound
DUQ, indicating preferential binding to the immobilized enzyme. Only small changes
were observed in the CV when NADH was added to the immobilized enzyme prior to
the electrochemical measurements. The CV of DUQ displays a slightly more negative
midpoint potential of 70 mV whereas the peak separation remains unchanged (Fig-
ure 13.8A, red trace). Both in the presence and in the absence of EcNDHII, the peak
current was found to be linearly dependent on the scan rate in the range from 5 to
500 mV s−1 (Figure 13.10A), which is typical for diffusionless electron transfer of ad-
sorbed redox species.174 The decrease of 𝐸1/2,𝑎𝑝𝑝 of DUQ upon binding to the EcNDHII
indicates a preferential stabilization of the oxidized state of DUQ. On the one hand,
stabilizing the substrate would increase the energy of a transition state being thus
detrimental for the enzymatic activity. On the other hand, the concomitant decrease
in peak separation in the CV traces shows that DUQ binding leads to faster reduc-
tion kinetics. Therefore, the CV measurements indicate that (immobilized) EcNDHII
compensates somehow the disadvantageous thermodynamic stabilization of the sub-
strate.

DDB showed a completely different redox behavior in the absence and presence of
the immobilized enzyme (Figure 13.8B). In the former case, a well-defined pair of
anodic and cathodic peaks was found for the DDB redox activity (blue trace) with
a 𝐸1/2,app of 80 mV and a peak separation of 55 mV. The peak current was linearly
dependent on the square root of scan rate in a 1 to 500 mV s−1 range indicating
a diffusion-controlled oxidation and reduction process at the electrode surface192,226
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Figure 13.8.: Cyclic voltammograms for the SAM-coated Au electrode system with (A) DUQ and
(B) DDB in the presence and absence of EcNDHII. Panel (A) blue trace: DUQ in the absence
of EcNDHII and NADH. Black trace: DUQ in the presence of immobilized EcNDHII and absence
of NADH. Red trace: DUQ after treating the immobilized EcNDHII with NADH. Panel (B) blue
trace: DDB in the absence of EcNDHII and NADH. Red trace: DDB in the presence of immobilized
EcNDHII. Gray trace: EcNDHII in the absence of any substrate. The current was divided by the
geometrical Au electrode surface area to obtain the current density. Experimental conditions: 20 mM
TRIS-HCl buffer at pH 7.5, scan rates were 50 and 10 mV s−1 for panels A and B, respectively.

(Figure 13.10B). In the presence of EcNDHII (red trace), a strong reductive electro-
catalytic current was observed which is consistent with the electrocatalytic reduction
of quinone catalyzed by the protein. As inferred from the first derivative, the inflec-
tion point of this CV wave is at −80 mV, thus indicating that the active site and/or
the redox mediator involved in the electrocatalytic process have such an 𝐸1/2.114 For
the immobilized enzyme alone, no oxidation and reduction peaks could be detected
in the CV (Figure 13.8B, gray trace). The lack of a non-turnover CV trace may be
tentatively explained considering that EcNDHII-SAM interactions do not provide a
unique preferential orientation of the enzyme with respect to the electrode. As such,
the population of EcNDHII molecules having an orientation competent for electron
transfer that is fast enough to be detected in a non-turnover CV experiment, is proba-
bly too small to give a detectable FAD signal in the CV traces shown in Figure 13.8B
(gray trace). However, in the presence of NADH, an increase in current was observed
above +110 mV compared to the enzyme alone or to NADH in the absence of protein
(Figure 13.9). These findings indicate that the immobilized enzyme is able to catalyze
NADH oxidation.
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Figure 13.9.: Cyclic voltammograms for EcNDHII immobilized on SAM-coated Au electrodes. (A)
Red trace: EcNDHII in the absence any substrate. Black trace: EcNDHII in the presence of NADH.
Gray trace: NADH in the absence of EcNDHII. (B) Gray trace: EcNDHII in the absence of any
substrate. Red trace: DDB in the presence of EcNDHII and absence of NADH. Black trace: DDB
in the presence of immobilized EcNDHII and NADH. For the latter two, reductive catalytic current
below +10 mV is observed. In the presence of both substrates the reductive current is increased by
ca. 40 % and seems to reach a plateau around −110 µA2 cm−1. An additional oxidative current due
to catalytic NADH oxidation above ca. +210 mV appears. Experimental conditions were: 20 mM
TRIS-HCl buffer at pH 7.5, constant purge with Ar to remove oxygen, scan rate was 10 mV/s in
each case. Current density was obtained by dividing the current by the geometrical electrode surface
area.

Figure 13.10.: Scan rate dependency of the peak current measured for the SAM-coated Au electrode
system with (A) DUQ and (B) DDB. Cathodic (�) and anodic (N) peak currents for DUQ in the
absence (filled symbols) and presence (open symbols) of EcNDHII follow a linear dependency on the
scan rate, characteristic for redox processes of surface-confined molecules. The corresponding peak
currents for DDB show a linear dependency on the square of the scan rate, typical for diffusion-
controlled redox-activity of molecules in solution. No peak currents were determined for DDB in the
presence of EcNDHII due to onset of catalytic activity.
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13.6. Discussion
Enzymatic activities and protein-substrate interaction studies of EcNDHII were per-
formed using two different quinones, DUQ and DDB. The structural difference be-
tween DUQ and DDB refers to the substituent at position C(6) which is a methyl
group in DDB but a decyl chain in DUQ. This difference can account for different
binding interactions of DUQ and DDB with EcNDHII.

Protein-substrate interaction of EcNDHII in solution The purified EcNDHII in
the absence of detergent showed all the spectroscopic characteristics features of a
flavoprotein, the reduction potential of the FAD was in the range typical for flavins
cofactors ((−220 ± 10) mV) and the enzyme was redox active interacting with both
its substrates (NADH and quinone). The dissociation constants of DUQ and DDB
were quite similar (6.1 µM and 8.7 µM, respectively). Also the catalytic activities
of EcNDHII towards both quinones differ only by a factor of two with 8.1 and
17.5 µmol NADH min−1 mg−1 determined for DUQ and DDB, respectively. The rather
similar dissociation constants and enzymatic activities in solution indicate that quinone
binding affinities are comparable for both DUQ and DDB. The determined Vmax val-
ues are lower compared to the high activity of 106-190 mmol NADH min−1 mg−1 that
was determined previously for NDHIIs from E. coli 31 and A. ambivalens.103 This dis-
crepancy may be attributed to the effect of a different environment provided by the
phospholipid bilayer that allows for different molecular interactions of the bound en-
zyme accelerating the catalytic process. Nevertheless the obtained values are similar
to those previously calculated for EcNDHII in the absence of lipids294 and to those
measured for many other reported NDHIIs, such as those from S. cerevisiae,289,297 Y.
lipolytica,80 C. thermarum,115 and S. aureus.244

Protein-substrate interaction in immobilized EcNDHII In the protein-substrate
interaction studies with immobilized enzyme, DUQ displays a quite different behavior
as compared to the solution phase as it may form a tight enzyme-substrate complex.
The specific orientation of the adsorbed EcNDHII may allow the long flexible alkyl
chain of DUQ to interact with the protein-bound lipids which thus further stabilize the
bound quinone and quinol. Alternatively, the flexible DUQ side chain may interact
with the largely hydrophobic helices R392-H404 and L408-V426 of EcNDHII, which
also provide the most probable binding sites for lipid molecules. Both scenarios may
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also account for the changes of the 1743 cm−1 band that may be attributed to orienta-
tion changes of the C––O function of the protein-attached lipids. Also in the absence
of immobilized EcNDHII, the aliphatic side chain of DUQ may stabilize the adsorbed
state, in this case via intercalation into the hydrophobic core of the SAM. Additional
attractive forces are expected to arise from hydrogen bond formation between the car-
bonyl functions of DUQ and the amino head groups of the SAM which may lead to a
more planar orientation of the ring with respect to surface. Such a molecular picture
can account for the lack of any SEIRA signal whereas the CV indicates a surface-
confined redox process. Although the binding affinities of DUQ to the SAM and the
immobilized EcNDHII cannot be quantified, DUQ evidently binds preferentially to
the enzyme since no contributions from SAM-bound DUQ are detectable in the CV.
Binding to the enzyme is particularly strong since removal of DUQ from the bulk
solution (washing step) does not cause dissociation of the substrate-enzyme complex
as the SEIRA intensity remains unchanged. Consistent with the above interpreta-
tion, DDB that lacks a hydrophobic tail only transiently binds to the immobilized
EcNDHII, corresponding to a low steady state concentration of the enzyme-substrate
and enzyme-product complexes such that no well-defined difference signals can be
obtained from the SEIRA measurements. This is also true for the interaction with
the SAM in the absence of the enzyme as the CV indicates at diffusion-controlled
process. The binding behavior of NADH seems to be in between that of DUQ and
DDB. NADH binds more strongly than DDB since SEIRA signals were obtained both
in the presence and in the absence of the immobilized enzyme. However, binding in-
teractions are evidently weaker than in the case of DUQ since the washing step causes
a distinct depletion of the SEIRA intensity. However, the differences in the SEIRA
band positions and of the CV shapes are relatively small in the presence and in the
absence of adsorbed enzyme. Thus, it is concluded that in the presence of EcNDHII
NADH may bind to both the enzyme and the SAM, in contrast to the preferential
binding to the enzyme in the case of DUQ.

Electrocatalytic processes of the immobilized EcNDHII Catalytic reduction of
quinones by the immobilized EcNDHII is not only observed using NADH as a reduc-
tant but also in electrochemical and potential-dependent SEIRA experiments, where
the electrode replaces NADH as the electron donor. Since DUQ forms a stable and
durable complex with the immobilized enzyme, reduction of this quinone could only
be monitored under non-turnover conditions, i.e. in the absence of excess DUQ in the
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bulk solution. A potential change from 90 to −90 mV leads to the complete reduction
of DUQ to its semi-protonated quinol form as demonstrated by the SEIRA spectra
and the quantum chemical calculations. These spectra do not provide any indica-
tions for IR bands of the FAD cofactor which is presumably due to the unfavorable
orientation of the isoalloxazine ring system with respect to the electrode. Compared
to the CV in the absence of immobilized EcNDHII, in the enzymatic reduction of
DUQ the midpoint potential is slightly shifted by −30 mV to +90 mV and the peak
separation is distinctly reduced by 280 mV to 140 mV, thus closely resembling the
CVs reported for quinones in unbuffered solutions.222 This similarity may point to a
somewhat restricted solvent accessibility of the DUQ binding site in the immobilized
enzyme, which may reflect the tight binding of DUQ. In contrast, DDB only loosely
binds to the immobilized EcNDHII such that in this case the enzymatic reduction
could be monitored under turnover conditions (excess of DBB in the bulk solution).
The catalytic current trace could be analyzed in terms of the redox potential of the
FAD cofactor. The value of −80 mV derived from the inflection point, albeit still
within the range observed for flavoproteins,177 is distinctly higher by about +140 mV
than that determined here for the enzyme in solution (−220 mV). The upshift of the
redox potential upon immobilization may be due to stabilization of the reduced flavin
cofactor caused by the interfacial electric field at the electrode. Indeed, a similar large
increase of the redox potential has been previously observed for another redox protein
upon immobilization on SAM-coated electrodes.230 Also the oxidation of NADH itself
is catalyzed by the immobilized EcNDHII as indicated by the increase of the oxidative
current (above +310 mV) in the CV compared to NADH in the absence of the enzyme.
While these results demonstrate that the EcNDHII is immobilized in an electrocat-
alytically competent manner, no oxidation and reduction of the FAD cofactor in CV
experiments of the enzyme alone could be detected, possibly due to the interference
by residual traces of oxygen that could not be avoided in the electrochemical cell.

General considerations Two different catalytic mechanisms for NDHII have been
proposed, a ping-pong mechanism and a mechanism involving the formation of a
ternary complex. In the ping-pong mechanism the release of the first product is ob-
served before binding of the second substrate; in the case of NDHII this would imply
NAD+ release prior to quinone binding. Usually the substrates intervening in a ping-
pong mechanism share the same binding site, but two-site ping-pong mechanisms
have also been described.62 In contrast, a ternary complex mechanism requires, by
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definition, two different substrate binding sites. Support for the “ping-pong” mecha-
nism was derived from some kinetic analyzes80,289 and from the first crystal structures
(3.0 Å resolution) of Ndi1 with either NAD+ or UQ2 bound, which suggested the sub-
strates occupied the same site in the protein.138 Feng et al.84 succeeded to solve the
crystal structure of Ndi1 with both substrates NADH and quinone bound at the same
time (Ndi1-NADH-UQ4) providing strong support for the “ternary complex” mecha-
nism, but which could not exclude the possibility for a two-site ping-pong mechanism.
In fact, such a mechanism was proposed for the NDHII from M. tuberculosis.323,324

Recently the observation of the establishment of a charge transfer complex between
the FAD and NAD+, which was only dissociated by the quinone strongly favored the
“ternary complex” mechanism.244 The present results provide a new contribution to
the debate on the catalytic mechanism of NDHII. Thanks to the specific stabilization
of the substrate-enzyme and product-enzyme complexes in the reaction of DUQ with
the immobilized EcNDHII, it was possible to monitor the individual steps of the cat-
alytic process spectroscopically. The results unambiguously demonstrate the existence
of two different binding sites for DUQ and NADH and are only compatible with the
“ternary complex” mechanism. This mechanism, albeit derived from the experiments
on the immobilized enzyme-DUQ complexes, may hold also for other quinone sub-
strates and for the enzymatic processes in solution where DUQ and DDB were found
to show much weaker binding affinities, thereby ensuring a rapid turnover. In fact, the
present fluorescence data of substrate binding to the enzyme in solution are consistent
with two distinct binding sites. Additionally, a catalytic intermediate species could
be identified (semi-protonated quinol) for the enzymatic reduction of DUQ in the im-
mobilized state which gives a new view of how NDHII enzymatic reaction proceeds.
Specifically, this finding suggests that the catalytic reduction of quinones by the im-
mobilized EcNDHII involves the transfer of two electrons and one proton whereas the
second proton is taken up from the solution phase. Thus, the electrode coated by
an amino-terminated SAM is a useful platform for analyzing the catalytic mechanism
but does not represent an adequate model for the natural enzyme-membrane complex.
In future studies, one should employ different immobilization strategies to mimic the
physiological reaction conditions more closely. Thus, one may explore, whether or not,
specific membrane interactions can modulate the enzymatic processes of NDHIIs.
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14. Outlook

Despite numerous biochemical, spectroscopical, and structural studies within the past
two decades, the mechanistic details of the type-II NADH:quinone oxidoreductase cat-
alytic reaction have remained elusive and were subject of controversial discussions as
summarized in the preceding chapter. By using an integrated spectroelectrochemical
and theoretical approach, this work not only reveals new insights into the reaction
pathway for E. coli NDHII, but also on the intermediary structures of the substrates,
information that is unavailable from steady-state kinetic studies which are mainly used
to investigate these mechanistic details. Besides evidence for involvement of a ternary
complex in the mechanism of E. coli NDHII, the present work provides suggestions
on the protonation state of the quinone during or after the reduction process; DUQ
receives one proton from its immediate environment upon reduction. Proton transfer
from and to the FAD cofactor accompanies electron transfer and is an essential part
of the enzymatic reaction mechanism that is not well understood for NDHIIs. Upon
reduction of the quinone substrate, the fully reduced FADH2 cofactor needs to release
two protons to return to the oxidized FAD form, the quinone substrate might be a
suitable acceptor. Regarding the second proton, recently, the involvement of a highly
conserved aspartate residue D302 in close proximity to the FAD was shown for S. au-
reus NDHII, that might function as a proton donor to FAD and proton acceptor to
FADH2 during the electron transfer process.245 Interestingly, the presence or absence
of the NADH or NAD+ nucleotide that forms a charge transfer complex (CTC) with
the FAD cofactor, was found to directly influence the protonation state of D302 and
ultimately the reduction rate of the quinone substrate: At physiological pH, in the
presence of a dinucleotide–FAD CTC, D302 was now protonated and the enzymatic
reduction of DMN was 50-fold slowed down. These observations might be linked as
the protonated D302 residue could not act as proton acceptor to the reduced FADH2

and thus might partially explain the slower quinone reduction half reaction in the
protein.
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Remarkably, recent structural data combined with steady-state kinetic studies on
C. thermarum NDHII using either NADH or NADPH as reducing substrates revealed
that this enzyme can follow both, a ternary complex mechanism (with NADH which
forms a stable CTC with FAD) and a ping-pong mechanism (with NADPH which
reduces FAD but dissociates and does not form a CTC).32 In both cases, the second
half reaction of flavine oxidation by menaquinone was observed and yielded the same
rates. Furthermore it was shown that calculations based on a kinetic model with
ternary complex formation were able to produce Lineweaver-Burk and Hanes-Woolf
plots with all features that are typically interpreted as characteristics for a ping-pong
mechanism. The authors thus demonstrated that careful revision and reinterpretation
of previous kinetic data might be necessary and that the reaction pathway is variable,
mainly depending on the individual binding constants and the concentrations of re-
actants and products.32

In summary, since access to structural information of this enzyme without and with
bound substrates has been gained and a much broader dynamic range of mechanistic
pathways has been acknowledged, the high number of inconsistencies reported in this
field might eventually be reconciled and focus in the elucidation of the details of the
NADH:quinone oxidoreductase reaction might shift to the structural determinants
that are essential for all possible pathways and common to all NDHIIs.189,245,266
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General conclusion

Without cofactors most chemical reactions in nature would not be possible. It is the
large variety of different organic and inorganic molecules that are bound to three-
dimensional protein structures in a coordinative or covalent manner that opens up a
manifold of enzymatic functions. Thus, the elucidation of structure–function relation-
ships in enzymes requires a profound understanding of cofactor–protein interactions
and how these interactions establish and specify the enzymatic functionality. For
this thesis, different experimental and theoretical methodologies were employed in
order to study three proteins harboring individual cofactors, namely cytochrome c,
bacteriophytochrome, and type II NADH dehydrogenase.

The investigation on S. cerevisiae cytochrome c involved experimental spectro-
scopic studies to determine the detailed protein–cofactor interactions in high and low
pH environments. For surface-immobilized cytc, cyclovoltammetric studies strongly
suggested the formation of an alkaline species with a His/Lys-ligated heme iron at
pH 9.5 and specific experimental conditions, however, this electrochemical method
only provides information on the electronic structure and electron transfer kinetics of
cytc and therefore can only give implications for the actual structural situation, which
is not always unambiguous. In contrast, Raman and IR spectroscopy directly yield
detailed information on the structures of the cofactor and the protein environment.
In this way, the formation of an alkaline cytc species that was surface-immobilized
under the same high pH conditions used in the electrochemical studies could be ruled
out and the suggested involvement of this alkaline species in cytc’s electron trans-
port function along membranes was stated unlikely. These findings demonstrate the
potential advantage of vibrational spectroscopic techniques that are able to reveal
interactions between a protein environment and an embedded cofactor in an explicit
manner and that also provide a high sensitivity for changes in these structural in-
teractions. However, due to the size and the complexity of biological molecules, the
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resulting vibrational spectra are very complex as well and might be essentially unin-
terpretable without comparing it to data obtained from less complex molecules, from
very similar biomolecules, or from theoretical calculations. This represents a method-
ological limitation that needs to be considered when studying e.g. less common types
of protein cofactors for which no or only few reference data exist.

Research on the reaction mechanism of E. coli NDHII was motivated by exist-
ing controversies for protein–substrate interactions obtained for NDHII’s from differ-
ent organisms and for different substrate molecules. Depending on the NADH and
quinone substrates used, different kinetics and conflicting mechanistic implications
are reported in literature. Using IR spectroscopy and electrochemistry, binding of
NADH and quinone substrates to NDHII and also electron transfer steps could be
structurally monitored. Complemented by theoretical calculations on the redox state
and protonation state of the quinone substrates used, a consistent and more general
mechanistic scheme that depends on specific structural properties of the electron-
accepting quinone was suggested which could also account for apparently conflicting
results reported in literature. Remarkably, this conclusion was achieved although the
structural and electronic changes associated with the electron-mediating FAD cofactor
present in NDHII could not be observed at any time.

The structural investigation of bacteriophytochrome Pap1 might be the most
representative project with respect to the methodological objectives of this work.
The chromophore isomerization reaction and its linkage to proton translocations and
structural domain rearrangements for signal transduction form a very complex and
versatile system that is widely spread among different organisms such as plants, bac-
teria, and algae. Experimental spectroscopic studies on those structurally complex
tetrapyrrole chromophores afford a large set of data with very high spectral complex-
ity which makes it very difficult, if not impossible, to interpret and extract mean-
ingful and reliable results using spectroscopy as a stand-alone approach. Here, to
overcome this problem, quantum chemistry-based theoretical calculations of struc-
tural geometries and their corresponding spectral properties provide a bridging tool
that has been employed extensively and successfully in the past twenty years. During
this time, due to this strong methodological interdependency, considerable improve-
ments regarding data quality and also applicability could be achieved for combined
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experimental-theoretical approaches to the large field of structure–function relation-
ships of biomolecules. Limited by the computer power that was available, vibrational
spectra of tetrapyrroles used to be calculated in a pure QM approach, i.e. for a molec-
ular geometry in vacuo lacking the whole physiological protein environment, which
represents a significant simplification of the real situation.

The implementation of the QM/MM method for phytochromes, that was also em-
ployed in this work, then explicitly included the interaction of the chromophore with
the protein environment. Primarily, this lead to a considerably more accurate re-
production of experimental data200,252 and the identification of structural parameters
that are affected by this interaction. Moreover, this step also enabled reevaluation of
previous theoretical results obtained by pure QM methods. For instance, plausible yet
erroneous conclusions drawn on the Cph1 PCB chromophore structure that was based
on band assignments from pure QM calculations could be identified, corrected, and in
this way even reconciled with experimental results.201 In other words, the steady de-
velopment of experimental techniques and theoretical quantum-chemical approaches
and their mutual improvements open up new possibilities in application and also lead
to an increased reliability of spectroscopic data interpretation. A notable example
of the synergistic effects of combining theoretical and experimental spectroscopic ap-
proaches is the elucidation of intra-protein signal relay for bathy phytochromes by
Velázquez and coworkers.290 Supported by calculated vibrational spectra for different
chromophore protonation patterns (Ref. 290 and Chapter 11.2), the analysis of a series
of Raman and IR spectroscopic experiments identified distinct proton translocation
events at the chromophore site and clearly confirmed the involvement of keto-enol
tautomerism that was suggested but could never be proven for more than 30 years as
a key step in linking chromophore structural changes and protein domain movements
that eventually cause inter-molecular signal transduction.

With increased availability of crystallographic structures of phytochromes over the
last decade, these protein and chromophore structures often form the starting point
for geometry optimization and spectra calculation using QM or QM/MM approaches.
However, the tight packing of protein molecules which occurs upon formation of the
crystals may cause considerable steric constraints and therefore may lead to slightly
different geometries that not necessarily reflect the natural structure of the protein
molecules. In this work, in order to account for these steric effects, structural flexibil-
ity and the release of those constraints was introduced to the QM/MM methodology
(Chapter 10). This was achieved by running a MD simulation on the solvated Pap1
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protein crystal structure prior to calculating the vibrational spectra for numerous
slightly different protein geometries that were extracted at equilibrium at specific
time intervals from the MD trajectory. The slightly different geometries represent
the structural flexibility of the protein over time and it was shown that the calculated
spectrum averaged from all calculated Raman spectra yielded a significantly improved
representation of the experimental spectrum in terms of marker band position, band
width and, to some extent, also relative intensities when compared to single snapshot
QM/MM spectra. The differences between the individual Raman spectra revealed
how the band positions are affected by the structural alterations between their corre-
sponding geometries. Statistical analysis of the data set stated correlations between
individual structural properties such as bond lengths and dihedral angles at the me-
thine bridges of the chromophore, but also between structural and spectral properties.
In most cases, these correlations have already been found from experimental and pre-
vious theoretical results and, thus, their confirmation validates the extended approach
used in this work.

Although the qualitative and quantitative improvement of theoretical methodolo-
gies described in the preceding paragraphs is apparent, focus must also be laid on the
assignment of the individual QM and MM fragments within a QM/MM calculation.
As shown in this thesis, the quality of the reproduction of experimental spectroscopic
results highly depends on the individual selection of atoms of the chromophore and its
immediate protein environment that are treated on the QM level of theory. The dif-
ferent effects of specific amino acid residues, water molecules, or ions on the electronic
structure of the chromophore may be considerably large and thorough care and atten-
tion must be given when selecting the QM fragment. Recently, QM/MM calculations
on the Pr state of Agp1 have shown that increasing the QM part does not necessarily
lead to a higher quality of calculated spectra (Ref. 277 and unpublished results) and
thus demonstrates that systematic investigations of this aspect are necessary in order
to further improve this already advanced approach for the calculation of vibrational
properties of phytochromes.

In summary, the present work implemented and discussed vibrational spectroscopy,
electrochemistry, and computational quantum chemistry regarding their potentials
and restrictions for the investigation of protein–cofactor interactions. Using three
different biomolecular systems as representative model systems, it was shown that
the experimental and theoretical approaches are interdependent and also strongly
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complement each other, rendering the use of computational methods indispensable in
future research on structure–function relationships in biomolecules. During the time
of working on this thesis, a large increase in the availability of computational resources
and, more importantly, a highly improved usability of quantum chemical calculation
packages could be observed, opening up the synergistic effects of experimental and
theoretical approaches to a significantly increased group of researchers. Likely, this will
further boost the development of new fields of application and advances in already
established methods, both experimental and theoretical, and successively lead to a
more detailed understanding of the fundamental processes taking place in complex
biological systems and, thus, a more comprehensive understanding of our natural
environment.
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